
The role of nitric oxide in childhood 

hypertension

and

A critical analysis of the measurement and 

interpretation of blood pressure

by

Chulananda D A Goonasekera

M D  MRCP(UK)FFARCSI DCH

lU w a y s

D epartm ent o f  Nephrourology,

Institute o f  Child Health and

Great Ormond Street Hospital for Children N H S Trust, 

30 Guilford Street,

London W C 1 N 1 EH, United Kingdom

A Thesis submilted for the degree of Doctor of Philosophy in the Faculty of Medicine,

University of London

September 1997



ProQuest Number: 10017663

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10017663

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ôoo^is dedicated to my dearest CHuR and my cfnCdren 

Cfuindfd, Sanji andSavandlii wRo RadquietCy toCeratedmany 

RardsRips during tRe time oftRis worR .̂.



Abstract

Nitric oxide, synthesised continuously from the amino acid L-arginine by the 

constitutive nitric oxide synthase enzyme o f the vascular endothelium maintains a 

constant vasodilator tone. This basal release of nitric oxide, that help maintains blood 

pressure at normal level, was believed to be diminished in adults with essential 

(primary) hypertension but no data was available on its role in childhood 

hypertension. Raised plasma levels of naturally occurring nitric oxide synthase 

inhibitors (arginine analogues) had been identified in some cases of pregnancy induced 

hypertension and in renal failure but their physiological importance was uncertain. 

Experimentally, however, oral administration o f nitric oxide inhibitors was known to 

produce hypertension. The initial investigations described in Part A o f this thesis 

demonstrate raised plasma levels of arginine analogues, particularly asymmetric 

dimethyl arginine (ADMA) in children with hypertension. Subsequent experiments in 

vitro on mice aortic rings confirm that the concentrations of ADMA detected in 

human plasma may be sufficient to cause an alteration in vascular tone, hence blood 

pressure. Although a concomitant reduction in nitric oxide generation was expected 

in these subjects, its assessment indirectly by estimating plasma levels o f nitrate appear 

to suggest otherwise. Additionally higher levels of plasma ADMA was associated 

with a lower plasma renin activity in these subjects, a possible b\it hitherto unknown 

negative feed back mechanism for renin dependent blood pressure control. 

Furthermore, raised levels of ADMA were shown to be associated with raised plasma 

levels of the adhesion molecule VCAM-1, a known intermediary in the development 

of atheroma. This may have wider implications in terms of the development of 

atheroma in other conditions with raised plasma arginine analogues.

Despite the known influence of these plasma agents on blood pressure, none 

correlated with blood pressure itself in these subjects. On investigation o f this 

observation, a second theme evolved; i.e. factors causing errors in interpretation of 

blood pressure and its measurement. This is described in Part B that includes a 

critical analysis of current approved methods of blood pressure measurement and 

clinical validation of new blood pressure monitors for use in children.



This thesis therefore provides the first insight into the role of nitric oxide, in particular 

its inhibitor ADMA in childhood hypertension especially in the presence o f renal 

impairment. This molecule is at least likely to be involved in modulation of renin 

angiotensin system and endothelium mediated complications such as atheroma in 

hypertensive children, besides its prominent role in altering vascular tone and 

natriuresis. Demonstration of a link between ADMA and blood pressure itself in 

vivo, however, is difficult due to the complexity of the cardiovascular regulation and 

covert errors in blood pressure measurement and interpretation.
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1. Childhood Hypertension - An overview

1.1 Historical awareness of blood pressure

Ancient Chinese (2600 B.C.) and Egyptian physicians (1500 B.C.) were 

undoubtedly aware of the existence and importance of pulsation in 

different parts of the body \  In 'Neijing' (The Yellow Emperor’s Classic 

of Medicine^ 2600 B.C.) the Minister Ch’i Po answers the questions o f the Yellow

Emperor^; “...if too much salt is used in food, the pulse hardens ,  when there

is troubled breathing and wheezing while resting the shoulders, the pulse is large and

fiill. When it is slow it means life; when it is rapid it means death , .... violent

anger is hurtful to Yin (female), violent joy is hurtful to Yang (male). When

rebellious emotions rise to Heaven, the pulse expires and leaves the b o d y  ” thus

referring to what is known today as high blood pressure and heart failure and death.

Nevertheless, the scientific community was rather ignorant of blood pressure until the 

discovery of the circulation of the blood by William Harvey in 1628. A means of 

measurement of blood pressure was first demonstrated by the Reverend Stephen 

Hales in his famous experiment of 1733 in which he showed that a column of blood 

rose to a height of 8 feet in a glass tube connected to a brass cannula placed in an 

artery of a horse. Almost a century passed until in 1828, a mercury column was used 

for direct arterial blood pressure measurement ^

A credible method for indirect blood pressure measurement was described by Jules 

Herrison  ̂in 1833 that involved use of a mercury reservoir covered by a rubber 

membrane attached to a calibrated glass column. The mercury bulb was compressed 

against the radial artery until the oscillations ceased in the mercury column, at which 

point systolic blood pressure was estimated. However, the limb occlusion with an 

inflatable bladder, the most widely used technique today for blood pressure 

measurement, was described only in 1896 by the Italian physiologist Scipione Riva- 

Rocci  ̂ A few years later in 1904, the auscultation technique was described by the
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Russian surgeon, Nicolai Korotkov that also allowed measurement o f the diastolic 

blood pressure for the first time. This technique has served us well during this century 

providing the base from which our knowledge o f the epidemiology o f high blood 

pressure derives. Despite many electronic developments, mercury column 

sphygmomanometry is still considered the most reliable method of indirect blood 

pressure measurement.

7.2 What is high biood pressure

With the advent of blood pressure measuring techniques, ‘high blood pressure’ i.e. 

hypertension was recognised in the late 19th century mainly in the middle aged and 

elderly population and was described as a separate clinical entity associated with an 

increased risk of strokes In the middle of this century a new view emerged that 

(essential) hypertension represents a quantitative and not a qualitative deviation from 

the norm; that there is no natural dividing line between normal and abnormal 

pressures^’. This view gained strength as hypertension was found to be multi-factorial 

in origin and not a single genetic entity as previously thought

However, the definition of hypertension adopted arbitrary thresholds along the normal 

distribution curve of blood pressures found in the population o f interest. The 

hypertension threshold identified in this manner (e.g.: 95th percentile, or two standard 

deviations above the mean) were usually uncommonly high pressures and, in essence, 

were purely descriptive demarcations without a underlying biologic meaning. The 

second approach, the risk-related definition, looked at the association between 

increasing blood pressure levels and the increasing risk of ftiture complications or 

shortening of life. When this type of definition was used thresholds proved to be 

elusive since risk increases continuously from lowest to highest values o f systolic BP 

and diastolic BP; any demarcation between segments of the population being 

arbitrary at best A third clinical definition of hypertension strives to identify a 

threshold taking into account age, sex, target organ damage, genetic susceptibility and 

blood pressure levels, where the benefit of intervention is demonstrated to be greater
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than the associated risks. Therefore, ‘hypertension’ is truly a segment of high blood 

pressure, best defined as a syndrome that is associated with increased cardiovascular 

risk. Unfortunately, a test other than blood pressure measurement that will recognise 

this population with a higher sensitivity and specificity is yet to be discovered. In this 

thesis, I have referred to this population with high blood pressure and increased 

cardiovascular risk as subjects with ‘hypertension syndrome’ implying that high 

blood pressure per se is a sign that is often seen in such cases.

1.3 The recognition of hypertension in children.

The association of high blood pressure with progressive vascular disease led 

physicians to examine health services and the care required for detection, diagnosis 

and particularly treatment of the adult hypertensive patient These developments 

provoked a series of questions for public health and paediatric physicians: what is 

hypertension in children and adolescents? When does it begin? What initiates it? 

Who is susceptible and what can be done during childhood to prevent or alter the 

consequences of hypertension during adult life?

The following observations emerged as a consequence. The essential or primary 

hypertension was recognised to be very rare before puberty blood pressure 

increases with age and that adult men have higher blood pressures than adult

women. The persistence of blood pressure rank (“tracking”) from childhood into 

adulthood was also documented by numerous investigators The Bogalusa

Heart Study, over an eight-year follow-up of 2-14 year old children, demonstrated 

correlation coefficients of 0.41 and 0.35 with initial measurements of systolic and 

diastolic blood pressure respectively^^. Tracking was also found to persist more 

convincingly throughout adulthood (Framingham study)

Evolution of blood pressure in new-borns has also been studied. There is a 

considerable rise in blood pressure within the first few days of life but there is no 

evidence of tracking during infancy. Therefore, blood pressures in infancy appear
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unlikely to be predictive of subsequent hypertension Based on the findings o f a 

large retrospective study Barker et al suggested that term low birth weight infants 

are more likely to develop hypertension in adult life. Currently, there is some 

evidence to support this hypothesis

1.4 Epidemiology of high biood pressure

The prevalence of hypertension as defined by casual blood pressure measurements i.e. 

one recording under non standardised conditions of 140/90 mm Hg or higher, was 

estimated to be 15 - 20% among adults. In adults, defining hypertension in this 

manner, i.e. as greater than or equal to 140/90 mm Hg results in an increasing 

prevalence with age, ranging from 9.2% in 18- to 24- year old persons to 64.3% in 

65- to 74- year old persons Disparities in published data were soon recognised as 

partly also due to lack of standardised conditions, observer bias and inappropriate 

equipment It was also recognised that approximately 90% of adults with 

hypertension have essential or primary hypertension whereas the remainder have

a variety o f uncommon causes for their hypertension which include renal vascular and 

parenchymal disorders^\ adrenal disease^^, tumours and other endocrine diseases^^.

In contrast to adult hypertension, the rapid increases in blood pressure found with 

development and maturation coupled with the lack of data correlating childhood 

blood pressure levels with subsequent cardiovascular disease led to the use o f age- 

(and or height-"̂ ®), race-, and sex-specific percentiles to identify children for further 

follow-up and treatment These criteria therefore fixed the prevalence of 

sustained high blood pressure in childhood at 1-2 %'** in contrast to -10%  in

adult population''^

It is estimated that 25% of childhood hypertensives are diagnosed by routine 

examination of blood pressure when they are completely asymptomatic. Routine 

checking of blood pressure in children is now gradually becoming common practice,
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hence it is likely that the incidence of hypertension in children could be higher than 

what has been reported.

1.5 Aetiology of hypertension in children

Most children with hypertension (as defined above 95th percentile) have only a mild 

increase in blood pressure and are post pubertal and considered as ‘essential’ 

hypertensives. However, there is a smaller number of children, often younger with 

much higher blood pressures, who, in most cases, suffer from secondary hypertension 

and often require urgent specific treatment The prevalence of secondary

hypertension in children is about 0.1%, similar to that of childhood diabetes mellitus 

This thesis is centred around this group of childhood hypertensives, which has a 

significant morbidity and mortality if left untreated

Because some conditions responsible for childhood secondary hypertension are 

curable, the clinician must search for the cause of elevated blood pressure. Most of 

the underlying diseases are rare, and a relatively small number of conditions are 

responsible for the hypertension in over 90% of patients. The majority (75-80%) 

have been found to have a renal abnormalities with reflux nephropathy and 

obstructive uropathy the commonest primary renal diseases. Other renal diseases 

associated with hypertension include acute and chronic glomerlonephritis, congenital 

dysplastic kidneys and polycystic kidneys Approximately 10% of cases have reno

vascular disease, most commonly due to fibro-muscular dysplasia” . However, reno

vascular disease is a more common cause of hypertension in the very young, 

particularly in those less than five years old and is often bilateral. Occasionally 

children with hypertension, in whom there is no identifiable cause after intense 

investigation, and labelled essential hypertension, go on to develop, for instance, reno

vascular disease that is detectable several years later. Therefore, all children with 

moderate to severe hypertension should be considered secondary until proven 

otherwise.
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All other causes of hypertension (e.g. endocrine problems such as Cushing’s 

syndrome, primary hyperaldosteronism, apparent mineralocorticoid excess, 

thyrotoxicosis, diabetes mellitus, tumours such as phaeochromocytoma, vasculitis 

syndromes, hypercalcemia, co-arctation and other rare inborn errors and syndromes 

such as Gordon’s syndrome, Liddle’s syndrome) contribute less than 10% o f cases'*  ̂

of secondary hypertension in childhood.

With the advances in medicine new groups of patients with hypertension are also 

being recognised. For example, the increased incidence of hypertension in neonates 

receiving prolonged intensive care has been recognised and this has been attributed to 

the use of umbilical artery catheters, broncho-pulmonary dysplasia and drug therapy 

Hypertension, seen especially after transplantation (cardiac, renal, liver etc.) is 

often multi factorial in origin

1.6 Complications of hypertension

The sequelae of untreated hypertension depend on its severity, duration, and cause. 

Mild and moderate essential hypertension in children may not produce any adverse 

effects until adult life. However, severe hypertension in children, if left untreated, is 

known to carry a high risk of morbidity and mortality. The most frequent 

complications of severe childhood hypertension involve the central nervous system; 

hypertensive encephalopathy, facial palsy, visual impairment, cerebral infarction and 

haemorrhage. Cardiac decompensation and renal failure are also well recognised 

sequelae of uncontrolled severe hypertension. The cellular mechanisms involved in 

the onset of these complications are unclear but in general, pressure-overload has 

been implicated in the process.

Uncontrolled hypertension may cause severe and irreversible loss of renal function. 

Damage to other organs may also follow a similar course if hypertension is not 

treated. Early intervention is known to be associated with a greater chance of 

reversibility o f the damage that has occurred in these circumstances.
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1.7 What is 'normal blood pressure' In children

Attempts at developing standards for normal blood pressure in children have escalated 

since 1960’s"̂ .̂ As a consequence, a task force reported normal levels o f blood 

pressure in children in 1977 These data have since been updated by a second task 

force report in 1987 following a large international multi-centre study involving 9 

centres and over 70,000 normal children"* .̂ These age-based guidelines are not 

without their shortcomings^^ but are possibly the best available to date. Aspects that 

have been criticised include the non reliability o f the diastolic percentile lines due to 

inaccuracies o f diastolic blood pressure measurement in children, the utilisation o f the 

first blood pressure recording to generate percentile lines despite the authors own 

advocation for the use of several measurements; the lack of percentile lines below 

50th centile; the irritating change from Kortokov phase 4 (muffling) to phase 5 

(disappearance) for diastolic pressure measurement at the age of 13 years; and the use 

of additional correction factors for weight complicating the interpretation

Other blood pressure nomograms based on, for instance on body height exist 

These nomograms have not been so readily available for clinical use , although there 

are no scientific data to suggest height-based blood pressure interpretation is inferior 

to more popular age-based methods. The basic fact is that blood pressure increases 

with growth, in particular during first months of life and during puberty with a 

demonstrable sex difference, linking blood pressure to parameters of growth, such as 

height or weight.

1.8 White Coat Hypertension

It has also been known for at least 50 years that clinic blood pressure values tend to 

be higher than home pressure levels in hypertensive patients, some times by as much 

as 30-40 mm Hg Although this difference between clinic and home blood pressure
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was mostly seen in subjects with hypertension, with time, the limitations o f blood 

pressure interpretation under office conditions became obvious. A predisposed 

population who were hypertensive under office conditions but normotensive other 

wise was recognised and such subjects were labelled as ‘white coat hypertensives’. 

Clinic pressure in these subjects also fell over time on repeated visits with no 

corresponding change in their home or ambulatory blood pressure Their prognosis 

still remains uncertain, i.e. do they carry the increased risk of cardiovascular disease as 

other hypertensives and in fact suffer from the ‘hypertension syndrome’ or not 

Some argue that white coat hypertension is a precursor o f essential hypertension 

whereas others don’t identify any increased risk of cardiovascular disease or target 

organ damage in this population This confusion further illustrates the lack of 

specificity of blood pressure measurement in the diagnosis o f ‘hypertension 

syndrome’. The existence of cardiovascular risk in the absence of hypertension by 

current definition also illustrates the poor sensitivity of the measurement of blood 

pressure alone in identification o f cases with ‘hypertension syndrome’.

19 Genetics of hypertension

Initially some investigators were impressed by the mendelian dominant behaviour of 

essential hypertension. Although this view was based on familial aggregation of 

hypertension it also reflected the common environmental factors shared by

families that may contribute to the onset of hypertension. Recently, consistent and 

significant evidence for polygenic effects of blood pressure variability have been 

obtained from the use of statistical genetic models Some of the aetiological 

factors that have been specially considered for their genetic component are salt 

sensitivity erythrocyte cation fluxes and angiotensinogen gene in some 

communities^* It is undeniable that primary hypertension is a heterogeneous

disorder (i.e. different hypertensive persons may have different genetic defects) with 

polygenic manifestations (more than one gene or genetic defect required to cause 

forms of the disease)^\
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In contrast, secondary hypertension results from defects in identifiable systems that 

amplify physiological processes to elevate blood pressure (e.g. phaeochromocytoma). 

Recently, with the advances in molecular biological techniques and human genetic 

linkage studies (study of families of affected individuals), several genetic abnormalities 

associated with hypertensive syndromes have been identified. For example, Liddle’s 

syndrome, an autosomal dominant form of human hypertension characterised by 

hypokalemia, suppressed plasma renin activity and low aldosterone has been mapped 

to a mutation in the gene encoding the 13-subunit and/ or y-subunit of the epithelial 

sodium channeP^. Glucocorticoid-remediable hypertension, a rare mendelian form of 

mineralo-corticoid induced familial hypertension has been linked to the inheritance of 

a DNA restriction fragment length polymorphism related to the fusion of aldosterone 

synthase and 1113-hydroxylase genes^^. Furthermore, apparent mineralocorticoid 

excess in which hypertension is associated with hypokalemic alkalosis, low plasma 

renin and a paradoxical reduction in plasma aldosterone has now been identified to be 

due to a defect of the type 2 isoform of the 1 lj3-hydroxy steroid dehydrogenase 

enzyme that converts cortisol to cortisone in tissues, thereby allowing access of 

cortisol to the mineralocorticoid receptor These cases however form only a 

small minority of secondary hypertensives.

f.fO Clinical features of ''hypertension syndrome”

Moderate to severe secondary hypertension in children can often be symptomatic, but 

a significant proportion (-25% ) of patients are still diagnosed on routine examination. 

Some are asymptomatic even in the presence of severe hypertension and physical 

signs can be minimal unless the blood pressure is recorded. Also, some may present 

with serious complications such as loss of consciousness, hemiplegia or convulsions 

without any prodromal symptoms attributable to hypertension.

Congestive cardiac failure, respiratory distress, vomiting, irritability and failure to 

thrive are the commonest features of presentation in infancy. Older children are more 

likely to present with headache, nausea, polydipsia, polyuria, visual symptoms.
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tiredness, irritability, facial weakness, epistaxis and growth retardation. Palpitations, 

sweating and pallor may suggest a underlying phaeochromocytoma.

Physical examination may reveal evidence of target organ damage such as 

cardiomegaly, and retinopathy or features that may provide clues to the aetiology of 

the high blood pressure such as radio-femoral delay in the presence of co-arctation, 

skin pigmentation (cafe-au-lait patches) in association with neurofibromatosis and 

facial features compatible with William’s syndrome and hypercalcaemia.

1.11 Management

The investigation of a hypertensive child is basically aimed at defining the diagnosis of 

the underlying aetiology, assessment of target organ damage and recognition of 

immediate life threatening complications such as heart failure, pulmonary oedema and 

raised intra cranial pressure. The investigations range from simple blood chemistry, 

chest radiography, 4 limb blood pressure measurement, echocardiography, 

ophthalmoscopy and urinalysis to sophisticated renal imaging (e.g.; isotope scans), 

angiography, renal vein renin sampling, cranial imaging etc During the process of 

this literature review, I have in collaboration with my supervisor Dr. MJ Dillon and 

my pharmaceutical colleague Ms. A. Arnold developed a protocol for the treatment of 

hypertension in children utilising all current scientific clinical information, 

pharmaceutical information and personal experiences. This management protocol is 

now in clinical use at Great Ormond Street Children’s Hospital and is outlined in 

Appendix 1.

1.12 Physiology of blood pressure

The pressure existing within the vascular system is a result o f the potential energy 

contributed by the heart. This pressure will rise or fall at tissue levels above or below 

the heart due to the influences of the gravitational potential energy and hence the need
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for its measurement at heart level to obtain any meaningful results. Systolic and 

diastolic arterial pressures are the upper and lower limits of periodic oscillation with 

heart beat and mean arterial pressure is the pressure within the arteries averaged over 

time. The basic determinants of the arterial pressure are ‘physiological’ i.e. heart rate, 

stroke volume, cardiac output and peripheral resistance and ‘physical’ i.e. blood 

volume within the arterial system and the elastic characteristics (capacitance) o f the 

system. The level o f the mean arterial pressure depends on the cardiac output and the 

peripheral resistance. Within circulation, major sites o f resistance to blood flow are 

the small arteries and arterioles. Individual organs (e.g. brain, kidney) also have the 

capability of auto-regulating their blood flow by altering the resistance of their arteries 

and arterioles independently. The venous system that is capable of increasing the 

volume of blood contained very significantly without a change in pressure within, 

hence are the main ‘capacitance’ vessels of the cardiovascular system. Alterations of 

venous tone can therefore contribute to the changes in blood pressure basically by 

altering the blood volume in the arterial system.

1.13 Regulation of blood pressure

The regulation of the cardiovascular system is very complex. The regulatory 

mechanisms can increase the blood supply to active tissues, and in the face o f 

challenges they maintain the blood flow to the vital organs as well as blood pressure. 

The central and peripheral nervous system, some neuro-humoral and vasoactive 

endocrine systems, local vascular regulatory mechanisms, and the renal-volume 

regulatory mechanisms are ultimately involved in the blood pressure regulation.

There are various single or multiple mechanisms that may be operating in the 

sustenance of hypertension. Mechanical obstruction (as in co-arctation), volume over 

load (salt and water retention as in renal diseases, mineralo corticoid excess states), 

hyper reninaemia (as in reno vascular disease), catecholamine excess leading to 

increase peripheral vascular resistance (phaeochromocytoma), corticosteroid excess 

(involved with sodium and water balance) are some of the known mechanisms that
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may be involved in generation and sustenance o f hypertension Multiple genetic 

(family history of hypertension, insulin resistance, angiotensin gene heterogeneity) 

and environmental factors (exercise, diet, smoking, obesity) are also contributory in 

particular for the onset o f essential hypertension, where a clear mechanism of 

generation of hypertension is yet to be identified.

During recent years it was discovered that vascular endothelium derived factors have 

a major role to play in the control of blood pressure. The endothelium takes part in 

the regulation of vascular tone by releasing relaxing and contracting factors both 

under basal conditions and when activated Endothelium dependent relaxation 

occurs both in vitro and in vivo due to transmitters, hormones, substances 

derived from platelets, and the coagulation system and also due to physical stimuli 

such as shear stress*^. The relaxations are mediated by endothelium derived-relaxing 

factor (EDRF) amongst many others^^ Endothelium derived-relaxing factor,

discovered in 1980, now known to be nitric oxide is a powerful relaxant o f the 

underlying vascular smooth muscle

Nitric oxide is a local paracrine hormone. Relaxation due to endothelium derived 

nitric oxide (EDNO) is associated with an increase in cyclic 3'5'-guanosine 

monophosphate (cGMP) in vascular smooth muscle cells Methylene blue, an 

inhibitor of soluble guanylyl cyclase , prevents the production of cGMP and inhibits 

endothelium dependent relaxation The vascular smooth muscle cells normally

do not produce nitric oxide but can do so when induced by endotoxin and interleukin- 

j88 89 90 91 gych as in septic shock

Prostacyclin produced by endothelial cells is also a powerful vasodilator and inhibits 

platelet aggregation through activation o f adenyl cyclase, which leads to an increase in 

intracellular cyclic adenosine monophosphate Prostacyclin, therefore produces 

vascular relaxation by increasing cyclic3',5'-adenosine monophosphate (cAMP) in 

smooth muscle However, the contribution of prostacyclin to endothelium- 

dependent vascular relaxation is negligible Physiologically, prostacyclin is a local 

hormone rather than a circulating one
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Endothelin-1, the most powerful pressor substance yet discovered, with a potency of 

10 times that of angiotensin II, is a local rather than a systemic regulatory factor 

uninfluenced by nitrovasodilators or endothelium-derived relaxing factor Its 

contribution to blood pressure control is yet to be substantiated

1.14 The discovery of Endothelium Derived Relaxing Factor: 

The Nitric Oxide

The endothelium derived relaxing factor (EDRF) or nitric oxide (NO) is probably one 

of the most important discoveries made this century in circulatory physiology 

The spectacular observation by Furchgott and Zawadzki o f paradoxical relaxation of a 

rabbit aortic ring versus further contraction in response to acetyl choline after the 

removal of intima led to the discovery of endothelium derived relaxing factor, nitric 

oxide During the last decade the field of nitric oxide had been extensively 

explored and it's now known to play a major role in many physiological functions of 

the body, and also in pathological states as a vasodilator, neurotransmitter and a 

cytotoxic agent

Nitric oxide is synthesised from a guanidino nitrogen atom of L-arginine, through the 

action of nitric oxide synthase (NOS) The supply of L-arginine does not seem to 

be rate limiting because it can be regenerated endogenously from other aminoacids 

However, stimulated production of EDRF (NO) is dependent on the provision of 

mitochondrial ATP^^\

While the L-arginine-NO pathway appears to be the same in all cells, its regulation 

differs since there are several distinct NOS enzymes , some of which are constitutively 

expressed and others which are inducible i.e.; cNOS and iNOS respectively. The 

cNOS found in brain, endothelium and platelets is calcium and calmodulin dependent 

In contrast iNOS found in macrophages does not require calcium or calmodulin 

and can be induced by cytokines or other bacterial products. Other cell types which
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express inducible forms of NOS include neutrophils, smooth muscle cells, 

hepatocytes, renal tubular epithelial cells and fibroblasts and many more...

There is an important quantitative distinction between constitutive and inducible NO 

release. cNOS would release only picomolar amounts o f NO whilst iNOS releases 

nanomoles of NO over long periods.

In blood vessels the cNOS would mostly be released by the endothelial cells and when 

induced, iNOS is released by the vascular smooth muscle cells. The most important 

physiological stimulus for EDRF(NO) release is perhaps the flow rate acting through 

the relatively small longitudinal shear force experienced uniquely by the endothelium 

103 104 105 force is thought to act through altering potassium conductance

leading by ionic interchange to an increase in cytosolic calcium The agonist

stimulated release of EDRF from endothelial cells involves occupation of specific 

receptors, leading to activation of the phosphoinositol pathway and an increase in 

cytosolic calcium
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Figure 1 The nitric oxide pathwcty: iti the blood vessel wail.

Calcium, via calcium calmodulin activates nitric oxide synthase to produce E D R F  

(nitric oxide) Nitric oxide activates the cytosolic enzyme soluble guanylate 

cyclase which raises intracellular concentrations o f  cyclic G M P in vascular sm ooth

muscle 113 114 115 116 117 leading to muscle relaxation 118

Nitric oxide has a very short half life. It's rapidly inactivated by conversion to  nitrite 

and nitrate in the presence o f  water and oxygen and even more rapidly by super oxide 

radicals, which are widely present in biological systems

Haemoglobin also contains a haem moiety with which nitric oxide competitively 

interacts. This Sump o f  haemoglobin within erythrocytes as well as haemoglobin 

complexed to haptoglobin in plasma ensures that N O  has no dow nstream  activity.
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This means each millimetre of endothelium controls its own little bit of the vascular 
118system

1.15 The Research problem for this thesis.

In childhood, vasoactive substances such as renin, catecholamines, aldosterone are 

involved in the pathogenesis of hypertension more commonly than in adults. The role 

of vascular endothelium; in particular the role of endothelium derived nitric oxide in 

childhood hypertension had not being previously explored.

My research work, in collaboration with many others, under the theme o f the role of 

nitric oxide in childhood hypertension was totally undertaken within the environment 

of a tertiary care paediatric hospital. Therefore, the population studied is biased 

towards the moderate to severe group of hypertensive children who required urgent 

and intensive treatment. Indeed, many of the subjects recruited in this study had 

evidence of target organ damage and in over 95% of cases a specific aetiology for 

hypertension had been identified.

The Part A of this thesis explores the nitric oxide generation in childhood 

hypertension, the role of naturally occurring nitric oxide synthase inhibitors and the 

influence of those on plasma renin. A second theme evolved during this study, that is 

blood pressure measurement and interpretation in children, as described in Part B. 

This section explores (a) the non association o f blood pressure level per se with any 

of the parameters studied, that were known or shown to modulate blood pressure e.g. 

plasma renin activity, nitric oxide synthase inhibitor or nitrate levels (b) the errors in 

blood pressure measurement and interpretation that may have influenced the 

outcomes and (c) the avenues available for a better definition of hypertension, as 

blood pressure measurement alone is clearly a test with a poor sensitivity and 

specificity for the diagnosis of hypertension syndrome.
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2. Investigating the piasma ievels of naturaily 

occurring nitric oxide synthase inhibitors and 

its associations in hypertensive chiidren

2.1 Introduction

2.1.1 The role of endothelial generated NO in hypertension

Raised blood pressure is a consequence of a homeostatic imbalance between 

peripheral resistance and cardiac output. The peripheral resistance is mainly 

dependent on peripheral arteriolar tone controlled by various vasoconstrictor and 

vasodilator influences. There is growing evidence to suggest that nitric oxide (NO), 

which is continuously generated by the vascular endothelial nitric oxide synthase 

(eNOS) from the amino acid L-arginine is the major vasodilator mediator.

2.1.2 Hypothetical defects in nitric oxide synthesis in hypertension

This basal eNOS activity, which is calcium dependent, has been reported (but not 

universally to be diminished in various forms of hypertension in many species 

including humans** This may be due to a genetic defect or acquired

inhibition*^^ of the enzyme or reduced availability of the substrate*^*, L-arginine. 

Alternatively, diminished NO ‘activity’ could be due to various defects in its synthesis, 

breakdown or in its receptor the soluble guanylate cyclase (see Figure 1 and 

Figure 2).
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Figure 2 A schemalic diagram o f  the vascular endothelium showing the potential 

sites o f  interaction between naturally occurring nitric oxide synthase inhibitors and  

nitric oxide synthesis pathway.

L-arginine (molecular weight 174.21), is transported into the cell by the y ’ basic 

amino acid transporter, a carrier sensitive to inhibition by various arginine analogues 

(Figure 2). Nitric oxide synthesis can also be inhibited both in vitro and in vivo  by 

inhibition o f  N O S by methylated arginine analogues including N^ monomethyl -L- 

arginine ( L-NMMA, m wt 188.23) and N"'', N^' dimethyarginine (asymmetric 

dimethyl arginine ,ADM A, molecular weight 202.26), which is present in human 

plasma and urine
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2.1.3 Arginine analogues and blood pressure control

ADMA is synthesised and released by human endothelial cells in culture in sufficient 

quantities to inhibit NO production Inhibition of eNOS by arginine analogues 

increases the peripheral arteriolar resistance and induces hypertension 

Plasma ADMA levels measured by high-pressure liquid chromatography were 

shown to be significantly raised in women with pre-eclampsia or pregnancy induced 

hypertension when compared to normotensive pregnant controls and non-pregnant 

controls This may be a contributory factor, amongst others, to reduced NO

activity and vaso-constriction that occur in pre-eclampsia Raised plasma 

concentrations of methylated arginine analogues have also been reported in chronic 

renal failure
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In contrast to adult hypertension, 

childhood hypertension is 

commonly due to underlying renal 

parenchymal disease or reno

vascular disease 43 44 51 and is

often curable on elimination of the 

cause (e.g. correction of renal 

artery stenosis) suggesting 

reversibility of its pathogenic 

mechanisms. Therefore, 

methylated arginine analogues may 

be involved in reversible inhibition 

of endothelial nitric oxide synthase 

in children with hypertension and 

hence may be playing a role in the 

aetiology of hypertension.
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Infusion of L-arginine in human subjects with essential hypertension but not sodium 

chloride of similar pH and osmotic pressure, resulted in an anti hypertensive effect 

with concomitant evidence of increased nitric oxide activity and vasodilatation In 

the same study 3 adults who had reno-vascular hypertension were also given an 

infusion of L-arginine which produced a significant hypotensive effect. These results 

raised the possibility that the anti hypertensive effect of L-arginine may be caused by 

competitive inhibition o f endogenous NO synthase inhibitors. However, one must 

note that in the same study, blood pressure returned to base line values in the 

hypertensives when significant L-arginine levels were still present in plasma. Others 

found no significant difference between the haemodynamic changes induced by L- 

arginine and D-arginine which has no effect on NO synthase suggesting L-arginine 

induced haemodynamic changes could be non-specific Long term infusion of 

nitro-L-arginine methyl ester (a NO synthase blocker) however, increases the long

term level of arterial pressure in dogs without any sustained sodium or water retention
142

2.2 Research problem

There are however, no reported studies of NO activity or its inhibitors in childhood 

hypertension. Therefore the initial goal of this work was to investigate the plasma 

concentrations o f endogenous nitric oxide synthase (NOS) inhibitors (see Figure 2) 

N^-monomethyl -L-arginine (L-NMMA), N^ N^ dimethyl arginine (asymmetric 

dimethyl arginine, ADMA) and symmetric dimethyl arginine (SDMA) in childhood 

hypertension and their associations with the renal function, and treatment of 

hypertension.

2.3 Method
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2.3.1 Choosing the subjects and controls

All children with hypertension who attended Great Ormond Street Hospital for 

Children GOS), a tertiary paediatric referral centre, were eligible for this study. The 

hypertensives were assessed using the diagnostic criteria and investigative procedures 

routinely undertaken in the hospital (as outlined in Appendix 1) including several 

measurements o f blood pressure at rest by mercury sphygmomanometer (interpreted 

against 1987 Task Force data assessment o f target organ damage (by 

echocardiography, ophthalmoscopy, renal imaging, urinary albumin excretion) and the 

investigations to elucidate aetiology (see Appendix 1 ). The adequacy of blood 

pressure control was assessed using the blood pressure level at rest and the 

requirements of antihypertensive therapy. The hypertensive subjects were arbitrarily 

categorised as uncontrolled (before any treatment), poorly controlled (on 

pharmacological treatment but still hypertensive) and well controlled (on treatment 

and normotensive).

Control blood samples were obtained from children who attended nearby secondary 

care centres namely Frimley Park Hospital, Surrey and Basildon District General 

Hospital, Essex for minor complaints such as behavioural disorders, short stature, 

previous urinary tract infection or were attending surgical clinics for minor surgical 

procedures such as grommet insertion and hernia repair. None had an active disease 

at the time of sampling and none were found to have any systemic disorder on 

subsequent investigation. They were normotensive for their age (compared with Task 

Force data when included in this study.

2.3.2 Measurements

Subjects’ blood pressure, height and weight were measured on the day of 

investigation. Blood samples were obtained in the morning into heparinised tubes on 

ice and plasma separated within 4 hours of collection and frozen at -70°^ until 

analysis.
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Plasma concentrations of the methylated arginine analogues, ADMA, SDMA and L- 

NMMA, were measured using a novel method as described below with the kind 

assistance from Dr. P.Woolard and Dr. A. Prend.

Methyl arginine assay:

The methyl arginine analogues in the plasma were assayed by high pressure liquid 

chromatography with ion spray mass spectrometry (HPLC-MS-MS) after 

derivatisation of the compounds with a quaternary ammonium derivatisation reagent, 

triethylammonium hexyl N-hydroxysuccinimidyl ester This reagent derivatises 

primary and secondary amine groups to produce stable and fully ionised derivatives 

suitable for lonspray mass spectrometric detection. Standards were prepared in the 

concentration range 0.2 to 5 ug/ml by spiking the methyl arginine compounds into 

HPLC-grade water and extracting as per the plasma samples. Plasma (50 pi) was 

aliquoted into an Eppendorf microcentrifuge tube, spiked with internal standard (a 

Glaxo-Wellcome methylarginine analogue; 10 pi of 50 pg/ml) and 75 pi acetonitrile 

was added to precipitate the soluble proteins. The samples were then stored on ice 

for one hour prior to centrifugation. The supernatant was transferred to an HPLC 

vial and 0.1 mol/1 HEPES buffer (pH 7.8) added. The derivatisation reagent (30 

mg/ml in acetonitrile; 10 pi) was added and the samples allowed to stand at room 

temperature for one hour. HPLC grade water (100 pi) was then added, samples were 

vortexed and an aliquot injected onto the HPLC system. Reversed phase, ion paired 

HPLC was performed on the samples with a volatile ion pair reagent in the mobile 

phase [HPLC conditions were:- Column: Supelcosil C 18 ABZ plus 150 x 3 mm 

(Supelco UK, Dorset), Mobile phase: 40% acetonitrile/water + 5mM 

pentadecafluorooctanoic acid. Flow rate: 0.5 ml/min (split 1:4), Temperature: 40°C, 

Injection volume 50pl]. Neumatically assisted ionspray MS was performed on the 

eluent [Mass spectrometry conditions were: Finnigan TSQ 700 instrument 

(ThermoQuest UK, Hemel Hempstead), ion spary technique, multiple reaction 

monitoring (MRM) detection with ADMA m/z 400-^369, SDMA m/z 400-^355, 

L-NMMA 381-+123].
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A calibration curve was constructed by plotting the ratio of compound peak area to 

internal standard peak area of the standard samples against concentration and 

performing a linear regression through the data points. The unknown sample 

concentrations were obtained by interrogation o f the calibration curve.

Calibration curve was linear from up to 1.0 ug/ml with a limit o f detection (LOD) of 

0.01 pg/ml. The use o f an MS-MS technique provided the probability of a high 

degree of selectivity for the compounds assayed.

Estimating GFR:

The subjects’ glomerular filtration rates (GFR) were calculated utilising plasma 

creatinine and height and the following formula validated for children

Eqnation 1 A fornwla for calculating GFR in children

GFR ml/ min/ 1.73m^ = [40 x height in cms/ plasma creatinine pmol/1]

Estimating Blood pressure

At rest, the right brachial systolic blood pressure was measured using a mercury 

sphygmomanometer. Blood pressures were standardised for age and sex by 

expressing them as Standard Deviation Scores (SDS) by reference to the 1987 Task 

Force data using an in-house computer programme.

2.3.3 Statistical methods

Plasma concentrations of L-NMMA, ADMA and SDMA were compared between the 

2 groups using student’s t test. The associations of L-NMMA, SDMA, and ADMA 

with GFR, BP Standard deviation score (SDS) and adequacy of blood pressure
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control, gender and age within the hypertensive group were assessed using 

Spearman’s correlation coefficient.

2.4 Results

The descriptive data of the study groups including BP SDS, GFR, plasma ADMA, 

SDMA and 1-NMMA concentrations are shown in Table 1.

Table 1 The group size, sex, mediafi(ratige) age, mean (SEM) o f BP SDS, GFR, 

and plasma concentrations o f ADMA, SDMA, and L-NMMA .

Controls Hypertensives

n 9 38

age years 8.3 (1.1-14.4) 7.7(1.0-18.1)

male; female 4:5 24: 14

BP SDS 0.48 (0.28) 1.50 (0.24)

GFR ml/ min/ 1.73 msq 107.4 (3.5) 69.9(5.4)

ADMA pmol/1 0.10(0.01) 0.23 (0.03)

SDMA pmol/ 1 1.18(0.06) 1.37 (0.06)

L-NMMA pmol/1 0.18(0.02) 0.21 (0.01)

Within the hypertensive group, the high blood pressure was uncontrolled in 5 (i.e.; not 

on any therapy), poorly controlled in 15 (i.e. on treatment but still hypertensive) and 

well controlled (i.e. on treatment and normotensive) in 18 subjects. The 

pharmacological therapy of these subjects included a diuretic (n=17), beta blocker 

(n=19), calcium channel blocker (n=17), vasodilator e.g. hydralazine (n=13), ACE 

inhibitor (n=14) and clonidine (n=l). 10 subjects were on a single pharmacological 

agent, 7 on two and 16 on three or more anti-hypertensive agents.
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The hypertensive and control groups were statistically comparable by age. The 

aetiologies o f the high blood pressure in the hypertensive group were; renal 

parenchymal disease 20, reno-vascular disease 15, essential 2, anephronia 1.

Plasma concentrations of ADMA in the hypertensive group were significantly (P 

<0.001, 95% Cl -0.20,-0.06) higher than that o f controls (see Figure 3).
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Figure 3 Plasma ADMA concentrations in the normotensive and hypertensive 

groups.
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The concentrations o f plasma ADMA in hypertensive children based on their 

aetiology of hypertension are shown in Figure 4.
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Figure 4 The distribution o f plasma ADMA concentration according to the 

aetiology o f hypertension in the hypertensive group are shown with that o f normal 

children for comparison (RVD - reno vascular disease, RPD - renal parenchymal 

disease, Essen - essential, Aneph - anephric).
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Plasma concentrations of SDMA in the hypertensive group were also significantly (p 

= 0.03, 95% Cl -0.37,-0.02) above that of controls (see Figure 5).
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Figidre 5 Plasma SDMA concentrations in the normotensive and hypertensive 

groups.
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However, plasma concentrations of L-NMMA were similar between the two groups 

(Figure 6 ).
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Figure 6 Plasma L-NMMA concentrations in the normotensive and hypertensive 

groups.
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The GFR of the hypertensive group was significantly lower than that of the controls. 

Elevated levels of ADMA (r= -0.77, p <0.001), SDMA (r= -0.38, p=0.02) and L- 

NMMA (r = -0.35, p=0.03) were associated with a lower GFR in the hypertensive 

group. The strength of correlation was highest between ADMA and GFR (see Figure 

7, Figure 8 and Figure 9 ).
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Figure 7 The relationship ofplasma ADMA with renal function (measured as GFR) 

within the hypertensive group.
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Figure 8 The relationship ofplasma SDMA with renal function (measured as 

GFR) within the hypertensive group.
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Figure 9 The relationship ofplasma L-NMMA with renal function (measured as 

GFR) within the hypertensive group.

Neither the adequacy of hypertension control nor the blood pressure standard 

deviation scores correlated with plasma concentrations of the arginine analogues 

studied.

2.5 Discussion

Methylated arginines (L-NMMA and ADMA) first described as components of 

polypeptides are now known to occur as free amino acids in urine plasma

and other tissues "̂^ .̂ The recognition of the potency of methylated arginines to
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inhibit nitric oxide synthase and the observation of their increased concentrations in 

urine and plasma in human diseases has promoted a large interest in their

pathophysiology and therapeutic potential. Experimentally, L-NMMA and other 

endogenous and synthetic arginine analogues have been shown to increase arterial 

pressure by inhibition of NOS and increasing peripheral arteriolar tone^^®

Plasma concentrations of these arginine analogues have been reported to be increased 

by 8-fold in renal failure^^^ and 2-fold in pre-eclampsia conditions where 

hypertension is a frequent complication, suggesting an aetiological role in the 

generation o f hypertension.

Endothelial cells take up L-arginine by the y  ̂ saturable transport system which is 

competitively inhibited by L-NMMA, ADMA and SDMA and other cationic amino 

acids However, only L-NMMA and ADMA have a potent inhibitory

action upon NO synthase; SDMA is without effect. The maximum inhibition of NO 

synthase by these analogues and its reversibility by L-arginine also appears to differ 

Endogenous nitric oxide inhibitors therefore may regulate nitric oxide generation 

with variable intensity and reversibility either by interfering with arginine transport 

into the cell or by inhibiting NOS or both.

L-NMMA, ADMA, and SDMA are synthesised by a variety of cells including 

human endothelial cells This study has demonstrated that ADMA and SDMA 

levels are raised in the plasma of children with hypertension. If there is a similar 

increase in methylated arginine analogues intracellularly, the associated reduced NO 

synthase activity may lead to hypertension by increasing peripheral arteriolar tone. On 

the other hand, if the accumulations of these inhibitors are exclusively extra-cellular, 

they may still compete with the L-arginine transporter and reduce L-arginine 

availability intracellularly leading to a reduction in NO generation and hypertension.

The elevation in plasma ADMA, SDMA and L-NMMA could also be due to reduced 

metabolism and excretion. The association of higher ADMA and SDMA levels with a 

lower GFR supports this view as these methylated arginine analogues are mainly 

excreted in the urine. L-NMMA is known to be metabolised by human vascular 

endothelial cells to L-citrulline through the action o f a dimethylarginase
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The demonstration of normal levels of L-NMMA in the hypertensive group despite 

renal impairment may be due to the fact that it is metabolised by the endothelial cells 

in contrast to ADMA and SDMA that are not metabolised so readily Indeed, 

dimethylarginases may even be upregulated in this clinical situation. In addition,

NOS can metabolise arginine to NO and citrulline, and L-NMMA to citrulline 

although the conversion of the latter is 20 times slower Therefore, inhibition of

NOS may also increase the intracellular concentrations of L-NMMA further by a 

vicious circle and may further reduce NO biosynthesis.

This study did not indicate a link between the concentrations of plasma methylated 

arginine analogues and the adequacy of blood pressure control or with the blood 

pressure level itself. Although this may simply be explained by suggesting that there is 

no association between blood pressure and arginine analogues, the situation may be 

more complex. Counter regulatory mechanisms by the vascular endothelium may 

operate in response to increased pressure or increased NOS inhibition in an attempt to 

normalise blood pressure. An upregulation of NOS activity as an counter-regulatory 

mechanism is a realistic possibility. Lack of correlation between blood pressure and 

methylated arginine analogues may thus not exclude their role in blood pressure 

control.

Elevated levels of plasma arginine analogues have been previously demonstrated in 

some cases with renal failure and in pregnancy induced hypertension 

ADMA has been shown to produce a dose-dependent increase in the tone of pre

contracted endothelium-intact rat aortic rings suspended in organ baths (EC50 for 

ADMA = 26 pmol/1) Experimentally in guinea pigs, a 9 fold rise in plasma 

ADMA to 9.8 (1.7) pmol/1 (with infusion o f ADMA) has been shown to be associated 

with a 15% rise in systolic blood pressure Therefore, the concentrations of these 

substances needed to produce physiological responses appear much higher than the 

concentrations of ADMA and SDMA (0.24 ± 0.03 pmol/1 and 1.36±0.06 pmol/1 

respectively) that were detected in the plasma o f hypertensive children in this study. 

However, ADMA and SDMA are agents produced by endothelial cells, and the local 

or intracellular concentrations of these substances are likely to be much higher than
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those detected in plasma and hence are likely to be producing a more significant 

response in vivo .

Additionally, arginine analogues may contribute to hypertension by haemodynamic 

alteration, reducing glomerular filtration rate and inducing salt and water retention

In this study, the patients were a heterogeneous group. This was to some extent 

inevitable in childhood hypertension since the causes o f secondary hypertension vary 

in children and even amongst renal causes (the commonest) there is often an overlap 

between reno-vascular and reno-parenchymal disease. The number of subjects 

recruited in this study was insufficient to carry out an aetiology based statistical 

analysis after matching for age and renal function. I presume such a study would only 

be possible amongst multiple centres, since a large number of subjects will be 

required.

This study also did not receive appropriate ethical permission to stop anti 

hypertensive therapy before blood was sampled from these subjects. Moreover, 

stoppage of some anti-hypertensives (e.g. ACE inhibitors, P blockers) even for a few 

days may not have predictably reversed the antihypertensive effects. Therefore the 

influence of drug therapy is a potential confounder in this study. However the 

outcome measures of the few new subjects with hypertension who were recruited for 

this study before pharmacological therapy, did not differ from the subjects on 

pharmacological treatment.

2.6 Conclusion

Plasma ADMA and SDMA concentrations are increased in hypertensive children and 

adolescents. These inhibitors may promote hypertension either primarily by vascular 

endothelial NOS inhibition or secondarily by altering renal blood flow. Alternatively, 

renal impairment may itself elevate some of these NOS inhibitors (ADMA, SDMA) 

due to reduced excretion. Counter regulatory mechanisms such as an increase in NO 

synthase activity may operate to normalise blood pressure.
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3. Experimentally demonstrating the 

physiological Importance of methylated 

arginines at concentrations detectable In 

human plasma

3.1 Introduction

In the previous chapter I have provided evidence for elevated levels (5-6 fold in some 

cases) of plasma arginine analogues dimethyl arginine (asymmetric dimethyl

arginine, ADMA) and symmetric dimethyl arginine (SDMA) in children and 

adolescents with high blood pressure compared with those of normotensive controls. 

A similar observation has been reported in some cases with pregnancy induced 

hypertension and chronic renal failure

Experimental inhibition of eNOS by arginine analogues increases the peripheral 

arteriolar resistance and induces hypertension However, the

physiological relevance of these arginine analogues, in terms of effects on nitric oxide 

synthase and vascular tone, particularly at the concentrations demonstrable in the 

plasma of hypertensive children is unknown. Therefore concentration-response 

curves were developed to assess the effects of arginine analogues on vascular tone in 

vitro and are described in this chapter.

3.2 Experimental procedure

All experiments were carried out in CD 1 mice, housed in a temperature controlled 

room and fed standardised chow and water. The studies were in accordance with the 

UK Home Office regulation for the care and use of animals [Animals (Scientific
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Procedures) Act 1986].

Mice (n=4-8) were anaesthetised briefly with halothane (2%) followed by 

exsanguination. The thoracic aorta was removed, trimmed free o f adhering fat and 

connective tissue and cut into 2 mm rings. The endothelium was removed in some 

rings by gently rubbing the internal surface with a knotted silk thread. The rings were 

mounted under 0.3 g resting tension (equivalent to physiological tension in vivo) on 

stainless steel hooks in 25 ml organ baths filled with Kreb’s buffer (containing in 

mmol/1 NaCl, 118; KCL, 4.8; CaCb, 2.5; MgS0 4 , 1.5; NaHCOs, 24; and glucose 

11), gassed with 95% O2/ 5% CO2 at 37°^. Tension was recorded with Grass FT03 

isometric transducers (Grass Instrument Co, Quincy, USA) on a 4-channel Rikadenki 

multi-pen recorder (Rikadenki Kogyo Co Ltd, Tokyo, Japan). The tissues were 

allowed to equilibrate for 90 minutes, during which time Kreb’s buffer was changed at 

30 minute intervals. Cumulative contraction curves to phenylephrine were obtained in 

each ring. After washout the tissues were allowed to equilibrate for a further 90 min, 

during which time the Kreb’s buffer was changed at 30 min intervals. A cumulative 

contraction curve to the NO synthase inhibitors, ADMA (0.1-300 pmol), SDMA 

(0.1-300 pmol) and L-NMMA (0.1-300 pmol) was obtained in each ring (with and 

without endothelium) in the presence of a threshold concentration of phenylephrine 

(30- 100 nmol/1). A reaction time of 30 minutes was allowed (see Figure 10 and 

Figure 11) after administration of each concentration of ADMA, SDMA or L- 

NMMA (ADMA, SDMA and L-NMMA were a kind gift from Glaxo-Wellcome 

Research Laboratories, Beckenham, Kent). All the materials used except halothane 

were obtained from Sigma Chemical Co (St. Louis, USA).
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ADMA / SDMA Concentration response
0.1 to 300 pM
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Figure JO A niuhi-pen (llikadenki) lension recording o f  endothelium intact and  

endothelium denuded mice aortic rings in response to increasing concentrations o f  

ADMA and SDMA in the organ hath.
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lU.uM -»

Figure 11 A tension recording 

o f  endo/helinm intact and  

endotheliinv denuded aortic rings 

after allowing a longer reaction  

time (30 minutes) following  

administration o f  ADMA or 

SDMA ( a tension change is now 

observed at a much lower 

concentration than what was 

dem onstrated previously).
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3.2.1 Statistics

The vaso-contractile potency of ADMA, SDMA and L-NMMA at various 

concentrations (0.1- 300 pM) was expressed as a percentage contraction from that of 

maximum obtained using phenylephrine. Statistical significance was analysed with 

Student’s t test. Results were expressed as mean±SE (n=4-8). Mean ECso for each 

compound was calculated using individual concentration-response curves.

3.3 Results

In the presence of a threshold concentration of phenylephrine (30-100 nmol/1, 

approximately 10% of a maximal contraction) the maximal force of contraction o f the 

endothelium intact aortic rings was significantly greater for ADMA (EC50, 25.4 ±

7.1 pmol/1) and L-NMMA ( E C 5 0 ,  8.2 ± 2.9 pmol/1) compared with that of SDMA (P 

< 0.05). ADMA and L-NMMA initiated a statistically significant contractile 

response from baseline at 3 pm ol/1 (students t tests, p=0.03, 95% Cl 3.0, 43.2) and at 

1 pmol/1 (student’s t tests p <0.001, 95% Cl 12.9, 28.7) respectively whereas SDMA 

demonstrated the same only at 30 pmol/1 (student's t test, p=0.049, 95% Cl 0.1,65, 

see Figure 12).
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EFFECT OF ADMA / SDMA / LNMMA ON MOUSE AORTIC RINGS
(Intact : n = 4-8)
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Figure 12 Concentration-response cur\’es o f  ADMA, SDMA and  L-NMMA in 

endothelium intact mice aortic rings.

These responses were not demonstrable in endothelium denuded aortic rings (see 

Figure 13).
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EFFECT OF ADMA / SDMA / LNMMA ON MOUSE AORTIC RINGS 
(Denuded : n = 4-8)
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Figure 13 Concentration-respom e curves o f  ADMA, SDMA and L-NMMA in 

endothelium denuded mice aortic rings.

3.4 Discussion

Hypertension in childhood is often secondary and is often curable on 

elimination of the cause (e.g.,renal disease, renal artery stenosis, or catecholamine 

producing tumours), suggesting reversibility of its pathogenic mechanisms. Elevated
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plasma levels of arginine analogues in some hypertensive children, in particular 

ADMA may be involved in reversible inhibition of endothelial nitric oxide synthase, 

therefore contributing to their hypertension. SDMA, a D-form compound, although 

found also to be raised in children with hypertension is believed to be biologically inert 

and does not alter vascular tone significantly at the physiological concentrations as 

shown in this study.

ADMA has been shown to produce a dose-dependent increase in the tone o f pre

contracted endothelium-intact rat aortic rings suspended in organ baths (ECso for 

ADMA = 26 pmol/1 ) This study demonstrates that plasma concentrations of 

ADMA (0.24 ± 0.03 pmol/1 ) found in childhood hypertensives at least in some cases 

are capable of initiating a physiological response in mice aortic rings. As the ADMA 

and SDMA are agents produced by endothelial cells themselves, the local or 

intracellular concentrations of these substances are likely to be much higher (for 

instance in rat kidney 35p mol/1 than that detected in plasma and hence likely to 

be producing a more significant response in vivo than has been demonstrated in this 

study in vitro .

It is also noteworthy, that maximum contraction of aortic rings by ADMA is 2-3 fold 

higher than what is achievable with phenylephrine. This itself demonstrates the 

potency of ADMA, that can produce a major change in vascular tone by simply 

removing the vasodilator tone maintained by the endothelium derived nitric oxide.

ADMA decreases NOS activity of cultured t.End. 1 cells (murine endothelioma cell 

line, that behave as endothelial cells) in vitro, at a concentration (IC50 253±80 

pmol/1), 100 - 500 fold higher than the concentrations detected in uraemic plasma 

In this study, arginine contained in culture medium may have reduced the activity of 

NOS inhibitors, hence possibly the high IC50 . ADMA has also been shown to produce 

a small endothelium-dependent contraction of human saphenous vein rings sub- 

maximally contracted with phenylephrine i.e. a 21.9%±4.9% increase in tone at a 

concentration o f 300 pmol/1 of ADMA On the other hand, ADMA has been 

shown to reverse bradykinin-induced relaxation o f human saphenous vein rings at 

concentrations (EC50 17.9± 4.9 pmol/1) of a similar order to those reported to occur
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in the plasma of certain patients with chronic renal failure^^^. This suggest that raised 

ADMA concentration may also be able to at-least partially reverse anti-hypertensive 

effects achieved by ACE inhibitors (anti-hypertensive properties of ACE inhibitors are 

partly due to inhibition of the breakdown of bradykinin). This may partially explain the 

resistance of some cases with renal failure to anti-hypertensive effects o f ACE 

inhibitors.

Tension is tangential force acting on a unit length of the blood vessel wall. In vivo, 

the pressure within the blood vessel and the tension of the wall (maintained by 

smooth muscle tone and elastic tissue) are in balance to prevent the tubular structure 

collapsing or expanding. In this state, as in normal physiological circumstance, the 

pressure gradient (i.e. blood pressure) across the wall o f the vessel = tension/ radius 

(Laplace’s law) (see Figure 14).
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Laplace's law T= force / unit length

Radius

Pressure P =  T
R

If R is constant,

then % increase P = % increase T

Figure 14 A theoretical application o f Laplace's law to explain the degree o f  

association that may exist between vascular tone and blood pressure utilising a 

segment o f a vessel as a model (P= pressure, T= tension, R= radius).

Therefore, for example, a 10% increase in vessel wall tension should lead to a 10% 

increase in blood pressure, assuming the radius o f the blood vessel is constant and 

there are no counter-regulatory mechanisms. An associated reduction in the radius of 

the vessel, therefore, would be associated with a further increase in blood pressure.

In this study 1 pmol/1 and 3 pmol/1 ADMA produces approximately 12% and 24% 

increases in tension of the strain gauge mounted aortic rings. This demonstrates that 

small changes in wall tension is capable of producing significant changes in blood 

pressure in the absence of any compensatory reactions. Elevated levels of arginine
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analogues in human plasma, at least in some cases may therefore be sufficient to 

initiate changes in arteriolar tone, and hence to significant increases in blood pressure. 

Furthermore, the eNOS substrate L-arginine is known to be lower in plasma of 

uraemic subjects a factor that may aggravate the effects o f accumulating arginine 

analogues.

Additionally, arginine analogues have been demonstrated to reduce glomerular 

filtration rate and induce salt and water retention These changes are known 

mechanisms contributing to hypertension and therefore ADMA may be involved in 

modulation of blood pressure by more than one mechanism.

However, some patients in renal failure seem to remain normotensive despite 

accumulation of arginine analogues in their plasma This is also interesting and 

may suggest existence of at least two groups of patients, ADMA sensitive and ADMA 

resistant. There is some preliminary evidence to suggest existence of hypertension 

resistant strains of rats, possibly distinguished from hypertensive strain by their ability 

to produce a compensatory rise in endothelial nitric oxide generation, and thereby 

maintain normal vascular tone, hence blood pressure^^^ For instance, in humans too 

it is likely that some may be susceptible to influences o f raised ADMA concentrations 

in plasma whereas others are able to mount adequate compensatory influences, 

perhaps by increasing NOS activity of the endothelium and thereby remaining 

normotensive even in the presence of raised plasma levels o f ADMA.

In clinical practice, patients who are on long-session haemodialysis are recognised to 

maintain a normal blood pressure more frequently compared with the subjects who 

are on short-session dialysis This effect is independent of the amount of water 

over load i.e. inter dialysis weight gain. The blood pressure rise during the inter

dialysis period, independent of the weight gain argues for an accumulation o f pressor 

molecules such as ADMA, the molecules that are removed by dialysis.
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3.5 Conclusion

By inference, therefore, the above experimental in vitro data strongly suggest that 

elevated levels of arginine analogues in human plasma, at least in some cases may be 

sufficient to initiate a change in arteriolar tone, hence blood pressure. However, there 

appears to be a group of subjects who are more susceptible to the effects o f ADMA 

than others. This sensitivity to ADMA induced hypertension may be related to 

individual differences in counter-regulatory vasodilator responses. This aspect needs 

further investigation.
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4. Assessing Nitric Oxide generation in 

chiidhood hypertension using plasma and 

urine nitrate and nitrite as markers

4.1 Introduction

4.1.1 The origins of nitric oxide

Nitric oxide (NO) is synthesised intracellularly from the amino acid L-arginine 

through the action of at least three isoforms of the enzyme nitric oxide synthase; that 

are constitutive i.e. endothelial (eNOS) and neuronal (nNOS) and inducible (iNOS).

4.1.2 The role of endothelial generated NO in blood pressure regulation

Nitric oxide (NO), continuously generated through the action of vascular

endothelial nitric oxide synthase (eNOS) maintains the cardiovascular

system in a state of constant active vasodilatation (see Figure 1). Inhibition of

eNOS by infusion of L-NMMA (L-N^-monomethyl arginine) to rabbits causes long 

lasting increases in blood pressure due to reduced NO, reversible by L-arginine 

This is an observation that is reproducible in many species including humans 

. NO synthesis is promoted by certain vasodilating agents, pulsatile flow and shear 

stress and contributes to the control of vascular tone, blood pressure and

flow

4.1.3 Indirect evidence for reduced endothelial dependent NO generation in 

hypertension

Endothelium-dependent relaxation to acetyl choline is reduced in the aortic, cerebral, 

and peripheral micro circulation of hypertensive rats In human essential
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hypertension endothelium dependent relaxation is also reported to be diminished 

Although in the spontaneously hypertensive rat the reduced response to acetylcholine 

is related to the production of Endothelium Derived Contracting Factor (i.e. 

prostaglandin H2), in most other forms of experimentally induced hypertension a 

reduced formation of endothelium derived nitric oxide (EDNO) predominates

In hypertension affecting various species, including humans

diminished basal eNOS activity has been reported and may be due to impaired

generation o f nitric oxide This may be due to a genetic defect or acquired

inhibition^^^ of NO synthase or reduced sensitivity of its receptor, soluble guanylate

cyclase.

Experimental inhibition of eNOS by arginine analogues increases the peripheral 

arteriolar resistance'^’ and induces hypertension'^^ Genetically engineered eNOS 

‘knock out mice’, with no detectable eNOS are also reported to be hypertensive'^*. 

Therefore, diminished nitric oxide generation or release may play a major role in the 

aetiology of hypertension.

4.1.4 End products of nitric oxide as markers of NO generation

Nitric oxide has a very short half life in biological systems, and is rapidly metabolised 

to nitrite and nitrate, that are relatively slowly excreted in urine. These stable end 

products may provide a useful marker of NO synthase activity in vivo, and have been 

utilised for this purpose in a number of previous studies '*'.

4.2 Research problem

Whether nitric oxide generation in hypertensive children is different to controls is 

unknown but it might be different to that in adults due to the differences in aetiologies 

of high blood pressure. To investigate this in children, plasma nitrite and nitrate
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concentration (NOx) and urinary NOx excretion were measured as an index o f NO 

generation in hypertensive children and young adults and controls.

4,3 Methods

4.3.1 Criteria for recruitment of patients and controls

All children with hypertension who attended GOS, a tertiary paediatric referral centre, 

were eligible for this study. Pyrexial patients with infections or other active systemic 

disorders were excluded. The hypertensives were assessed as in the previous study 

(see Choosing the subjects and controls page 41), by diagnostic criteria and 

investigative procedures routinely undertaken in this hospital including several 

measurements of blood pressure by mercury sphygmomanometer (interpreted against 

1987 task force data assessment of target organ damage and investigations to 

elucidate the aetiology. Children with hypertension due to reno-vascular disease, 

renal parenchymal disease and with no identifiable cause (essential) were included in 

this study.

Normotensive children were recruited from Frimley Park Hospital, Surrey and 

Basildon District General Hospital, Essex who attended for minor complaints such as 

behavioural problems, short stature, and for minor surgical procedures such as 

grommet insertion and hernia repair. None had evidence of an active organic disease 

or infection at the time of sampling.

No dietary adjustments were made before the investigation. Blood samples were 

obtained in the morning. All patients had their systolic blood pressure (SBP), height 

and weight measured on the day of investigation.
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4.3.2 Estimation of Plasma NOx

Venous blood was drawn into nitrite and nitrate free heparinised tubes on ice. The 

plasma was separated within 4 h o f collection, and frozen at -70°C until analysed. A 

duplicate whole blood sample was stored at room temperature for 24 h, before 

processing as above, to assess the stability o f nitrite and nitrate in whole blood, ex-

vivo.

Plasma nitrite concentration was determined by first reducing the nitrate 

enzymatically, using nitrate reductase from Aspergillus species Briefly, plasma 

samples were diluted 1:4 with Milli-Q distilled water and incubated with assay buffer 

(composition mM; KH2PO4 50, NADPH 0.6, FAD 5.0 and Nitrate reductase 20mu, 

pH 7.5) for 1 h at 37°C. A standard curve for nitrate was constructed by incubation 

ofNaNO^ -  (1, 100 pM) with the assay buffer (see Figure 15).

The resultant nitrite concentrations were determined by chemiluminesence and 

expressed as the amount of total plasma nitrite and nitrate (NOx) in pM. The inter 

assay variation was 14.1% (See Appendix 3 for details of NOx assay).
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Figure 15 A pen recording o f  chemUnniinescence (Nitrite standard curve is shown).
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4.3.3 Estimating GFR

Plasma creatinine was measured using a standard enzymatic reaction (Ortho Clinical 

Diagnostics, Amersham, UK). The glomerular filtration rate (GFR) was calculated 

using the following formula validated for children by Morris et al (see Equation 1 

in page 43).

4.3.4 Estimating Urine NOx

Wherever possible a urine sample was also collected from the above subjects within 4 

h o f the collection o f the blood sample. Urinary NOx (chemiluminescence) and 

creatinine (Jaffé reaction) were measured and urinary NOx/creatinine ratio was 

calculated to eliminate confounding effects of urinary dilution and body weight before 

comparison

4.3.5 Statistical methods

The data were analysed using SPSS 6,0 (SPSS Inc.) computer software. The SBP 

was expressed as a standard deviation score (SDS) against the 1987 task force data 

using an in-house computer programme. The plasma NOx among all groups of 

children was compared using factorial ANOVA incorporating age and GFR as 

covariates that may affect plasma nitrate concentrations. The relationships between 

plasma NOx ( P n o x )  with renal function, SBP standard deviation score (SDS) and ages 

within the groups were assessed using Pearson’s correlation coefficient.

Urine NOx/ Urine creatinine ratios (Unox/ Ucreat) were log transformed and compared 

among the groups using one-way ANOVA. Correlation between Pnox and urinary 

NOx/creatinine ratio within each group were also assessed.
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4.4 Results

4.4.1 Plasma NOx (Pnox)

Seventeen healthy normotensive children and 69 children with hypertension due to 

reno-vascular disease, renal-parenchymal disease or hypertension with no identifiable 

cause (classified as essential) were studied. The descriptive data of each group are 

shown in Table 2.

Table 2 Plasma nitrite and nitrate (NOx), systolic blood pressure (SBP) and renal 

function in hypertensives M>ith reno-vascular disease, renal parenchymal diseases, 

essential hypertensives and normals along with details o f each group. (SD) standard 

deviation, (SDS) standard deviation score, (GFR) glomerular filtration rate.

Normal Reno- Renal- Essential

vascular parenchymal

I ?  ................~24................. 42  .................3

male: female ratio 7: 10 19:5 20 : 22 3:0

age mean (SD) yrs 6.8 (4.3) 7.3 (5.3) 9.9 (5.0) 14.6(1.8)

GFR (SD) ml/min/1.73m' 107.7 (14.1) 81.9(34.3) 63.4 (34.1) 88.1 (17.9)

SBP SDS mean (SD) -0.04 (1.0) 1.48 (1.79) 1.78 (1.49) 2.60(0.27)

P n o x  pmol/1 mean (SD) 11.9(5.9) 15.9(10.1) 15.9(9.6) 11.1(3.6)
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Sixty-three of the 69 hypertensive children were receiving pharmacological therapy at 

the time of the blood sampling and none were receiving nitrovasodilator treatment. 

The remaining 6 were sampled before commencing pharmacological therapy.

Plasma NOx ( P n o x )  was determined in 16 normals and 53 hypertensives (some 

samples were insufficient or unsuitable for analysis as haemolysed). The Pnox o f 

normal children decreased with age (r= -0.67, p=0.004, see Figure 16) and GFR (- 

0.69, p=0.003, see Figure 17). Pnox o f hypertensive children did not correlate with 

age. However, a lower GFR was associated with a higher Pnox in the hypertensive 

group with renal parenchymal disease (r=0.66, p<0.001, see Figure 18) but not in 

hypertensive group with reno-vascular disease or essential hypertension.
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P lasm a NOx and a g e  in normal controls
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Figure 16 Scatter plot o f plasma NOx concentration in normal children against 

age.
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Plasma NOx and GFR In normal controls
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Figure 17 Scatter plot o f plasma NOx (Pnox) concentration in normal children 

against GFR (The lowest GFR shown is that o f an infant).
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Plasma NOx and GFR in RPD
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Figure 18 Plasma NOx ( P n o x ) ,  plotted against glomerular filtration rate (GFR) in 

hypertensive children with renal parenchymal disease.

P n o x  (age and GFR corrected) was significantly higher in the hypertensive groups with 

renal parenchymal disease and reno vascular disease compared with essential 

hypertensives and normal groups (factorial ANOVA, F=4.31, p=0.002, see Figure 

19). However, Pnox did not correlate with SBP expressed as standard deviation 

scores in any of the hypertensive groups. The highest concentration of Pnox (i.e.; 

above 30 pmol /I) was observed in 4 hypertensives (see Appendix 4 for detailed data) 

o f whom one was sampled before pharmacological therapy. Three of these 4 had 

hypertension due to renal parenchymal disease.
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Plasm a NOx among study groups
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Figure 19 Plasma NOx ( P n o x )  concejitratiotis in normals, and hypertensives due to 

reno-vascular disease (RVD), renal parenchymal disease (RPD) and essential 

hypertension.

4.4.2 NOx in whole blood ex-vivo

To assess the stability of NOx in whole blood at room temperature, 28 duplicate 

samples of whole blood separated at 4 h and 24 h after collection were analysed . The 

mean (SD) Pnox o f the samples at 4 h was 15.62 (11.25) pmol/1. The Pnox
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concentration o f the duplicate samples at 24 h was 15.84 (11.03) pmol /I. Paired t 

test analysis showed no significant difference, (mean o f difference 0.218 (3.096) 

pmol/l, 95% confidence interval -0.982,1.41 p=0.71, data shown in Figure 20 and 

Appendix 5).

NOx Stability in Whole Blood ( Ex-vivo)
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X X5 --

0 5 10 15 20 25 30 35 40 45 50
Plasma NOx (pmol/1) In fresh whole blood

Figure 20 The linear correlation between the NOx concentrations in the plasma o f 

ex-vivo whole blood separated 4 and 24 hours after collection are shown.
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4.4.3 Urine NOx:

Urine samples within 4 hours o f blood sampling could be obtained only in 12 normals 

and 27 hypertensives. The descriptive data of urinary NOx ( U n o x )  excretion and the 

correlation coefficients between Pnox and ÜNOx/Ucreatinine ratios are shown in Table 3 

(detailed data in Appendix 6). A significant positive linear correlation between Pnox 

and ÜNOx/Ucreatinine was demonstrable in the normal group.

Table 3 Median (range) values o f urinary nitrite and nitrate ( U n o x ) ,  urinary 

creatinine (Ucreaf its ratios along with its correlation coefficient with Pnox cire 

shown M>ith the significance levels.

Normal

12

Reno Renal Essential

-vascular -parenchymal

Ï3  .... n

Unox mmol/1 0.187 0.150 0.171 0.226

(0.07-0.31) (0.40-0.27) (0.05-0.30) (0.20-0.25)

Ucreat m m o l/1 6.95 2.20

(0.5-54.0) (1.3-7.6)

5.30 16.85

(2.4-13.9) (16.3-17.4)

UNOx/Ucreat ratlO 0.023 0.052 0.024 0.013

(0.002-0.239) (0.020-0.164) (0.012-0.059) (0.012-0.015)

Correlation coefficient r -  0.85 r = 0.36

between plasma NOx and p < 0.001 p = 0.41 

UNOx/Ucreat ratlO

r = 0.73

p = 0.06

insufficient

data
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Comparison o f log transformed Unox /Ucreatinine ratios showed a tendency for lower 

excretion o f NOx in the hypertensive group with renal parenchymal disease but did 

not reach statistical significance (One way ANOVA F=1.94, P=0.13, see Figure 21).

U NOx/ U cr Ratio among study groups
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Figure 21 Urinary NOx (UmoJ  excretion expressed as a ratio against urine 

creatinine (Ucréai) mmol/mmol excretion in normals, and in hypertensives due to 

reno-vascular disease (RVD), renal parenchymal disease (RPD) and essential 

hypertension.
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Plasm a and Urine NOx normal controls

25

20

15

10 = 0.7442

5

0
0.00 0.05 0.15 0.20 0.250.10

U N O x /U c r  Ratio

Figure 22 Correlation between plasma NOx and Urine NOx/ Urine Creatinine ratio 

is positive in normal children

4.5 Discussion

Direct measurement of nitric oxide in vivo is difficult as it is inactivated very rapidly in 

biological systems to the stable end products nitrite and nitrate Nitrite

concentration in plasma is low (approx. 5%) in comparison to that o f nitrate and 

eventually all NO metabolites are excreted as nitrates in urine^*^ without a diurnal 

variation Dietary nitrate contributes to plasma nitrate concentrations.
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Standardisation of the diet is very difficult in children, in particular in the very young, 

as their dietary patterns and requirements widely vary. For instance, infants would be 

mainly on a fluid and milk diet. Therefore dietary intake could not be standardised in 

this study. However, mammals produce nitrite and nitrate far in excess to that that 

can be accounted for by diet and the conversion of L-arginine to nitric oxide is the 

only known source of nitrite and nitrate production in mammalian tissues 

Therefore, Pnox may be used as an index o f nitric oxide generation in vivo 

It has been suggested that a lesser fraction of NO in whole blood is inactivated by the 

formation of methaemoglobin (metHb) or nitrosylated haemoglobin (HbNO) 

hence, Pno.x may change in samples of whole blood, ex-vivo. However, in this study 

there was no evidence for a change in Pnox in whole blood, ex-vivo, up to 24 h at 

room temperature.

Nitrovasodilators used in the treatment of hypertension may alter plasma nitrate 

concentrations, however, none of the patients participating in this study were 

receiving this form of treatment. Nitric oxide formed through the action of an 

inducible nitric oxide synthase (iNOS) expressed in many cells (e.g.; macrophages, 

smooth muscle) may also contribute to Pnox concentration following activation of 

iNOS due to infection and other inflammatory conditions This error was

minimised by including only apyrexial patients with no clinical evidence of an active 

systemic disorder. However, low grade disease activity of the kidney itself may have 

contributed to the elevated plasma concentrations of NOx in some patients in this 

study, in particular, in the group with renal parenchymal disease.

Only a limited number of untreated hypertensive children were available for this study 

as many were receiving anti-hypertensive therapy before arrival at this tertiary centre. 

P NOx concentration in 5 of the 18 (27%) uncontrolled and poorly controlled 

hypertensives were above 20 pmol/1 compared with only 5 of the 35 (14%) in the 

well controlled group. These differences were not statistically comparable due to the 

heterogeneity of the aetiologies of hypertension and small numbers of subjects but 

were suggestive of a tendency for increased NO generation in the untreated group, 

either originating via increased constitutive eNOS activity from the vascular 

endothelial cells (a possible compensatory action against raised blood pressure ^̂ )̂ or
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through the expression of iNOS as a consequence of their pathological condition 

leading to hypertension.

Most of the subjects recruited in this study were receiving more than one anti 

hypertensive agent. Ethical permission to stop anti-hypertensive therapy was not 

available as some patients had presented initially with severe life threatening 

complications such as encephalopathy and heart failure. Anti hypertensive therapy 

may have altered the natural homeostatic mechanisms that may involve NO pathways 

in hypertension, hence the results of this study. However, the comparisons of BP 

SDS among groups show significantly higher mean scores in the hypertensive groups 

compared with those of normals. Therefore, findings of this study are likely to be 

reflective of at least the homeostatic trend of nitric oxide activity in high blood 

pressure.

The association of elevated ? n o .x concentration with a lower GFR in normal children 

suggested that low GFR in normal infants may contribute to the higher concentration 

of Pnox in infancy. Thus the tendency for NOx concentration in plasma to decrease 

with age in normal children may be a reflection of an age related increase in GFR 

This may be relevant particularly within the first 2 years o f life and is supported by the 

significant positive correlation between Pnox and UNOx/Ucreat ratio in the normal group. 

This reduction in Pnox also coincides with the normal increase in blood pressure, 

again most marked within the first year of life Therefore a reduction in eNOS 

activity with age may also partially explain the reduction o f NOx with age and the age 

dependent rise in blood pressure in the infancy. Further studies are required in 

normotensive children to elucidate this clearly.

In this study, UNOx/Ucreat ratios were used instead of clearances to assess urinary 

excretion of NOx. Although, the use of renal clearances (calculated utilising steady- 

state plasma and 24 hour urine excretion of NOx) would have been more appropriate 

in adults, in children, the use of urinary excretion of various substances in relation to 

the concentration of creatinine in urine has been a recognised reliable estimate o f an 

excretion of a substance (x) in urine in children for over 25 years. This 

methodology, based on the finding that creatinine excretion is relatively constant per
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kg body weight per 24 hours was initially validated for albumin excretion and 

is now known to be valid for the assessment o f the urinary excretion o f a variety of 

other substances (tubular proteins, oxalate, calcium, magnesium etc.)*^  ̂ and is 

widely used This use of Ux / Ucreat ratios, excludes the need for timed urine

sampling in children (which is often inaccurate) and offers simplicity and greater 

reliability In addition, it offers reliability for the estimation o f substances

that may not be stable in 24 hour urine collections. Therefore, I believe usage o f 

Unox/ Ucreat ratios is a reliable and a simple method of comparison o f urine NOx 

excretion among study groups.

Reduced GFR was shown to be associated with an increase in plasma concentration 

of NOx in children with renal parenchymal disease associated hypertension. Although 

the lowest UNOxAJcreat ratios were noted among the hypertensive group with renal 

parenchymal disease there was no direct correlation between the Pnox concentration 

and urinary NOx excretion within the hypertensive groups. This further supports the 

view that although high Pnox correlates with lower GFR in the hypertensive patients 

with renal parenchymal disease, increased Pnox is not a direct consequence of 

diminished excretion of NOx. Therefore the altered concentration of Pnox may reflect 

an increased production of NOx rather than a diminished urinary excretion, unless 

there is an alternative route of NOx elimination.

The GFR and Pnox in the hypertensive group with reno-vascular disease and in 

children with essential hypertension did not correlate in contrast to the findings in the 

hypertensive group with renal parenchyma! disease. This may suggest that the renal 

function (GFR) is a less significant factor in influencing Pnox concentrations in certain 

hypertensives groups. A similar observation has been made in septic shock, a 

condition with excessive NO generation, where Pnox seems to be less influenced by 

renal function^^\ It is therefore possible that in the presence of abnormally elevated 

NO production, Pnox is less influenced by renal function and NOx may be excreted 

through alternative routes.

Pnox did not correlate with the SBP (expressed as standard deviation scores) in any of 

the hypertensive groups. This may be due to the fact that slowly excreted NOx, the
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stable end product of nitric oxide metabolism is more likely to reflect the cumulative 

levels o f nitric oxide production during the preceding 24 - 48 hours. Unfortunately in 

these patients an assessment of the blood pressure profiles for the preceding 24 -48 h 

were not available before the blood was taken for NOx estimation to test this 

hypothesis.

There was no evidence of a decreased Pnox activity in children and young adults with 

hypertension. Indeed, Pnox appears to be either normal or increased. This suggests 

that nitric oxide generation in childhood hypertension is either normal or increased 

and a reduction in eNOS activity is unlikely to be involved in the generation of 

hypertension in children. This theory is further supported by the complete 

reversibility in some cases of hypertension by the removal of the aetiology (e.g.: renal 

artery stenosis). This difference in blood pressure-NO pathophysiology between 

children and adults may be related to the differences in the aetiology of hypertension; 

in adults it is predominantly essential in which there may be reduced vascular 

endothelial NO generation, whereas in children (in my study groups), the hypertension 

is predominantly secondary in which endothelial generation of nitric oxide is normal 

or may even be increased. However, 3 of the 4 essential hypertensive children studied 

(despite rarity of true essential hypertension in children) had normal Pnox 

concentrations. In clinical practice, some childhood hypertensives labelled ‘essential’ 

are known to with time to have a demonstrable aetiology such as reno-vascular 

disease for hypertension. Due to this uncertainty and the small numbers, it is difficult 

therefore, to reach conclusions from the above findings in these 4 patients. Animal 

studies have demonstrated enhanced endothelial dependent NO release within the 

coronary resistance arteries of spontaneously hypertensive rats, which may represent a 

compensatory mechanism^®^ A recent study by Habib et al has also shown 

evidence for an enhanced production of nitric oxide in the presence o f high systemic 

vascular resistance in heart failure by demonstrating the greatest increase in systemic 

vascular resistance in response to NOS inhibitor L-NMMA in patients with the 

highest systemic vascular resistance Therefore, elevation o f nitric oxide 

production is likely to occur possibly as a counter-regulatory mechanism in the 

presence of increased vascular resistance. This could be the reason for elevated 

plasma concentrations of NOx detected in this study in some cases. It will be
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interesting to determine whether a similar situation may be applicable in adult 

subgroups of hypertensives.

By inference, therefore, nitric oxide generation appears to be increased or normal in 

childhood hypertension. This phenomenon suggests an upregulation of eNOS activity 

in some cases either as a consequence of increased shear stress or hormonal influences 

upon the vessel wall or as a counter regulatory mechanism against hypertension. 

Alternatively, this may be a counter-regulatory phenomenon in childhood 

hypertension against increased levels of endogenous NOS inhibitor methylated 

arginine analogues that are often identified in such cases as has been shown in 

previous chapter. However, interpretation of plasma nitrite and nitrate concentration 

as an index of NO generation individually, even after correcting for renal function and 

dietary influences is unreliable as there appears to be another route of its elimination 

especially in the presence of increased NO generation.

4.6 Conclusion

P NOx is elevated in hypertensive children. Although this may partly be explained by 

associated renal dysfunction there is logical argument to suggest normal or increased 

NO synthase activity in childhood hypertension in contrast to hypertensive adults in 

whom it is described as reduced.
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5. Exploring associations between circulating 

nitric oxide synthase inhibitors and markers of 

endothelial activation in childhood 

hypertension

5.1 Introduction

5.1.1 The role of endothelium in complications of hypertension

Hypertension is a significant cause of morbidity and mortality both in adults and 

children, whether it is primary or secondary. This is often related to a hypertension 

associated vasculopathy leading to complications such as stroke, encephalopathy, 

cardiac failure and renal disease. Although in the adult, these complications of 

hypertension are often attributed to atherosclerosis, in children, the mechanism is 

unknown, although pressure over-load has been blamed. The vascular endothelium is 

involved in these complications and may also be an important mediator of their 

onset.

The vascular endothelium is a powerful complex organ and is known to play a crucial 

role in regulating vascular permeability, homeostasis, vascular smooth muscle tone 

and the interaction of both cellular and non-cellular components of circulating blood 

with the vessel wall. These functions are regulated by various vaso-active mediators 

produced by the endothelium such as cytokines, prostaglandins, cell adhesion 

molecules, and nitric oxide (NO) The endothelium derived nitric oxide

when inhibited causes vascular endothelial cell activation that promotes 

leucocyte, platelet and endothelial interactions Diminished endothelial nitric oxide 

synthase (NOS) activity has been demonstrable in adult essential hypertension

In hypertensive children, raised plasma endogenous nitric oxide inhibitors^^^, in
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particular dimethyl arginine (asymmetric dimethyl arginine, ADMA), have been

demonstrated

5.1.2 Endothelial “activation” and its relevance

The endothelium is in a state of “activation ”in conditions where there is 

hypercoagulability, increased capillary permeability and altered vascular smooth 

muscle tone (e.g. inflammatory vascular disease with or without associated 

thromboembolism) where adhesion molecules and von Willebrand Factor (vWF) 

production by the endothelial cells are upregulated. These molecules are involved in 

endothelial adhesion and transmigration of leucocytes, platelet aggregation and 

haemostasis.

Often, these molecules spill over into plasma, hence plasma levels are a recognised 

index of vascular endothelial cell activation The adhesion molecules

involved include; among others (a) P-selectin, constitutively synthesised by endothelial 

cells and translocated to the cell surface upon endothelial activation (b) E-selectin 

only minimally expressed unless the endothelium is activated and (c) the integrins; 

intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 

(VCAM-1) that mediate endothelial-leucocyte interactions. Circulating vWF, mostly 

derived from vascular endothelial cells is increased when the endothelium is 

activated although very high levels are more commonly indicative of endothelial 

cell damage

5.2 Research Problem

Activation of endothelium may form the basis of hypertension related vascular 

complications in childhood. Inhibition of eNOS by endogenous arginine analogues 

may be implicated in this process.
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5.3 Methods

5.3.1 Subjects

All children with hypertension who attended GOS, a tertiary paediatric referral centre, 

were eligible for this study. Pyrexial patients with infections or other active systemic 

disorders were excluded. The hypertensives were assessed as described in previous 

chapters (see Choosing the subjects and controls in page 41).

Normotensive children were recruited from two neighbouring District General 

Hospitals (as described before), who attended for minor complaints. None had 

evidence of an active inflammatory or infectious disease at the time of sampling.

5.3.2 Measurements

All subjects had their systolic blood pressure (SBP), and height measured in the 

morning. Venous blood was drawn into heparinised tubes on ice and plasma was 

separated within 4 h of collection, and frozen at -70°C until analysed. Plasma 

creatinine was measured using a standard enzymatic reaction (Kodak Ektachem).

Plasma concentrations of adhesion molecules VCAM-1, ICAM-1, P-selectin, E- 

selectin were measured using sandwich ELISA commercial kits from R & D Systems 

(previously British Biotechnology) and von Willebrand factor by an in house 

ELISA method (see Appendix 7). In brief, microtitre wells coated with anti-human 

sE-selectin, sP-selectin, sICAM-1 or sVCAM-1 were incubated with diluted samples, 

standards and controls (at 1/20 etc) before incubation with conjugated anti-human cell 

adhesion molecules and substrate. The kits were used in accordance with the 

manufacturer’s instructions ( for details of VCAM-1, ICAM-1, E-selectin, P-selectin 

assays see Appendix 8, Appendix 9, Appendix 10 and Appendix 11 respectively). 

ADMA concentrations were measured using HPLC (see Methyl arginine assay: 

page 42).
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5.3.3 Statistics

The renal function was estimated as GFR utilising a standard formula (see 

Estimating GFR; in page 43). The SBP was expressed as a standard deviation score 

(SDS) against the 1987 task force data to eliminate age and sex differences. The 

adhesion molecule and vWF values were log transformed and were compared among 

the two groups using t tests. The associations between plasma adhesion molecules, 

vWF and ADMA with renal function (GFR), and SBP standard deviation score (SDS) 

within the groups were assessed using Pearsons’s correlation coefficient.

5.4 Results

40 hypertensive [25 male, age in yrs (SD) 9.2 (6.6)] and 9 normal [4 male, age in yrs 

(SD) 9.8 (7.6)] children and adolescents participated. Within the hypertensive group 

35 were receiving anti hypertensive therapy. The aetiologies of hypertension were; 

renal parenchymal disease 22, reno-vascular disease 15, essential 2 and anephronia 1. 

The results are shown in Table 4 (Data in detail are shown in Appendix 12).
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Table 4 Plasma concentrations o f adhesion molecules, vWF and asymmetric 

dimethyl arginine (ADMA) and glomerular filtration rate (GFR) and systolic BP 

standard deviation score (SBP SDS) in hypertensive and normal children and 

adolescents are shown as median (range) values unless indicated otherwise. * P 

<0.05

VCAM-1 ICAM-1 

ng/nU ng/ml

Normals

Hyperten

sives

P-

selectin

ng/ml

E-selectin vWF 

ng/ml iu/dl

ADMA GFR SBP

mean (SEM) SDS

(SEM) ml /min/ (SEM)

1.73m ^

1005 348 67 92 63 0.103 109 0.24

(425-

1650)

(200-440) (52-80) (42-131) (13-195) (0.007) (3.4) (0.24)

*1237 333 64 82 78 *0.235 *69.8 *1.52

(570-

2700)

(106-810) (26-154) (28-300) (15-800) (0.032) (5.3) (0.24)

Plasma ADMA and VCAM-1 levels were significantly elevated in hypertensives.

Both VCAM-1 (r=0.57, p <0.001, Figure 23 ) and vWF (r=0.35, p=0.03) significantly 

positively correlated with ADMA. Lower GFR was associated with a higher level of 

plasma ADMA (r= -0.82, p= <0.001).
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Figure 23 A scatter plot o f ADMA (nmol/1) and log VCAM-1 (ng/ml) in 

hypertensive children and adolescents.
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5.5 Discussion

5.5.1 Endothelial activation and adhesion molecules and vWF

Vascular endothelial cell activation, for example, by pro-inflammatory cytokines 

upregulates P-selectin, E-selectin ICAM-1 and VCAM-1 and are

involved in endothelial-platelet-leukocyte interactions.

Circulating vWF is increased under conditions of stress when the endothelium is 

activated and in the acute phase response although very high levels are usually 

associated with endothelial damage vWF is capable of aggregation and activation 

o f platelets Normal plasma levels of vWF do not vary with sex or age

5.5.2 Observations of this study: a case for a novel mechanism causing 

endothelial injury in childhood hypertension

This study demonstrates higher levels of VCAM-1 in hypertensive children in the 

absence of raised levels of plasma ICAM-1, E-selectin, P-selectin and vWF. 

Additionally, plasma ADMA levels were confirmed to be raised in hypertensives and 

were significantly associated with higher levels of VCAM-1

The above mentioned adhesion molecules and vWF are very likely to be elevated in 

the presence o f inflammatory conditions that are contributory to hypertension (e.g. 

nephritis) in childhood. Therefore, for this study hypertensive children were selected 

at a phase when they had no clinical evidence of active infection or inflammation .

This is reflected by the finding of normal levels of E-selectin and P-selectin and vWF. 

Raised VCAM-1 in this group of hypertensives, therefore, is unlikely to be a 

consequence of acute phase reaction or the primary disease.

Elevated plasma VCAM-1 suggests its turnover is increased. Although vWF was not 

grossly raised in these children, there was a tendency for higher plasma vWF to be
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associated with higher VCAM-1 levels. This suggests that the origin of VCAM-1 is 

possibly a result of a subtle activation process of the endothelium. This may perhaps 

explain why some, even severely hypertensive children, could be asymptomatic before 

presenting with a serious vascular event.

VCAM-1 provides a ligand on the endothelial cell for the 62 integrin (a molecule that 

facilitates transmigration of leucocytes through endothelium) independent pathway of 

adhesion for lymphocytes, eosinophils and monocytes^^"* but not neutrophils In 

contrast to ICAM-1, however, VCAM-1 is not significantly expressed on the 

unstimulated endothelial cell The finding of normal ICAM-1 in plasma in the 

hypertensives of this study, therefore suggest that the endothelial VCAM-1 expression 

is either induced by a mechanism that is independent of ICAM-1 upregulation or that 

the origin of VCAM-1 is some other source, such as the renal peritubular capillaries. 

Bowmans’ capsule lymphoid tissue, or bone marrow that are known to express 

VCAM-1 in abundance especially when activated This also makes one speculate 

whether endothelial injury associated with hypertension in children is lymphocyte or 

monocyte mediated. It is now recognised that atherosclerosis, the vascular lesion that 

is often responsible for hypertension associated complications in the adult, in its early 

development involves mononuclear leucocyte adhesion to the vascular endothelium 

and migration into the intima Additionally, increased focal expression of VCAM- 

1 on the endothelium just prior to the infiltration o f monocytes into the developing 

atherosclerotic lesions has also been shown

Although E-selectin, VCAM-1 and ICAM-1 are each regulated by cytokines, their 

expression is controlled independently and selectively. For instance, interferon-y 

directly upregulates only ICAM-1,^^^ whereas IL-4 and IL-13 directly induce only 

VCAM-1 Additionally the response of endothelial cells to IL-4 varies

among different endothelia, for example, human umbilical vein endothelial cells 

express VCAM-1 with IL-4 stimulation whereas cultured human intestinal 

microvascular endothelial cells do not Neutrophils do not bind to VCAM-1. The 

absence of neutrophil involvement in hypertension associated vascular complications 

therefore fits in with the finding of normal levels of adhesion molecules except 

VCAM-1 in this study.
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Nitric oxide inhibits cytokine-induced endothelial cell activation in culture and 

selectively reduces endothelial expression of adhesion molecules and pro- 

inflammatory cytokines In this study the raised levels o f ADMA, that were 

associated with a lower GFR as expected positively correlated with plasma 

VCAM-1 levels that are not known to be influenced by renal function This makes 

the association demonstrated between ADMA and VCAM-1 in this study an unlikely 

epiphenomenon. Experimental infusion of arginine analogues (L-NMMA, ADMA) 

does indeed induce adherence of leucocytes (not specified) to the endothelium, 

leucocyte-platelet aggregation and albumin leakage in rat mesenteric venules in a 

dose-dependent manner.

In children, hypertension is often due to renal parenchymal or reno-vascular disease as 

was the case in the hypertensives who participated in this study. It has been 

demonstrated that in many renal diseases such as glomerulonephritis, lupus nephritis 

and renal allograft rejection, VCAM-1 expression in the kidney is upregulated 

This could be an important contributing factor for raised plasma levels of VCAM-1 

seen in these subjects.

Angiotensin II is a recognised factor involved in the pathogenesis of hypertension and 

atherosclerosis. Angiotensin II induces monocyte binding to cultured endothelial cells 

without an induction of E-selectin, ICAM-1 or VCAM-1 expression Therefore, 

angiotensin II is unlikely to be responsible for raised levels of VCAM-1 in this group 

of subjects.

Soluble E-selectin and vWF are reported to be independently raised in adults with 

essential hypertension possibly due to endothelial activation rather than injury In 

addition, increased levels of vWF in hypertension normalise with successful control of 

blood pressure Other studies have demonstrated raised plasma P-selectin and 

fibrinogen in essential hypertension in adults Therefore, the phase o f hypertension 

(i.e. associated with active or inactive primary disease, or before and after treatment) 

seems to contribute to the plasma levels of adhesion molecules and vWF detectable in 

adult hypertension.
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The absence of a rise in vWF and E-selectin in this study is suggestive of a quiescent 

endothelium in hypertensive children, even in the presence o f raised levels o f ADMA 

that would impose a state of nitric oxide synthase inhibition. However, the correlation 

between VCAM-1 and ADMA is suggestive of a link between the up-regulation of 

VCAM-1 and raised ADMA Could ADMA be selectively mediating VCAM-1 

expression? This is yet to be established.

Nitric oxide, reduces expression of P-selectin effectively inhibits secretion of 

granule contents and aggregation of platelets and inhibits platelet and endothelium- 

denuded vessel wall interaction and platelet adhesion to endothelial cell monolayers 

Inhibition of NO synthesis with L-arginine analogues increases adherence and 

emigration of leucocytes in post capillary venules, a response that is reversed by L- 

arginine Inhibition of NO also promotes P-selectin expression, an inflammatory 

mediator, in rat microcirculation Recent evidence also suggests that loss of 

endothelial NO during ischaemia and re-perfusion injury may mediate the expression 

of endothelial adhesion molecules which can be attenuated by exogenous 

administration of NO before reperfusion The platelet activation that follows 

percutaneous transluminal coronary angioplasty, as shown by their increased surface 

expression of P-selectin can be inhibited by the platelet specific NO donor S- 

nitroglutathione NO inhibits platelet activation by stimulating soluble guanylate 

cyclase which reduces platelet adhesion and aggregation NO synthesis can 

be inhibited by endogenous arginine analogues such as N° monomethyl -L-arginine 

(L-NMMA), N° N^ dimethyl arginine (asymmetric dimethyl arginine, ADMA), which 

are present in human plasma. Plasma ADMA levels are elevated in pregnancy induced 

hypertension in renal failure and in childhood hypertension conditions that 

are associated with progressive vascular endothelial damage.

5.5.3 ADMA in childhood hypertension: a seedling for atherosclerosis?

Hypertension is associated with morphological and functional alterations o f the 

endothelium In hypertensive blood vessels, endothelial cells have an increased
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volume and bulge into the lumen, and fibrin and cell deposition is increased in the sub 

intimai space. Furthermore, the interaction of platelets and monocytes with the 

endothelium is increased in hypertensive vessels compared with normotensive 

controls^^. Could ADMA be responsible for this process by inducing VCAM-1 in 

hypertensive children? A speculative diagram is shown in Figure 24 . Experimental 

evidence to support this under simulated physiological conditions is necessary.

The role of ADMA and VCAM-1 ?

^  ' monocytes
blood vessel umen

VCAM -1ADMA

activation
0

iU NO

vascular endothelium

smooth muscle x.

Figure 24 A diagram illustrating the speculative role o f  ADMA leading to VCAM- 

1 expression on the vascular efidothelial cell and atheroma formation.
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6. Searching for associations between plasma 

nitric oxide synthase inhibitors and plasma 

renin in childhood high blood pressure

6.1 Background

6.1.1 The role of renin in childhood high blood pressure

Renin is an important hormone released by the kidney, first implicated in hypertension 

in 1930’s Its link to secondary forms of childhood hypertension in

particular, reno-vascular disease ”  and reflux nephropathy^^^ is now well 

established. Renin, in itself is not a pressor substance but converts plasma 

angiotensinogen an a :  globulin (the renin substrate, synthesised in liver) to the 

decapeptide angiotensin 1, which is then converted to angiotensin II by a rather non

specific converting enzyme (Angiotensin Converting Enzyme, ACE) that is also 

known to hydrolyse other peptides such as bradykinin. ACE is found in many 

vascular beds, predominantly in the lung. Angiotensin II is a powerful pressor 

substance that also promote aldosterone secretion which leads to salt and water 

conservation.

6.1.2 The principle of plasma renin estimation

Plasma renin was first measured by assessing the rate of angiotensin I generation from 

its natural substrate present in plasma. This method, that is well established, is 

therefore a measurement of the combined effects of both plasma renin substrate and 

renin, hence the term plasma renin activity used to describe this measurement as 

opposed to plasma renin concentration In general, the plasma concentration of

the renin substrate is relatively constant among individuals and present in abundance, 

and therefore plasma renin activity is a reliable estimate of plasma renin concentration
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bearing in mind that there is enough substrate present and that the generation of 

angiotensin I is linear during the period of time the renin is allowed to act on its 

substrate. In this assay a physiological pH (7.4) was chosen to prevent “running out 

o f ’ substrate.

6.1.3 Regulation of Renin release by the kidney

Renin release by juxta glomerular cells is mainly triggered by low perfusion pressure 

o f the glomerulus (exact location of the sensing mechanism is unknown in an 

attempt to normalise blood pressure i.e. in situations with reduced renal perfusion, 

such as dehydration, hypovolaemia, and renal artery stenosis. Renin-angiotensin 

system is now recognised as the principal long-term defender of blood pressure and 

electrolyte homeostasis. Sodium intake, activity o f sympathetic nerves (Pz agonists) 

and also plasma concentrations of several hormones (anti diuretic hormone, atrial 

natriuretic peptide, vasoactive intestinal polypeptide, dopamine, prostaglandins, 

histamine etc.) are known to influence renin release

6.1.4 Renin release is also nitric oxide regulated - but how?

Recently, nitric oxide was reported to regulate the release o f renin by the juxta 

glomerular cells of the kidney Chronic inhibition of NO synthesis by

the use of oral nitro-L-arginine methyl ester (L-NAME) generates a model of 

hypertension in many species In these animals, inhibition of the renin-

angiotensin system by enalapril (ACE inhibitor), prevents the onset and also reverses 

the established L-NAME induced hypertension, thus indicating angiotensin II may be 

playing a role in the development o f L-NAME induced hypertension Therefore, it 

is likely that raised plasma levels of endogenous nitric oxide inhibitors may also be 

involved in modulating the renin-angiotensin system in childhood hypertensives. This 

might be particularly relevant in children as opposed to adults since in childhood the 

blood pressure-renin link appears to be stronger



101

6.2 Research problem

What influence does plasma nitric oxide synthase inhibitors have upon plasma renin 

levels in children with hypertension?

There are no data to date addressing above question. In this chapter I have focused 

on plasma renin activity in childhood hypertension in relation to the plasma 

concentrations o f endogenous nitric oxide synthase (NOS) inhibitors, asymmetric 

dimethyl arginine (ADMA), symmetric dimethyl arginine (SDMA) and - 

monomethyl -L-arginine (L-NMMA).

6.3 Methods

6.3.1 Subjects

Only children with secondary hypertension due to renal parenchymal or reno-vascular 

disease receiving treatment at Great Ormond Street Hospital for Children were 

involved in this study. This was because a significant influence of renin on blood 

pressure was expected more frequently in this group. The details of their renal 

pathology and management including details of anti-hypertensive therapy were 

obtained from their history and hospital records.

6.3.2 M easurem ents and sampling

Height, weight and right brachial systolic blood pressure (by mercury 

sphygmomanometry) at rest was measured on the day of investigation. Then, blood 

samples were obtained into heparinised and EDTA tubes on ice and plasma separated 

within 4 hours of collection and frozen at -70°*̂  until analysis.
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Control blood samples were obtained from normotensive children who attended the 

neighbouring district general hospitals (as described previously, see page 41).

6.3.3 Plasma Renin Activity (FRA)

Plasma renin activity (PRA) was measured using a semi-micro radio-immuno assaŷ *"̂  

a well established assay method used in the Institute of Child Health (with a 

between assay variation of -10%  and a with-in assay variation of -5% ). The details 

o f the assay are described in Appendix 13 .

6.3.4 Methyl Arginine assay

Plasma concentrations of the methylated arginine analogues, ADMA, SDMA and L- 

NMMA were measured as previously (see Methyl arginine assay: in page 42 ) .

6.3.5 Estimating GFR

Plasma creatinine was measured using a standard enzymatic reaction (Kodak 

Ektachem). The subjects’ glomerular filtration rates (GFR) were calculated utilising a 

formula (see Equation 1 in page 43).

6.3.6 Statistical methods

Blood pressures were standardised for age and sex by expressing them as Standard 

Deviation Scores (SDS) by reference to the 1987 Task Force data

Plasma concentrations of ADMA, SDMA and L-NMMA and PRA and GFR and SEP 

SDS were compared between the 2 groups using Student’s t test or Mann Whitney U 

test as appropriate. The associations of PRA with plasma concentrations o f ADMA, 

SDMA and L-NMMA were assessed using Kendall’s tau-b correlation coefficient (a 

measure of correlation for ranked data).
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6.4 Results

The descriptive data of the study groups (number, age, sex) including BP SDS, GFR, 

plasma renin activity, plasma ADMA, SDMA and L-NMMA concentrations are 

shown in Table 5 (detailed data are shown in Appendix 14). The hypertensive and 

control groups were statistically comparable by age. Within the hypertensive group, 

30 were receiving antihypertensives and 5 were sampled before commencing 

treatment. The pharmacological therapy of these subjects included a diuretic (n=16), 

a beta blocker (n=18), a calcium channel blocker (n=13), a vasodilator e.g. 

hydralazine (n=l 1), an ACE inhibitor (n=l 1). 10 subjects were on a single, 9 on two 

and 11 on three or more anti-hypertensive agents.

Table 5 The median (range) ages o f each group, median (range) PRA and mean 

(SEM) o f BP SDS, GFR, ADMA, SDMA, and L-NMMA are shown.

Controls Hypertensives P value

n

age years 8.3 (1.1-25.7) 8.1 (1.14-27.6)

male: female 4:5 21: 14

BP SDS 0.25 (0.24) 1.40 (0.25) 0.003

GFR ml/ min/ 1.73 msq 106.2 (3.4) 69.9 (5.4) 0.001

PRA ng/ Ag 1/ hour 636 (88 - 1031) 757 (0 - 14720) 0.006

ADMA pmol/1 0.103 (0.007) 0.213 (0.031) 0.001

SDMA pmol/1 1.146 (0.068) 1.345 (0.066) 0.04

L-NMMA pmol/1 0.180 (0.017) 0.196 (0.016) 0.5

The aetiologies of high blood pressure in the hypertensive group were; renal 

parenchymal disease 22 (reflux nephropathy 2, obstructive uropathy 3, post
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glomerular nephritis 5, polycystic kidney disease 2, post chemotherapy renal damage 

1, nephrotic syndrome 1, post renal transplant 2, Wilms tumour 1, chronic renal 

failure 2, post lupus nephritis 2 and post Henoch Schonlein nephritis 1), and reno

vascular disease 13.

The mean GFR of the hypertensive group was significantly lower than that of controls 

(see Table 5). Plasma concentrations of ADMA in the hypertensive group was 

significantly (P = 0.001, 95% Cl -0.17,-0.05) higher than that of controls (see Table 

5 ) and also negatively correlated with GFR as expected (r= -0.76, p <0.001). PRA 

was also elevated in the hypertensive group (see Table 5). There was a tendency for 

higher ADMA levels to be associated with lower PRA values in the hypertensive 

group (see Figure 25 , Kendall correlation coefficient -0.23, p=0.05). SDMA and L- 

NMMA did not correlate with PRA
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Figure 25 Scatter plot between plasma renin activity and ADMA concentrations in 

the hypertensive group with a fitted (logarithmic) trend line.

6.5 Discussion

6.5.1 Theoretically NO should inhibit renin release

The renin-angiotensin system plays a major role in the regulation of salt and water 

homeostasis. It is well known that renin release is influenced by changes in arterial 

pressure and sodium intake but the local cellular mechanisms controlling renin 

secretion are not yet fully understood. At a cellular level the signal for renin release 

seems initially linked to a reduction of intracellular calcium in the renin producing 

cells Nitric oxide ultimately reduces intracellular calcium in vascular smooth

muscle by stimulating soluble guanylate cyclase and therefore may be expected 

to have a similar action in JGA cells and impair renin secretion. Furthermore, NO
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preferentially dilates the afferent arteriole of the renal glomerulus and hence may 

also indirectly contribute to inhibition of renin release by pressure-flow related 

mechanisms. In studies performed in renal cortical slices, nitric oxide inhibits renin 

release Inhibition of glomerular NOS therefore, may be expected to increase renin 

activity

6.5.2 Experimental evidence is conflicting

The studies of nitric oxide synthase inhibition in vivo, have produced conflicting data. 

For instance, studies where animals were treated with NO synthase inhibitors, plasma 

renin activity was increased, decreased or remained unchanged depending on the way 

the NO synthase inhibitors were administered (bolus injection, continuous infusion or 

daily oral intake) and the dose and the time course of the treatment^^"^

However, more recently and with careful planning an impairment of renin release is 

more consistently reported with NO synthase inhibition including a

concomitantly reduced kidney renin mRNA expression This suppression of renin 

release occurs independent of the associated increase in renal perfusion pressure and 

sodium chloride excretion and reflex neuronal activity Furthermore NO 

inhibition attenuates renin response to a low salt diet and pressure-dependent renin 

release suggesting a necessity for NO to be present for the normal PRA response 

in salt depletion and low blood pressure. In studies using cultured juxta glomerular 

cells, nitric oxide appears to stimulate renin release and in vivo, infusion of nitric 

oxide donor sodium nitroprusside has been shown to increase PRA These data 

support the view that NOS inhibition impairs renin release, and the findings in 

hypertensive children would seem to be in agreement with this proposal.

There is some evidence to suggest that when NO synthesis is inhibited, impairment of 

renin release is mediated by an adenyl cyclase-mediated mechanism Some claim 

that at the level of the juxta glomerular cells cyclic-AMP and nitric oxide (perhaps 

acting via cyclic-GMP) are stimulators, whereas calcium is an inhibitor of renin 

synthesis In eNOS knock out (-/-) mice for instance, although kidney renin 

mRNA was found to be decreased as expected, the concomitant plasma concentration
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of renin was at least twice of that of normal mice (+/+) These data are very

confusing and suggest that the renin-nitric oxide link is a very complex one and that 

the absence o f eNOS is in some way involved in (a) slowing the degradation o f renin 

or (b) activation of extra renal pro-renins (which does not occur normally). There are 

no studies to date that have investigated this aspect i.e. the changes in degradation of 

renin or activation of pro-renin in the absence of eNOS.

6.5.3 Evidence for a counter association between PRA and nitric oxide 

inhibitors

The findings of this study in hypertensive children, in particular the observation of the 

tendency for higher ADMA levels to be associated with lower levels of PRA favour 

the prevailing opinion that NO inhibition leads to impairment of renin release 

Most children with hypertension in this study had renal impairment, hence may have 

had a tendency for salt retention that may have suppressed PRA. However, in this 

study, PRA was not related to the GFR suggesting that other influences may play a 

part.

Manning et al experimentally showed that long term infusion of L-NAME, an NO 

synthase blocker produced an increase in the long-term level of arterial pressure in 

dogs without any sustained sodium or water retention. Although ACE inhibition was 

initially reported to prevent the onset of this hypertension more recent studies

contradict this at least in the acute phase It has been shown recently that blockade 

of endothelin receptors, ETa and ETg, almost completely abolish the acute pressor 

response exerted by L-NAME in vivo suggesting that L-NAME induced hypertension 

is at least in the acute phase endothelin mediated. The role of endothelin in the 

chronic phase o f nitric oxide deficient hypertension is not yet established.

6.5.4 Possible implications

Reduction in PRA with NO inhibition might be interpreted as a protective mechanism 

against further elevation in blood pressure since increased ADMA and PRA could
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lead to a severe hypertensive response due to cumulative vaso-constrictive and salt 

and water retention effects. Therefore, it is likely in renal failure, that PRA will be 

lower due to raised ADMA even in children in whom hypertension may have been 

renin-dependent. This could be one explanation for the finding of low or normal PRA 

in some cases with malignant hypertension of renal origin. Whether raised ADMA 

exerts a similar suppressor effect on the local renin-angiotensin systems remains to be 

established.

6.6 Conclusion

Nitric oxide inhibition impairs renin release in animals. A similar phenomenon appears 

to occur in children with hypertension due to reno-vascular or renal parenchymal 

disease. This could be an as yet undefined negative feed back mechanism of blood 

pressure regulation in renin-dependent hypertension. Further studies are necessary to 

elucidate this.
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Part B
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7. Investigating the iack of correiation between 

blood pressure regulating factors and blood 

pressure in children with hypertension. The 

role of blood pressure measurement

7.1 Background

During this research project, I have investigated several biological factors that may 

influence or are known to influence blood pressure independently. These include 

nitric oxide (measured as plasma NOx), arginine analogues (particularly ADMA), 

plasma renin and also renal function that might alter salt and water balance. Despite 

their known influence on blood pressure, none of the said parameters correlated 

directly with blood pressure in these children, even after standardisation of blood 

pressures for sex and age. This is a not uncommon observation that

needs explanation.

In this project, a number of factors may have contributed to the above lack of 

correlation and include

1. Some subjects who participated in this study were on anti-hypertensive therapy. 

This may have disrupted the natural expression of the disease process. However, 

no correlation was found between above factors and blood pressure in the small 

group of subjects who were studied before commencing anti-hypertensive 

medication. This supports the view that blood pressure is the final product of 

many influencing factors, not just one.

2. Biological systems, by nature, will upregulate compensatory mechanisms in the 

presence o f any abnormality. Therefore, compensatory mechanisms could be 

major factors determining the final blood pressure in the affected subjects. I have 

neither measured nor was aware of all compensatory activity that may be
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operational in childhood hypertension. Therefore a meaningful analysis of my data 

in relation to this question was not possible.

3. The heterogeneity o f the aetiologies of the hypertension in the study groups may 

have contributed to the apparent absence of a correlation between parameters of 

blood pressure regulation and blood pressure. My study sample was too small for 

such a categorisation. Indeed such an aetiology specific, control-matched study is 

likely to need a multicentre approach.

4. The fourth possibility that may have contributed might be errors in blood pressure 

measurement? Even if no error existed, there is the question of whether the 

measured level of blood pressure is a true reflection of the ‘derangement’ in the 

body? Is high blood pressure simply a sign like pyrexia that may not be reflective 

o f the severity of the underlying problem? Could ‘hypertension syndrome’ exist 

without high blood pressure as serious infections can occur without fever?

I explored the fourth arena, firstly by logically reviewing the current blood pressure 

measurement techniques and interpretation methods. Secondly, I tested the 

performance of a new blood pressure measuring device in children to further explore 

my doubts. Having learnt the ‘pitfalls’ in blood pressure measurement and its 

interpretation difficulties particularly in children, I conclude, whilst further 

improvements are possible in this technique, the study of the behaviour of blood 

pressure and pulse may hold important clues to the identification o f ‘hypertension 

syndrome’.

In this chapter I have described the difficulties and inaccuracies that may occur in 

current practices of blood pressure measurement and interpretation in children.

7.2 Investigating the pitfaiis of current biood pressure 

measurement techniques and methods of interpretation, 

particuiariy in chiidren
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Despite considerable research over a century, the mercury column manometry and 

Korotkov auscultation technique * still remains the most commonly used and the 

best relied upon indirect method of blood pressure measurement in clinical practice, 

irrespective of its threatened extinction by year 2000 Many other methods of 

blood pressure measurement have been tested particularly during the last 2 -3 decades 

and oscillometry although not a new concept has re-emerged as one

of the most promising, and is indeed the commonest principle utilised today in many 

automatic and semi-automatic electronic blood pressure measuring devices.

7.2.1 The ‘overt’ measurement errors

Mercury sphygmomanometry, (i.e. inflatable cuff, limb occlusion, & auscultation 

technique) has been used for the definition of normal levels of blood pressure in adults 

and children Therefore, the defined ‘normal blood pressure’ is a ‘method specific’ 

value and not an absolute measurement. Measurement of blood pressure by mercury 

sphygmomanometry is regarded as the gold standard despite the lack of assessment of 

its inherent variability due to technique and human error.

In contrast to adults, accurate blood pressure measurement by use of a mercury 

sphygmomanometry in children is difficult due to wide misinterpretation of Korotkov 

sounds Conventionally, therefore, systolic blood pressure (SBP) alone has

been used in paediatric clinical practice and difficulties in the detection of SBP by 

auscultation, particularly in very young children, have been overcome by use o f a 

doppler device Some investigators have suggested that oscillometric devices may 

be superior to the auscultatory method because of increased accuracy, reduced 

variability and ease of use However, in many paediatric institutions, blood 

pressure measurement by the mercury-doppler technique remains the most reliable 

method, particularly in very young children.

Automatic blood pressure monitoring devices when first introduced did not perform 

equally when compared with mercury sphygmomanometry. In an attempt to 

standardise these discrepancies and machine errors, a National Standard was set up in
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USA in 1987 followed by a comprehensive validation protocol by the British 

Hypertension Society (BHS) Part 1 o f the BHS protocol assesses inter

instrument variability, calibration drift with clinical use, machine performance, patient 

acceptability and comparability with a concomitant or sequential blood pressure 

measurement taken using mercury sphygmomanometry. Part 2 of the protocol 

provides an additional validation procedure for special categories (e.g. children).

The differences in blood pressure measurement between oscillometric devices 

and mercury sphygmomanometry were in part interpreted as inaccuracies as opposed 

to differences in the method of measurement Oscillometric devices, particularly 

the earlier models, often over read blood pressure compared with mercury 

sphygmomanometry 312 313 however, newer oscillometric devices tend to read 

blood pressure close to that measured by mercury sphygmomanometry^particularly 

after the introduction of the validation protocols by the American Association for the 

Advancement of Medical Instrumentation (AAMI) and BHS. These validation 

protocols effectively forced manufacturers to produce devices that behave identically 

to mercury sphygmomanometry despite the inherent differences in methodologies. It 

is not clear whether improvements seen in these automatic devices since were 

truly due to refinement of the technique or due to incorporation of hidden correction 

factors in their digital circuitry.

Additionally, the first readings of oscillometric devices, once discarded because of 

over-reading have now become the only valid reading utilised in ambulatory blood 

pressure monitors. This may have contributed to the recording of slightly higher 

mean ambulatory blood pressure using those monitors

Despite being the most comprehensive and stringent, the BHS protocol places most 

emphasis upon bias (differences in measurements between the devices), with 

repeatability (the ability of the instrument to reproduce the same results at the same 

level of blood pressure) receiving much less attention. Although the issue o f 

repeatability is comprehensively addressed in other publications the protocol as 

published prefers to use a simple pragmatic approach and the clinical user does not 

address the issue directly (although adequate repeatability assessment is indeed an
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inherent part of the grading system). In aiming at simplicity, attention has been 

deviated away from an important factor of instrument development, the repeatability. 

If  a new device (denoting a particular model of a blood pressure monitor) has the 

potential for reduced variability between readings at the same blood pressure, it is 

worth pursuing even though it may be biased in comparison to the mercury 

manometer. Clinical decisions are often based upon a few recordings or a single 

blood pressure measurement especially in emergency situations. Therefore blood 

pressure monitors with a wide repeatability could be misleading and hazardous, 

although the mean reading of the device may be acceptable for routine clinical use.

For these reasons, the repeatability should be the primary issue in validation o f any 

new device.

The BHS protocol only incorporates blood pressure measurement in children in Part 2 

o f its instrument validation, only after successful completion of Part 1 in adults. The 

scientific reason behind this is not clear except that in adults validation would be 

simpler. A device validated for adults may not maintain its accuracy linearly with 

smaller cuff sizes, lower blood pressure levels and higher pulse rates of children. In 

other words, an oscillometric device designed to perform optimally in the range of 

normal adult blood pressure may not be optimal for use in children, and may hence 

fail the process of validation in children. The requirement for this sequential 

validation, is likely to discourage prospective paediatric investigators as a large study 

will have to be completed in adults first. This may have contributed to the 

conspicuous absence of reports of blood pressure monitor validation in children since 

introduction of these revised guidelines in 1993

Furthermore, the revised BHS protocol recommends utilisation o f two different 

“gold standards” for new blood pressure monitor validation in children; the doppler- 

mercury technique as described by de Swiet et al for under 5 year olds and 

conventional sphygmomanometry for 5 -15 year olds. This will introduce 

considerable bias since there is substantial disagreement between the conventional 

sphygmomanometry and doppler sphygmomanometry. All these factors make the 

instrument validation for children almost impossible under the BHS guidelines.
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Narrow within instrument variability is a must for any blood pressure monitor. This 

can be easily assessed (not the bias) at a preliminary phase by comparison of 

measurements against concurrent direct arterial pressures. Unfortunately the BHS 

protocol discourages validation of devices against a direct arterial measurement. 

Although this procedure is invasive, it can be easily achieved in an intensive care 

environment, with out the need for normal volunteers. Direct arterial pressure 

transducers have a negligible within instrument variability (the variability o f the blood 

pressure displayed by the instrument at a given level of blood pressure) and hence 

should be the most suitable for the assessment of repeatability, and also may be for the 

assessment of bias, although understandably they will over-read blood pressure above 

mercury-sphygmomanometer readings as has been shown previously in several studies 

302 320 321 322 323 324 325 important, however, that the difference is consistent and

not as widely variable as is seen with mercury sphygmomanometry which is essentially 

a ‘gold standard’ with moving goal posts.

The current BHS protocol recommends use of sequential measurement of blood 

pressure by the new device and mercury sphygmomanometer alternately in the same 

individual during the clinical validation process. This is based on the assumption that 

an individual’s blood pressure will remain constant during these consecutive 

measurements. Although this may not impose a significant error in adult practice, it is 

very likely to be erroneous in children, mainly because children have the ability to alter 

their blood pressure rapidly by alteration o f heart rate with small emotional changes as 

opposed to adults. Therefore, the above assumption may not hold true for children 

during the validation process .

7.2.2 The ‘covert’ interpretation errors

In children, natural changes of blood pressure with age, height and weight makes 

interpretation more difficult, compared with adults. Nomograms generated by various 

methods of measurement are available, but not classically inter-linked due to errors 

between devices, racial and geographic variations and the types of nomograms that 

have been generated (e.g. weight, height or age based or a combination of these)
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With the rapid turnover of electronic blood pressure monitoring devices today, 

generation of normal data by utilisation of a single type of device (e.g. ambulatory 

blood pressure) from a reasonable sample of normal children can often become only 

an academic exercise since the instrument in question could be obsolete by the time 

the nomograms are published. Therefore, it appears more sensible for clinical 

validation studies to publish a correction factor that will allow comparison o f data 

generated by the new monitor with an available nomogram.

7.3 Conclusion

In view of the above concerns, it would seem rational to test within instrument 

variability at a preliminary phase in the BHS protocol and also to modify the 

paediatric blood pressure monitor validation procedure. This will help minimise 

measurement errors. Reporting of a correction factor to account for bias will 

minimise methodological differences, introduce the concept of method specificity 

among general physicians and therefore improve interpretation o f high blood pressure 

in children and adolescents by the current definition (i.e. in comparison with a 

nomogram).
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8. The performance of a new blood pressure 

monitor in chiidren and young adults. The 

difficulties in clinical validation.

8.1 Introduction

I have already discussed the issues surrounding paediatric blood pressure 

measurement and new monitor validation in the previous chapter. At Great Ormond 

Street Children’s Hospital in London, where I undertook this work, blood pressure 

measurement by the mercury-doppler technique is perceived as the most reliable 

method of indirect blood pressure measurement. I have conducted this study to 

assess the above method and the performance of Dynapulse 5000A, a new automatic 

blood pressure measuring device, utilising the revised British Hypertension Society 

validation guidelines recommended for children

The British Hypertension Society (BHS) recommends utilisation of the mercury- 

Doppler technique as the reference standard in less than 5 year olds and mercury- 

auscultation in others during the validation process of a new device. After 

comparison of the two reference methods, I used the mercury-Doppler method as the 

reference throughout the age range without switching to the mercury-auscultation 

technique at the age of 5 yrs as recommended. I explored the repeatability of each 

method independently, and the factors (e.g.; pulse rate, body mass index) that might 

influence the discrepancy between the mercury manometer and Dynapulse® 5000A 

blood pressure measurements in children.
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Glossary

Device - denotes a particular model of a sphygmomanometer 

Instrument - an individual sphygmomanometer

Repeatability - the ability of the instrument to reproduce the same results at the same 

level o f blood pressure with no change in clinical circumstances, (i.e. cuff size, arm 

position, subject and pulse rate and deflation characteristics of the instrument)

Repeatability coefficient - a quantitative estimation of repeatability, a test of 

reliability

8.2 Methods

Three observers were trained (E.B., M.S.and myself) and the inter-observer variation 

was assessed before commencing the study.

I compared concomitantly obtained mercury-auscultation and mercury-Doppler 

systolic blood pressure measurements, in a volunteer group of children and young 

adults. Two trained observers measured blood pressure by a mercury 

sphygmomanometer, using auscultation and Doppler concomitantly, one person 

recording the Korotkov phase 1 (i.e. SBP) whilst the other recorded the systolic 

Doppler signal at the radial pulse. Observers alternated to avoid bias.

Dynapulse® 5000A is an oscillometric, ambulatory, non invasive, blood pressure 

monitoring system. It stores the wave-forms of the oscillations of each measurement, 

an improved feature enabling subsequent review of suspicious readings. As the 

accuracy of the device may be affected by excessive movement, extreme and irregular 

heart rates, and extreme blood pressures, the study was carried out only in resting 

subjects with a normal cardiac rhythm.
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Subjects participating in this study were mainly in-patients on the renal ward at GOS. 

A few volunteer adults also participated. Only children who were emotionally stable 

during measurement were enrolled as the study was based on the assumption that a 

child’s true blood pressure would not change during consecutive measurements. This 

selection criteria created considerable limitations in terms o f selection o f children, and 

as a consequence, the number of subjects recruited in specific age groups (i.e. 0-1 yr, 

1-5 yrs, and 5-15 yrs) varied from what has been recommended by BHS. The adults 

recruited for the study were to assess age/ body size influences upon results over a 

wider age range.

A Dynapulse™ 5000 oscillometric blood pressure monitor was obtained from the 

manufacturer (Pulse Metric, Inc.® San Diego, U.S.A.) that had been calibrated and 

used for a few weeks as recommended by the BHS protocol Its digital display

was covered (except the measurement number) to minimise bias. The cuffs (8x13,

11x17 or 13x24 cms internal bladder size) used for this study had two ports for the 

establishment o f ‘T’ connection (although the cuffs supplied by the manufacturer has 

only one port or limb), covered two-thirds of the upper arm length and at least 80% 

of the arm circumference by its internal bladder. One limb of the cuff was connected 

to the mercury manometer and the other to the Dynapulse BP monitor. Therefore, 

the Dynapulse functioned effectively as an automatic inflatory-deflatory device (see 

Figure 26) and the functional arrangement as a ‘T ’ piece system allowing concurrent 

readings by the two machines.
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Doppler Dynapulse

Figure 26 A diagram illustrating the use o f  the arm cuff with two ports, Doppler 

device, mercury matiometer and the automatic blood pressure monitor fo r  

compart soft o f  blood pressure recordings effectively fu  fiction i tig as a 'T' piece  

system.

Although the BH S protocol now recommends sequential b lood pressure 

measurements for this process (as the inflation-déflation characteristics can affect 

device performance), I used the T piece technique (previously recom m ended by BH S) 

as it was unlikely that a child would tolerate 6 consecutive blood pressure 

m easurements w ithout a change in their emotional status and as a consequence their 

blood pressure, which is expected to be stable during consecutive m easurem ents to
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maintain a credible validation process. The Dynapulse was tested later, without a ‘T’ 

piece, to assess the errors that may have ensued by its connection to a mercury 

column during the test procedure.

The radial pulse was first located using the Doppler and the Dynapulse was activated 

for inflation. With automatic deflation (at a pre-set rate of 3 mm Hg/ second), at the 

first appearance of the pulse (detected by the Doppler device and transmitted in real 

time by its loud speaker), the mercury level was recorded, i.e. the SBP along with the 

concomitant measurement number displayed on the Dynapulse. These measurement 

numbers were later used to identify the correct paired blood pressure measurements. 

Diastolic blood pressure was not assessed in this study, since it is uncommonly used in 

paediatric clinical practice.

Three consecutive same arm blood pressure measurements at 1 minute intervals were 

obtained simultaneously by the two methods in resting subjects, sitting or supine. The 

procedure was discontinued if the children were distressed during the procedure as 

this might have affected the resting blood pressure of the subject.

Subsequently, wave-forms of all Dynapulse readings were examined through its 

computer download soft ware, and all readings with interference were discarded.

The study included phases I (observer training and assessment), IV (static device 

validation) and V (report of evaluation) of the Part 1 of the revised BHS protocoP*̂ *̂  

in a paediatric population. Phases II-III were not carried out since these qualities ( 

i.e. before use interdevice variability assessment and in-use field assessment 

incorporating the performance of the device and subject acceptability) of Dynapulse 

had been tested by American Association for the Advancement o f Medical 

Instrumentation (AAMI) using an equivalent protocol to that of BHS and for us only 

one instrument was available.

8.3 The principles of data analysis
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8.3.1 Reliability

A Bland-Altman plot was produced to assess the inter-observer variation. The 

percentages disagreeing by more than 5 mm Hg and 10 mm Hg were reported.

8.3.2 Comparison of mercury-Doppler and mercury- auscultation techniques

The average difference was calculated. The differences were regressed on age. Both 

the overall average and the slope of the regression are presented together with 95% 

confidence intervals. Since some individuals had more than one pair of 

measurements, SAS PROG MIXED (a statistical computer model) was used to take 

into account the non-independence of the pairs and was carried out by our statistician, 

AMW.

8.3.3 Validity

The mercury sphygmomanometer was taken to be the reference method as suggested 

by the BHS and AAMI protocols Differences between the devices were

tabulated and illustrated via a Bland-Altman plot The differences were

regressed on age, pulse rate and body mass index (BMI) to determine whether the 

magnitude of the differences was related to these. To investigate the calibration drift, 

the differences were also regressed on time. Slope coefficients are presented together 

with 95% confidence intervals.

8.3.4 Repeatability

The variability between repeat measures within individuals at 1 minute intervals was 

estimated for Dynapulse, mercury-Doppler sphygmomanometry and Dynapulse 

without T piece using random effects models. SAS VARCOMP v6.09 (a statistical 

computer model) was used for this analysis (carried out by AMW).
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8.4 Results

8.4.1 Inter Observer Reliability

To assess the inter-observer variability, 35 blood pressure m easurem ents am ong 12 

adults (3x11, 2x1) w ere simultaneously recorded by 2 observers using the mercury- 

D oppler technique. Fourteen recordings were in com plete agreement and only 2 

recordings showed a difference >5 mm Hg between the tw o observers (see Figure 

27). The median difference in measurements between the tw o  observers was 0.66 

mm Hg.
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Figure 27 Bland-Altman p lo t o f  35 pa ired  measurements under taken by two 

observers for the as.sessment o f  inter-observer variability.
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8.4.2 Comparison of mercury-DoppIer and mercury- auscultation techniques

132 concomitant blood pressure readings were taken among 44 subjects (3 in each) 

aged 2-30 years. The results are shown in Figure 28 ( original data are shown in 

Appendix 15).
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Figure 28 Systolic hioodpressure differetices between m ercnry-Doppler and  

niercnry-auscuJtation measurements for each snhject p lo tted  against their age (with 

a Une representing the decrease in average difference with age after accounting fo r  

non-independence).
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Accounting for non-independence (i.e. after statistically accounting for the error that 

may have ensued due to participation of the same subject more than once) the 

mercury-Doppler technique over reads systolic blood pressure above that of mercury- 

auscultation technique (conventional sphygmomanometry) by a mean of 5.25 mm Hg 

(95% confidence interval 4.11, 6.40). This difference in measurement between the 

two techniques was also significantly (p=0.013) related to age as described in the 

following formula.

Difference in mmHg (between Hg-D and Hg-A technique)

= 7.83 (95% Cl 5.53,10.12) - 0.30 (95% Cl -0.54,-0.07) age in years.

8.4.3 Validity

A total of 468 valid readings were taken concomitantly using the Dynapulse and 

mercury manometer among 59 subjects (12 under 5 years, 21 between 5-15 years, 5 

between 15-18 years and 21 adults between 1 8- 27  years) at rest, in the sitting or 

supine position (data shown in Appendix 16 ). A maximum of 3 consecutive 

measurements were recorded from one individual at a time. Some individuals 

however participated in the study more than once (frequency of participation 1 - 47) 

during the 3 month study period. Of these, 292 readings were the first, 106 were the 

second and 70 were the third taken consecutively at 1 minute intervals. For the valid 

(without interference) 468 readings by Dynapulse, paired 453 Doppler-mercury 

readings (as 15 mercury-Doppler recordings failed) were available for analysis. There 

was a tendency for the first readings made by the Dynapulse to be higher [p=0.001, 

average difference = 3.11 mm Hg 95% Confidence Interval 1.24, 4.98].

There was a clear pattern of digit preference in the mercury readings with 294 (65%) 

of the measurements made ending on 0 or 5. This suggested the existence of a bias of 

digital preference in Doppler-sphygmomanometry as is seen in conventional 

sphygmomanometry No such pattern was evident amongst the Dynapulse 

measures for which only 17% ended in 0 or 5.
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There were 279 first measurements made using the mercury sphygmomanometry; 20 

were <90 mm Hg, 195 between 90 and 129 mm Hg, 63 between 130 and 160 mm 

Hg, the remaining single measurement was 175 mm Hg Consequently there were 

less measurements at higher pressures than desirable according to Part 1 of the BHS 

protocol.
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Figure 29 Blaiid-Aliwan p lo t o f  453 pa ired  systolic blood pressure measurements 

by mercury-Doppler technique and Dynapulse.

Figure 29 shows the difference between the mercury-Doppler and Dynapulse pairs 

plotted against their average. There was considerable bias with the Dynapulse tending 

to give higher results than the mercury sphygmomanometry. The mean difference 

between mercury-Doppler and Dynapulse SBP readings was -13.5 mm Hg. 99



127

(21.9%) of the differences were more than 10 mm Hg lower than this and 133 

(29.4%) more than 10 mm Hg higher (see Appendix 16 for original data).

The BHS protocol gives grading criteria for new devices according to the percentage 

o f readings within ± 5, 10 and 15 mm Hg of the mercury manometer reading. 255 

(56.3%) of the Dynapulse readings were more than 10 mm Hg higher and 12 (2.6%) 

more than 10 mm Hg lower from mercury-Doppler. The BHS criteria are based on a 

sample of 85 patients measured three times each. Although not directly applicable 

here because of the difference in sample selection and size, the Dynapulse obviously 

fails to reach the standard even when bias is accounted for.

The average difference for each child is shown plotted against their age in Figure 30. 

Although there was some evidence that the differences increased with age (p=0.037), 

the trend was small with an average increase of only 0,37 mm Hg per year o f age 

(95% confidence interval 0.24, 0.72). The average pulse rate at each of the 

measurement time was 100.7 /minute. The mean body mass index (BMI, weight in kg 

/height in metres^ ) was 17.84. Changes in the difference according to the pulse rate 

and the BMI were clinically unimportant. There was some slight drift with time 

[(p=0.043, average per day = -0.058 mm Hg, 95% Cl -0.114, -0.002] averaging to 

approximately 3 mm Hg per month.
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Figure 30 Average systolic hioodpressure difference between M ercury-Doppler 

and Dytiapuise measurements for each child p lo tted  against their age.

8.4.4 Repeatability

The repeatability coefficient was assessed for Dynapulse and for mercury m anom eter 

utilising the consecutive readings taken within 1-2 minutes whilst the T connection 

betw een  the tw o instruments was in place. Another 95 blood pressure readings (2-3 

consecutively at a time) w ere also taken using the Dynapulse alone, w ithout T piece 

connection in 32 subjects. The number o f  failed readings by the Dynapulse (including 

the readings excluded by subsequent analysis o f  the pulse w ave form) during this 

p rocedure  was less than 10%. The repeatability coefficient for the Dynapulse without 

T piece was also assessed at similar intervals. Results are shown in Table 6 (see 

Appendix 16 for data).
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Table 6 Range o f measurements and the repeatability coefficients fo r  SBP 

measurements by Dynapulse automatic blood pressure monitor and mercury 

manometer.

Range measured 

(mmHg)

SD (mmHg) Coefficient of 

repeatability %

Dynapulse (with T 90-160

piece)

Mercury manometer 70 - 140

(with T piece)

Dynapulse 98 - 150

(independently)

7.40

5.62

9.21

14.80

11.24

18.42

8.5 Discussion

This study was undertaken to assess the performance o f the Dynapulse in children 

using the current BHS validation guidelines Part 1 (I-V phases) o f the BHS

protocol assesses, observer training, inter- instrument variability, calibration drift with 

clinical use, machine performance, patient acceptability and comparability with a 

concomitant or sequential blood pressure measurement taken using mercury- 

auscultation sphygmomanometry. The Part 2 of the protocol provides a validation

procedure for children, and advocates use of mercury-Doppler technique for less 

than 5 year olds and conventional mercury-auscultation sphygmomanometry for 5 - 

15 year olds as reference methods for new blood pressure monitor validation.

Firstly, on comparison of mercury-Doppler and mercury-auscultation techniques in 

the paediatric age range, a significant discrepancy was found between the two 

techniques particularly in younger children where mercury-Doppler may over read 

blood pressure by ~5 mmHg. This is compatible with the theoretical notion that the 

Doppler (flow) signal is likely to be detected before an audible Korotkov sound
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during cuff deflation. Under this circumstance, testing a blood pressure monitor in 

two groups i.e. for older and younger children, using two reference methods was 

likely to produce clumsy results; i.e. a blood pressure monitor that passes the grading 

criteria for older children may not be suitable for the young (less than 5) and vice 

versa; an outcome that could occur purely because of the change in the reference 

standard and not the performance of the new device. As these differences may have 

produced serious confusion in the validation grading, the BHS test procedure was 

modified and the mercury-Doppler method was utilised as the reference method 

throughout the age range.

The test procedure did not include full Part 1 of the BHS protocol as the Dynapulse 

5000A has satisfied AAMI validation criteria [ANSI/AAMI SPlO-R-4/92] an 

equivalent protocol in adults. Therefore, I embarked mainly on Part 2 of the BHS test 

procedure for children. I was however unable to recruit 30 children for the 0-5 year 

range as recommended but the total number of children participated was sufficient to 

suggest a grading, and therefore should not in itself negate the validation procedure. 

Indeed, this has emphasised the difficulties in adhering to the recommended protocol.

In addition, although mercury sphygmomanometry is conventionally regarded as the 

reference method, its inherent variability due to technique and human error has not 

been comprehensively assessed. Furthermore, the BHS protocol also places most 

emphasis upon bias (i.e. difference in measurement between the two methods) as 

discussed in the previous chapter, with repeatability of measurements receiving much 

less attention. This too, may influence clinical validation results. The repeatability 

coefficient (a test of reliability) for Dynapulse that was estimated in this study was 

comparable to that of other oscillometric devices^^^ and remained constant, despite

the T piece connection confirming its performance stability. However, the 

repeatability coefficient for mercury-Doppler sphygmomanometry appeared high for a 

reference method and could be expected to be worse for mercury-auscultation 

technique due to added human error. This finding was rather worrying as clinical 

decisions are often based upon a few recordings or a single blood pressure 

measurement especially in emergency situations such as hypertensive crises, trauma, 

shock etc as discussed previously. The use of the blood pressure monitors with a
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wide repeatability, therefore, could be hazardous under these circumstances. This 

highlights the need of a preliminary phase of testing to exclude devices with a wide 

repeatability coefficient (i.e. poor reliability) before embarking on the full BHS 

validation procedure that mainly assesses validity (i.e. bias in the measurement against 

the reference method).

I found Dynapulse to over read systolic blood pressure by approximately +13.5mmHg 

compared to mercury sphygmomanometry. A similar trend (~+5 mm Hg) has been 

observed by other investigators Dynapulse 5000A determines SBP by detecting 

the first pulse waves with cuff deflation and not the blood flow as in mercury-Doppler 

sphygmomanometry. This may explain the above discrepancy.

I also found a small but a significant over reading o f the first measurement by 

Dynapulse compared with the subsequent readings taken immediately after in the 

same setting. The first readings of oscillometric devices^^^ once discarded because 

o f over-reading,^ has now become the only valid reading utilised in ambulatory 

blood pressure monitors and may contribute to the slightly higher mean ambulatory 

blood pressure recorded by some investigators

The improved facility available in the Dynapulse 5000A to detect and exclude the 

readings that may be inaccurate due to interference (movement etc.) during the 

measurement was especially useful in young children, who may not comply with the 

recommendations for ambulatory blood pressure measurement (such as keeping the 

arm still, stop doing work etc.) whilst measurements are being taken. This is a 

superior method of excluding faulty readings, compared with the automatic cut off 

utilised in other devices Despite this the repeatability coefficient of the

Dynapulse was higher than that for mercury Doppler but was equivalent to 

repeatability of other oscillometric devices tested in adults^^^. The repeatability may 

be influenced by age (due to changes in cuff sizes, pulse rates and co-operation) but 

this was not assessed in this study.

The small but statistically significant calibration drift that was found in Dynapulse 

over the 3 months study period suggests that the instrument calibration checks may be
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necessary at a shorter time interval than once a year as recommended by the 

manufacturers.

8.6 Conclusion

The Dynapulse 5000A over reads SBP above that of mercury-Doppler 

sphygmomanometry but cannot be fairly graded by BHS criteria due to the 

inconsistency and poor repeatability among the recommended reference methods. 

Although Dynapulse is poor in its repeatability and agreement with the reference 

technique in children, its recognition of interference by subsequent examination of the 

pulse wave-form is a valuable feature deserving further development. The Doppler- 

mercury sphygmomanometry reads systolic blood pressure above that of the mercury- 

auscultation technique in the young and has a better repeatability coefficient than in 

oscillometric devices but in itself is insufficient to be considered a gold-standard of 

blood pressure measurement.
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9. Summary, the implications and future

9 .1  T h e  r o l e  o f  n i t r i c  o x i d e  in  c h i l d h o o d  h y p e r t e n s i o n

The role o f vascular endothelium generated nitric oxide in childhood hypertension was 

previously unknown. Evidence was, however, available to suggest that, (a) nitric 

oxide is a powerful vasodilator (b) it is continuously generated through the action of 

nitric oxide synthase of vascular endothelium and therefore maintains a constant 

vasodilator tone and (c) its experimental inhibition in animals leads to hypertension.

In human adult hypertension, endothelial dependent vasodilatation (which is mainly 

nitric oxide dependent) had been shown to be diminished, but whether this was the 

cause or effect was not known. Furthermore, naturally occurring NO inhibitors had 

been identified, in particular ADMA that had also been shown to be raised in human 

plasma in pregnancy induced hypertension and in chronic renal failure. This study was 

undertaken to assess the role of nitric oxide and its inhibitors in children with 

hypertension.

9.1.1 Circulating arginine analogues

Findings

This study has demonstrated raised plasma levels of arginine analogues, in particular 

ADMA, in most hypertensive children with renal disease or reno-vascular disease and 

that the poorer the renal function, the higher the plasma level of ADMA. This 

suggested an accumulation of ADMA, possibly due to its reduced elimination in urine. 

Furthermore, at the concentrations of ADMA detectable in plasma a change in 

arteriolar tone was experimentally demonstrated. Therefore raised ADMA appeared a 

significant contributor to high blood pressure in these children.
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Interpretation and future

It was, however, apparent from other investigators data^^^) that some children in renal 

failure may remain normotensive despite a rise in plasma arginine analogues. This fact 

inevitably divides children with renal dysfunction into two groups; ADMA sensitive 

and ADMA resistant i.e. some who may develop hypertension in association with 

raised ADMA and others who may not. This could either be due to an existence of an 

eNOS isoform with a higher IC50 for ADMA in normotensive children, or that these 

children may be capable of mounting a compensatory activity perhaps by generating 

more nitric oxide in response to the rise in ADMA. Indeed, some data in humans (for 

example, human heart failure where eNOS activity seems to be increased and in 

animals (Sabra rat, in which resistance to salt induced hypertension may be due to 

high NO production suggest that a rise in vascular endothelial nitric oxide activity 

can occur. It is also likely that sensitivity of the isoforms of eNOS for ADMA may 

vary between individuals and even among different vascular beds in the same 

individual. This may also influence the susceptibility of individuals to the effects of 

accumulating ADMA.

This raises an important question particularly among hypertensive children with 

chronic renal impairment. There are some children who develop hypertension whilst 

in renal failure and continue to be hypertensive during dialysis, independent of the salt 

and water balance. Often a cause for hypertension cannot be found in these cases. In 

my clinical experience I have seen 3 children who had debilitating hypertension 

resistant to multiple anti-hypertensive therapy whilst they were anephric, again with 

no apparent cause. Some studies show better inter-dialysis blood pressure control can 

be achieved by long-session haemodialysis^^*’, suggesting a role for efficient removal 

o f agents such as ADMA in these cases. Are there children sensitive to ADMA? Are 

certain dialysis regimens more efficient than others in removing ADMA? Will 

arginine administration in these patients render any beneficial effects? These are 

important issues that need clarification in future.

The role of other NOS isoforms (e.g. neuronal NOS) in blood pressure regulation is 

yet unknown . Some suggest that hypertension induced by NOS inhibition is
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endothelin dependent^** whereas some others suggest that an alteration in autonomic 

nervous system activity^^^ is the cause. This emphasises that multiple mechanisms 

including central effects may be relevant in ADMA induced hypertension in these 

children and obviously needs further study.

9.1.2 Nitrate and Nitrite as an index of NO generation in Childhood 

hypertension

Findings

This study also assessed nitric oxide generation in children with hypertension utilising 

its end product, nitrate and nitrite concentrations in plasma. Although a reduction of 

this was expected (with the demonstration of raised levels of nitric oxide synthase 

inhibitors), the contrary was demonstrable in many hypertensive subjects. On 

stepwise elimination of other factors that may contribute to a rise in plasma nitrate 

and nitrite (e.g.: age, renal dysfunction), and the logical argument that dietary nitrate 

may not be contributing significantly to these results, it was apparent that nitric oxide 

generation could indeed be increased or normal in childhood hypertensives. This 

occurred despite concurrently raised levels of natural nitric oxide synthase inhibitors, 

hence, may well be compensatory in nature in an attempt to reduce raised blood 

pressure. The main limitation of this assessment, however, was that the estimation of 

nitrates and nitrites did not distinguish the source of nitric oxide which could have 

been either constitutive or inducible or both NOS isoforms mediated.

Interpretation and future

NO compensatory activity may explain the resistance to development of hypertension 

in some cases, especially in children, with a rise in plasma ADMA in renal failure. 

Until such time that a direct method is available in vivo to measure the real time nitric 

oxide generation, investigation of above theories may be difficult. A preliminary 

method of NO detection using an intra vascular electrochemical microsensor has been 

described but this has not been widely evaluated^^"*. The phenomenon of NOS 

compensation makes us re-think our clinical practice, for example, the use of nitro
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vasodilators in the treatment of hypertensives in whom NO generation may be 

upregulated, any way, to the maximum. It is well known than excess nitric oxide is 

cytotoxic, hence such treatments could even be harmful under these circumstances.

Finding

During this study I noted that normal babies have a significantly higher level o f plasma 

nitrate and nitrite compared with that of older normal children. Interpretation of this 

finding was difficult as their diet was mainly milk, and their renal function was not 

fully matured. On the other hand it may simply suggest a higher rate of NO 

generation in babies that might also explain their lower blood pressure. Further age 

related studies are necessary in this arena to evaluate this.

9.1.3 Renin angiotensin system and ADMA

Finding

A negative association was found between plasma renin and ADMA in hypertensive 

children with renal parenchymal or reno-vascular disease i.e. higher plasma levels of 

ADMA were associated with very low levels of plasma renin.

Interpretation and future

This is a very preliminary finding and more studies are needed to evaluate it. It may, 

however, provide a mechanism for our long-standing observation of low plasma renin 

in renal failure, which has been thought to be due to salt and water overload. It is 

likely that in chronic renal failure the renin release is inhibited by raised levels of 

plasma ADMA. Inhibition of renin by rising levels of ADMA could also be a natural 

protective mechanism operating against further rises in renin-dependent high blood 

pressure under these circumstances.
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9.1.4 Endothelial activation and ADMA

Findings

I have also found raised levels o f VCAM-1 in hypertensive children, in the absence of 

raised plasma levels of other adhesion molecules, particularly ICAM-1 and E-selectin. 

Although, in general, these adhesion molecules are upregulated concurrently in 

inflammatory diseases, this isolated rise in plasma VCAM-1 and its association with 

higher plasma levels of ADMA suggested a possible nitric oxide involvement in this 

process.

Interpretation and future

VCAM-1 is involved in attracting monocytes to the vascular endothelium at the early 

stages of the development of atheroma. This suggests that the origins of 

atherosclerosis in renal failure may lie with raised ADMA levels. Further studies are 

necessary to confirm this.

9.2 B l o o d  PRESSURE m e a s u r e m e n t

The complex nature of cardiovascular physiology was yet again demonstrated in this 

study by the non correlation of proven blood pressure regulating factors, renin, 

ADMA and NOx in this instance, and blood pressure, even after correction for age 

and sex.

Historically, the definition of hypertension by cross-sectional epidemiological means 

(rather than by estimating positive predictive values) have made blood pressure alone 

a less sensitive and a less specific marker of future cardiovascular risk. This matter 

has certainly not been helped by the covert errors o f blood pressure measurement and 

interpretation that prevail in the current clinical setting.
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Findings

I have discussed the difficulties that arise in interpretation of blood pressure in 

children, especially in relation to age, sex and the instrumental errors. Additionally, 

the shortcomings of the current recommendations for new blood pressure monitor 

validation procedures in children were highlighted; in particular, the errors that ensue 

due to the change in reference method at the age of 5 and the poor reliability o f the 

reference method itself

Interpretation and future

There is a clear need and room to improve our methods of blood pressure 

measurement and interpretation. The introduction of a test procedure to eliminate 

new monitors with poor repeatability at an earlier stage of instrument development, 

clinical validation of blood pressure monitors against a reference method with 

maximal reliability (i.e. a very low or zero repeatability coefficient), introduction of 

device-specific or device-corrected nomograms particularly for children are likely 

manoeuvres that might result in improvement.

I have discussed in this thesis the limitations of blood pressure measurement per se as 

a tool for the identification of subjects at cardiovascular risk, i.e. subjects with 

‘hypertension syndrome’. Twenty-four hour ambulatory blood pressure measurement 

has certainly offered a better sensitivity in this context but there are deficiencies in 

interpretation, particularly in children due to relative lack of appropriate normal data, 

that are sex, device and geography specific or corrected. Other features of blood 

pressure behaviour had been identified, such as ‘nocturnal dip’ and ‘white coat effect’ 

which still need clarification to understand their real biological meaning. The blood 

pressure and pulse behaviour (for instance by 24 hour measurement) during day to 

day activity is likely to be more informative, in a similar fashion to that of beat to beat 

variability of the heart rate, which was once described as ‘noise’ but is now 

understood to be ‘music’ offering prognostic information, in post myocardial 

infarction and in fetal distress during labour. Various facets of blood pressure such as 

the percentage increase in BP with white coat effect, percentage of nocturnal BP
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drop, the pattern of the diurnal rhythm, pulse-blood pressure relationship, and the 

influence of age upon these factors may offer valuable information in this context.

9.3 E p i l o g u e

This thesis provides the firs t insight into the role o f  nitric oxide, in 

particular its inhibitor ADMA in childhood hypertension, especially in 

the presence o f  renal impairment. The effects o f  this molecule seem vast 

and are likely to be at least involved in modulation o f  the renin 

angiotensin system and endothelium mediated complications such as the 

development o f  atheroma in these children, in addition to its prominent 

role in altering vascular tone. Under physiological circumstances, 

however, a demonstration o f  a link between blood pressure regulating 

factors and blood pressure itself in these subjects is difficult due to the 

complexity o f  the cardiovascular regulation and covert errors in blood  

pressure measurement.
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Appendix 1 A protocol for the management o f hypertension in children
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Management of Hypertension

Referral^
t

measure blood pressure^

> 90th Centile for age^

repeat blood pressure measurements

90-95th Centile > 95th Centile'*

asymptomatic symptomatic 
target organ damage

monitor carefully
Needs first line investigations^

-FBC, U&E, creatinine, HCO3 , uric acid, calcium 
-urinalysis, culture, electrolytes 
-ECG / ECHO / Fundoscopy*
-Fasting Cholesterol / triglycerides^
-urine / plasma catecholamines
-renal U/S and DMSA
-peripheral plasma renin^° / aldosterone
-save plasma/urine research samples^ ̂  & blood gp

 ̂fu ll  history and examination 
 ̂ under standard conditions and appropriate cuff.
 ̂com pare with a nomogram
 ̂adjust f o r  height and weight p e r  nomogram

^failure to thrive, pulm onary oedem a, heart fa ilu re , seizures,etc.
 ̂ left ventricular hypertrophy, renal impairment, retinopathy, encephalopathy, etc. 
 ̂may be urgent

*  arrange with opthalm ologists 
 ̂ especially i f  prim ary hypertension is suspected

2 hour supine
p lea se  contact Chula bleep 5 6 9 fo r  details
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Treatment of hypertension
Hypertensive^^

‘hypertensive crisis^^’ symptomatic^"^ & very high BP
‘hypertensive encephalopathy^^’ 
‘accelerated hypertension^^’

asymptomatic 15

18 19Intravenous anti-hypertensives ,

Continuous blood pressure monitoring 
High dependency care 
Aim to reduce blood pressure very slowly^®

SL /  oral nifedipine^ ̂ 
or IV /  oral hydralazine^^ 
± B blocker 
± diuretic^^

specific investigations^"* 

aetiology identified 

specific treatment

systolic or diastolic blood pressure >  95th centile, conjitwed per criteria ?
acute blood pressure management is required to control illness eg. heart failure, renal impairment
tiredness, irritability,visual problems, nausea, vomiting, headache etc.
are you sure ? then consider fu ll investigations before pharmacological treatment
medical emergency, cerebral malfunction is due to eleveted blood pressure (BP does not need to be very high) 
clinical syndrome with arteriolar injury due to hypertension (may have papilloedema)
Labetalol or sodium nitropnisside intravenously (heart failure, asthma are relative contraindications fo r  Labetalol) 
have you excluded conditions that may mimic hypertensive emergency ? eg. cerebral bleed , intracranial hypertension , 

tumours, encephalitis, epilepsy, hypovolemia.
^  reduce 1/3 o f  total blood pressure reduction planned over first 12 hours, next 1/3 over I2-36hrs and final 1/3 over 36-72 
hours.

may reduce blood pressure abruptly, erratic absorption, more fluctuations 
generally safe and smoother action 
especially if  there is evidence o f  salt and water overload 

^  please see next page
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Special investigations and treatment

S u sp ected  aetio logy In vestiga tion s T rea tm en t o f  ch o ice

glom erular nephritic disease A SO T /A nti D N A ase B
Autoantibodies
Com plem ent
GFR
renal biopsy

D iuretics
N ifed ip ine /  H ydralazine
15 blocker
dialysis^^

reflux nephropathy /  obstructive 
uropathy

Ca, P 0 4 , ALP
void ing  cystourethrogram (direct /  
indirect)
D M SA  /  M AG 3

15 blocker 
^vasodilator  
A C E  inhibitors

reno-vascular disease D oppler U /S  
Autoantibodies
Pre-Post Captopril Isotope scan  
Arteriography / renal vein  renins 
Cerebral blood flow  (H M PAO scan /  
cerebral angiography)

A C E inhibitors'^
angioplasty
surgery

phaeochrom ocytom a M IBG  Scintigraphy 
C T /M R I
Arteriography and caval 
catecholam ine sam pling  
C alcitonin /  PTH

Phenoxy benzam ine  
N ifedepine  
15 blockers^^ 
surgery

other endocrine (this category is 
very com plicated and need  
thorough investigation, discussion  
before specific treatment)

urine cortisol/cortisone ratio 
Plasm a Cortisol /  DOC  
Plasm a / U rine aldosterones 
D exam ethzone /  ACTH tests 
urine acidification  
T 3/T 4/T SH  
PTH
U /S and CT scan  
Other

spironolactone^* 
triamterene /  am iloride  
dexam ethazone  
thiazide

Essential red cell intracellular sodium  
diagnosis usually by exclusion

low  salt diet 
reduce w eight 
regular exercise  
15 blocker 
prazosin^^

Coarctation ECHO /  Angiography Surgery
D ifficu lt control M inoxid il®  

Clonidine^' 
Diazoxide^^  
ACE inhibitors

A C E  inhibitors and Atenolol are dialysable hypertensives
usefid in treattnent o f  renal sm all vessel d isease induced hypertension, how ever renal artery stenosis is a 

relative contraindication  
m ay aggravate hypertension if  tumour is secreting m ore adrenaline and not noradrenaline

29
m ineralocorticoid excess 
consider in the presen ce  o f  hyperlipidaem ias 

' p ow erfid  vaso d ila tor , balance side  effects against benefit 
risk o f  severe  rebound hypertension on abrupt discontinuation

■ hyperglycaem ia a common side effect, useful intravenous agent under difficult circutnstances
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Dru g formulary for hypertensiion
Drug route Normal Starting dose Normal dose range divided doses / day
Atenolol oral 1 mg/kg/dose l-2mg/kg/day 1

Captopril oral 0.05mg/kg/dose 0.5-3mg/kg/day 3

Clonidine iv
oral

0.003mg/kg / dose 
0.005mg/kg

0.002-0.006mg/kg/day 
0.01-0.08mg/kg/day

2
2

Diazoxide iv
oral

0.5-1 mg/kg 1-lOmg/kg/day infusion only

Enalapril oral 0.2mg/kg 0.2-lm g /kg/day 
(max 40mg / day)

1

Frusemide iv
oral

0.5mg/kg/dose
0.5mg/kg/dose

0.5-4mg/kg/day
M mg/kg/day

2 ^
M

Hydralazine iv /  im stat 
then 
infusion 
oral

0.1 mg/kg/dose stat 
(max lOmg)

0.2mg/kg/dose

infusion 10 -50 micro gms 
/kg/hour

l-8mg/kg/day

as an infusion 

3-4
Hydrochlorothiazide oral 1 mg/kg/dose l-4mg/kg/day 2

Labetalol iv 0.5mg/kg/lir l-3mg/kg/lir infusion only

Minoxidil oral 0.1 mg/kg/dose l-2rag/kg/day 2

Nifedepine oral/subling
ual
(capsules) 
slow release 
tablets

0.25mg/kg/dose

0.5mg/kg/dose

l-2mg/kg/day

l-2mg/kg/day

4

2 (used in older 
children)

Phenoxy benzamine oral
iv

0.2mg/kg/dose
0.5mg/kg over 1 lir (stat dose)

Mmg/kg/day
l-2mg/kg/day

2
2-4

Phentolamine iv 0.1-0.2mg/kg/dose titrated to response infusion only

Prazosin oral 0.005mg/kg/dose 
max 0.25mg

0.05-0.4mg/kg/day 4

Propranolol oral 1 mg/kg/dose 1-lOmg/kg/day 3

Sodium nitroprusside IV 0.5 microgms /kg / min 0.5-8.0pg/kg/min infusion only*^

Spironolactone oral 0.5mg/kg/dose l-3mg/kg/day 2

Triamterene oral 1 mg/kg/dose l-6rag/kg/day 1-3

CG / AA / MJD 1995

m onitor b lood cyanide levels
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Appendix 2 Raw data: Plasma Nitric Oxide Synthase Inhibitors

ID Sex LNMMA
HM

SDM
A

pM

ADMA
jiM

SBPSDS Categor
y

Height cm SBP
mm
Hg

Aetio
logy

PCr
pmol

/I

Age
yrs

1 M 239 1.720 .168 .30 HTN 56.0 95 RVD 34 1.16
3 M .176 1.686 .133 HTN 56.0 95 RVD 1.17
6 F .144 1.122 .064 -.54 HTN 161.8 110 RVD 42 13.37
8 M .117 .860 .084 1.62 HTN 185.1 140 RVD 73 17.76
9 F .186 .900 .099 .57 HTN 131.6 108 RVD 49 9.35
11 M .234 1.621 .188 .82 HTN 89.0 102 RVD 64 3.28
17 M .255 1.330 .203 1.07 HTN 90.0 105 RVD 54 3.39
29 F .287 1.251 .104 1.87 HTN 142.4 130 RVD 78 12.44
35 M .154 1.078 .094 .33 HTN 99.0 97 RVD 42 3.83
36 M .186 1.211 .119 -.51 HTN 109.0 90 RVD 55 5.76
49 M .122 1.132 .168 1.50 HTN 90.0 110 RVD 57 3.55
54 F .197 1.053 .133 -.56 HTN 109.6 90 RVD 53 6.34
62 M .330 1.878 .727 5.08 HTN 84.0 150 RVD 312 2.19
65 M .223 1.404 .168 3.08 HTN 96.4 130 RVD 38 4.97
67 M .176 1.957 .395 1.61 HTN 84.0 110 RVD 106 2.23
2 F .181 1.097 .133 1.13 HTN 118.0 110 RPD 43 6.69
10 F .096 .954 .153 2.05 HTN 148.0 130 RPD 94 11.29
14 M .186 1.063 .138 1.92 HTN 141.3 130 RPD 69 11.80
15 F .191 1.142 .168 -.93 HTN 148.0 95 RPD 99 11.38
16 M .138 1.589 .124 2.14 HTN 163.8 132 RPD 97 18.12
18 M .266 1.172 .109 1.63 HTN 75.3 110 RPD 52 1.16
19 M 378 2.051 .336 3.56 HTN 175.6 160 RPD 167 16.77
22 M .239 1.157 .524 4.45 HTN 130.6 150 RPD 121 27.68
24 F .207 1.246 .119 1.29 HTN 147.7 123 RPD 60 12.23
27 M .181 1.275 .109 1.45 HTN 99.2 110 RPD 39 4.07
28 M 186 1.384 .203 1.94 HTN 96.2 115 RPD 51 3.47
30 M .191 1.285 .351 -.78 HTN 130.6 90 RPD 86 7.71
32 F .410 2.561 .124 5.15 HTN 75.3 150 RPD 28 1.02
40 F .346 2.096 .900 .93 HTN 122.0 110 RPD 682 8.13
50 F .176 1.003 .089 1.86 HTN 141.4 130 RPD 94 12.62
55 F .197 1.137 .104 2.74 HTN 148.8 140 RPD 55 12.18
56 M .191 1.092 .124 .12 HTN 99.2 95 RPD 52 4.16
60 M .000 1.547 .336 2.22 HTN 176.2 145 RPD 124 16.93
64 M .277 1.577 .336 .48 HTN 175.2 120 RPD 230 14.97
66 F .319 2.170 .712 .92 HTN 120.0 110 RPD 485 8.24
13 M .186 1.023 .114 HTN 173.1 140 Essn 74 15.79
20 M .160 1.285 .094 2.41 HTN 161.5 137 Essn 63 12.63
58 F .197 1.013 .618 1.14 HTN 108.0 110 Anep 779 6.53
4 F .128 1.102 .084 1.64 NM 160.0 130 NM 68 14.41
5 M .117 1.359 .119 1.54 NM 92.0 110 NM 34 3.05
12 F .239 1.241 .094 NM 159.3 145 NM 62
41 F .271 1.186 .144 .30 NM 162.0 110 NM 63 12.17
101 M .154 1.167 104 -.33 NM 132.7 96 NM 51 8.16
103 F .154 1.295 .119 -.06 NM 73.1 91 NM 30 1.11
104 M .149 1.330 .089 .47 NM 96.1 98 NM 35 3.26
105 M .191 1.112 .099 .77 NM 127.5 89 NM 42 8.34
106 F .207 .786 .079 -.47 NM 147.4 98 NM 47 11.24

HTN Hypertensive 
NM Normal and normotensive 
RPD Renal-parenchymal disease 
RVD Reno -vasctdar disease 
Anep Anephronia 
Essn Essential hypertension
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Appendix 3 Nitrate reductase assay

NB. All pipette tips must be washed three times with Milli-Q water 

All eppendorfs must be washed once with Milli-Q water 

Preparation of standards 

(Done the night before and stored at 4°^)

Sodium nitrite: NO2 MW = 69 Stock lOmM = 6.9mg/ 10 ml MilliQ 

Sodium nitrate: N O 3  MW = 85 Stock lOmM = 8.5m g/10 ml MIlliQ 

Reagents

Potassium dihydrogen orthophosphate -KH2PO4  1.63g/ 10 ml Milli-Q and 

(BDH) add lOM NaOH until pH 7.5

NADPH (Boeringer Mannheim) 12.0mg/ 1ml Milli-Q

FAD (Sigma) 49.7mg/0.5ml Milli-Q

Nitrate Reductase (from aspergillus, Sigma) 3.0mg/ 0.5ml Milli-Q

Method

From the stock solutions prepare following dilutions for the standard curve

Sodium nitrite lOOpM 30pM lOpM 3pM IpM  blank 

Sodium nitrate lOOpM 30pM lOpM 3pM IpM  blank

For all standard curve (100 pi) samples and 

unknown samples [plasma 25pl + 75 pi Milli-Q (1:4 dilution)]

add

K H 2 P O 4  5pl final cone 50 mM

NADPH 5pi final cone 0.6 mM

FAD 5pi final cone 5.0 mM

Nitrate Reductase 5 pi final cone 20 mU

i

mix and incubate at 37°^ for one hour 

Samples placed in ice until analysed by chemiluminescence
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Chemiluminescence:

NOx standard curve
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Reliability : NOx Chemiluminescence.

Assay 1 Assay
2

22.63 2.14
22.90 20.28
5.40 5.97

11.08 7.12
22.02 17.50
24.95 18.66
15.25 13.75
12.71 13.34
3.91 4.44
4.52 3.28
5.40 5.50
9.07 5.40
6.80 6.03

121.97 130.50
87.82 71.52
12.32 16.98
11.80 10. 50
20. 53 17.00
21.96 18. 57
24.41 31.45
23.87 16.44
6.20 7.06
8.82 12.08
9.77 4.36
7.97 7.48

42.15 38.49
37.94 36.29
11.80 9.06
20.44 14.23
23. 76 17.46
27.32 29.99
17.04 13.64
11.60 9.84

Pearson's 0.9733

NOx Repeatability by Chemiiuminescene

150

100 - •

IV

50 -

50 100
Assay 1

150

Correlation

Reliability Coefficient 

For details see reference

[1-(Pearson's correlation coefficient)2] x 100 =
5.2%
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Appendix 4 Clinical data: Plasma NOx, GFR and systolic blood pressure in a 

group o f hypertensive children and adolescents and controls indicate missing data

due to non availability or insufficient sample or technical error)

Case ID Group Age
(yrs)

Sex Rx SBPSDS P N G , 
(n  mol /1)

Height (cms) Pcreatinine GFR
(ml/ min/ 1.73 m2)

1 RVD 1.16 M yes .30 *. 56.00 34.00 65.88
3 RVD 1.17 M yes *. 56.00 *. -.

6 RVD 13.37 F yes -.54 *. 161.80 42.00 154.10
8 RVD 17.76 M yes 1.62 *. 185.10 73.00 101.42
9 RVD 9.35 F yes .57 *. 131.60 49.00 107.43

11 RVD 3.28 M yes .82 *. 89.00 64.00 55.63
17 RVD 3.39 M yes 1.07 22.629 90.00 54.00 66.67
29 RVD 12.44 F yes 1.87 15.757 142.40 78.00 73.03
35 RVD 3.83 M yes .33 10.187 99.00 42.00 94.29
36 RVD 5.76 M yes -.51 12.961 109.00 55.00 79.27
49 RVD 3.55 M yes 1.50 25.197 90.00 57.00 63.16
54 RVD 6.34 F yes -.56 5.919 109.60 53.00 82.72
62 RVD 2.19 M yes 5.08 22.901 84.00 312.00 10.77
63 RVD 2.20 M yes 4.21 8.506 84.00 170.00 19.76
65 RVD 4.97 M yes 3.08 47.926 96.40 38.00 101.47
67 RVD 2.23 M yes 1.61 19.378 84.00 106.00 31.70
70 RVD 5.00 M yes 3.94 16.558 96.40 49.00 78.69
75 RVD 14.80 M yes 4.44 8.876 156.00 65.00 96.00
77 RVD 14.84 M yes 19.843 156.00 71.00 87.89
87 RVD 3.81 M yes 15.239 91.00 49.00 74.29
88 RVD 14.31 M yes 1.42 7.717 168.60 68.00 99.18
89 RVD 12.37 M yes -1.47 14.684 140.00 37.00 151.35
92 RVD 14.02 F yes 1.67 4.760 172.40 64.00 107.75

100 RVD 4.03 M yes .57 7.519 92.00 45.00 81.78
2 RPD 6.69 F yes 1.13 *. 118.00 43.00 109.77

10 RPD 11.29 F yes 2.05 *. 148.00 94.00 62.98
14 RPD 11.80 M no 1.92 *. 141.30 69.00 81.91
15 RPD 11.38 F -.93 ♦. 148.00 99.00 59.80
16 RPD 18.12 M no 2.14 ♦. 163.80 97.00 67.55
18 RPD 1.16 M yes 1.63 15.985 75.30 52.00 57.92
19 RPD 16.77 M no 3.56 18.622 175.60 167.00 42.06
22 RPD 7.68 M yes 4.45 9.836 130.60 121.00 43.17
24 RPD 12.23 F yes 1.29 5.411 147.70 60.00 98.47
27 RPD 4.07 M yes 1.45 12.318 99.20 39.00 101.74
28 RPD 3.47 M yes 1.94 17.208 96.20 51.00 75.45
30 RPD 7.71 M yes -.78 16.546 130.60 86.00 60.74
32 RPD 1.02 F yes 5.15 10.414 75.30 28.00 107.57
37 RPD 15.99 F no 1.55 9.769 157.90 85.00 74.31
39 RPD 1.04 F yes 1.62 6.593 75.30 32.00 94.13
40 RPD 8.13 F yes .93 34.661 122.00 682.00 7.16
43 RPD 8.13 F yes * 122.00 672.00 7.26
50 RPD 12.62 F yes 1.86 23.865 141.40 94.00 60.17
53 RPD 12.62 F yes *. 141.40 97.00 58.31
55 RPD 12.18 F yes 2.74 5.442 148.80 55.00 108.22
56 RPD 4.16 M yes .12 *. 99.20 52.00 76.31
57 RPD 11.95 M yes 1.89 16.700 158.10 110.00 57.49
58 RPD 6.53 F yes 1.14 14.228 108.00 779.00 5.55
60 RPD 16.93 M yes 2.22 13.236 176.20 124.00 56.84
61 RPD 3.96 M yes .58 8.652 92.60 *. -.

64 RPD 14.97 M yes .48 33.982 175.20 230.00 30.47
66 RPD 8.24 F yes .92 47.581 120.00 485.00 9.90
72 RPD 17.99 F yes -.28 18.717 156.70 137.00 45.75
73 RPD 6.38 F yes 2.89 13.202 112.00 394.00 11.37
80 RPD 2.80 F yes 2.25 27.108 86.80 601.00 5.78
81 RPD 2.80 F yes 4.09 14.584 86.80 601.00 5.78
82 RPD 9.88 M yes -.29 15.533 136.00 75.00 72.53
83 RPD 9.88 M yes .60 10.058 136.00 75.00 72.53
85 RPD 9.89 M yes 1.04 18.548 136.00 83.00 65.54
90 RPD 15.16 M yes 1.31 27.526 169.00 188.00 35.96
91 RPD 12.46 F yes 2.72 *. 159.70 49.00 130.37
95 RPD 14.87 F yes 2.82 3.811 148.00 56.00 105.71
96 RPD 14.87 F yes 2.82 10.787 148.00 56.00 105.71
97 RPD 10.44 M yes 5.73 6.799 124.00 45.00 110.22
98 RPD 6.46 F yes 2.88 14.000 103.00 49.00 84.08
99 RPD 18.77 M yes .07 5.633 164.40 101.00 65.11

152 RPD 10.50 M . y.«. 1.35 16.918 124.00 72.00 68.89
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Case ID Group Age
(yrs)

Sex Rx SBPSDS P N O , 
(p  mol /1)

Height (cms) Pcreatinine

13 Essential 15.79 M yes *. 173.10 74.00
20 Essential 12.63 M yes 2.41 13.643 161.50 63.00
94 Essential 15.57 M yes 2.79 8.515 180.20 106.00

5 normal 3.05 M no 1.54 *. 92.00 34.00
41 normal 12.17 F .30 8.947 162.00 63.00
69 normal .35 M -.60 21.367 61.80 38.00
93 normal 10.92 M -.47 12.934 145.70 54.00

101 normal 8.16 M -.33 8.908 132.70 51.00
103 normal 111 F -.06 23.759 73.10 30.00
104 normal 3.26 M .47 15.910 96.10 35.00
105 normal 8.34 M .77 7.663 127.50 42.00
106 normal 11.24 F -.47 5.973 147.40 47.00
107 normal 7.64 F -.64 10.602 117.00 44.00
108 normal 11.44 F -.01 6.896 148.30 53.00
109 normal 11.71 F 1.37 11.079 156.00 49.00
110 normal 8.48 F -1.61 4.398 122.50 43.00
111 normal 1.31 M -1.38 21.960 79.00 34.00
114 normal 9.03 F 1.64 13.236 134.00 47.00
115 normal .89 F 9.228 72.00 26.00
116 normal 4.42 F -1.14 7.951 106.40 38.00

GFR
(m l/ min/ 1.73 m2)

93.57
102.54
68.00

108.24
102.86
65.05

107.93
104.08
97.47

109.83
121.43
125.45
106.36
111.92
127.35
113.95
92.94

114.04
110.77
112.00

RVD reno vascular disease

RPD renal parenchymal disease

essential essential hypertension

Rx anti hypertensive therapy

SBP SDS systolic blood pressure standard deviation score

NOx nitrite and nitrate

GFR glomerular filtration rate
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Appendix 5 Plasma NOx concentration in whole blood 4 hrs and 24 hrs after 

collection

Case
Number

P NOx (lim oi/1) 
in fresh whole blood

P NOx (li mol/ 1) 
in whole blood 24 hours ex-vivo 

(at room temp)
110 4.398 3.989
107 10.602 4.302
25 3.281 4.439
54 5.919 5.393

106 5.973 5.403
34 7.480 5.901
41 8.947 6.200
55 5.442 6.569
33 7.254 7.178

108 6.896 7.345
27 12.318 11.795
52 9.196 12.320
22 9.836 12.645
47 12.083 12.740

109 11.079 13.344
46 13.343 13.750
60 13.236 14.693
58 14.228 17.460
19 18.622 17.503
20 13.643 19.751

111 21.960 20.529
30 16.546 22.109
48 29.991 23.743
50 23.865 24.407
59 38.487 32.994
40 34.661 36.000
42 31.407 36.294
45 46.820 44.835
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Appendix 6 Urinary NOx cind creatinine data in children with hypertension and 

controls in whom blood samples had been collected for plasma NOx assay with in 

the preceding 4 hours (* indicate missing data due to no sample, insufficient 

sample, technical error or non collection within the specified period)

Case ID Group Age (yrs) Sex P NOx 
(p mol/1)

U n O x  

(p mol /1)
U creatinine 

(mmol/1)
GFR 

(ml/ min/ 
1.73 m%)

U n Ox/ U  Creu

ratio

1 RVD 1.16 M *. 243.13 1.50 65.88 .16
3 RVD 1.17 M *. 245.89 1.50 .16
6 RVD 13.37 F *. 133.23 2.60 154.10 .05
8 RVD 17.76 M *. 150.57 4.10 101.42 .04
9 RVD 9.35 F *. 256.46 4.90 107.43 .05

11 RVD 3.28 M *. 72.62 1.40 55.63 .05
17 RVD 3.39 M 22.629 144.25 2.20 66.67 .07
29 RVD 12.44 F 15.757 159.10 7.60 73.03 .02
35 RVD 383 M 10.187 274.26 3.00 94.29 .09
36 RVD 5.76 M 12.961 39.76 1.30 79.27 .03
49 RVD 3.55 M 25.197 132.85 1.90 63.16 .07
54 RVD 6.34 F 5.919 176.94 4.70 82.72 .04
63 RVD 2.20 M 8 506 43.08 2.20 19.76 .02

2 RPD 6.69 F *. 81.19 2.40 109.77 .03
10 RPD 11.29 F *. 185.89 5.00 62.98 .04
14 RPD 11.80 M *. 113.66 4.60 81.91 .02
15 RPD 11.38 F *. 141.24 12.20 59.80 .01
16 RPD 18.12 M *. 172.16 7.50 67.55 .02
19 RPD 16.77 M 18.622 171.31 4.40 42.06 .04
24 RPD 12.23 F 5.411 259.58 12.90 98.47 .02
27 RPD 4.07 M 12.318 301.70 5.60 101.74 .05
37 RPD 15.99 F 9.769 187.86 13.90 74.31 .01
55 RPD 12.18 F 5.442 103.91 6.90 108.22 .02
57 RPD 11.95 M 16.700 54.70 2.60 57.49 .02
64 RPD 14.97 M 33.982 217.01 3.70 30.47 .06
13 Essential 15.79 M *, 200.35 17.40 93.57 .01
20 Essential 12.63 M 13.643 251.53 16.30 102.54 .02

5 normal 3.05 M ♦, 221.35 3.40 108.24 .07
41 normal 12.17 F 8.947 248.46 10.70 102.86 .02
69 nonnal .35 M 21.367 113.73 .50 65.05 .23
93 normal 10.92 M 12.934 87.82 54.00 107.93 .00

101 normal 8.16 M 8.908 123.46 5.50 104.08 .02
103 normal 1.11 F 23.759 238.52 1.00 97.47 .24
104 normal 3.26 M 15.910 306.55 2.00 109.83 .15
106 normal 11.24 F 5.973 153.20 3.70 125.45 .04
107 normal 7.64 F 10.602 248.59 11.70 106.36 .02
108 normal 11.44 F 6.896 271.43 17.40 111.92 .02
110 normal 8.48 F 4.398 138.90 8.40 113.95 .02
114 normal 9.03 F 13.236 68.71 10.90 114.04 .01

RVD reno vascular disease

RPD renal parenchymal disease

essential essential hypertension

normal healthy normotensive children
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Appendix 7 vWF assay

P rin c ip le

vWF antigen was measured by double antibody (sandwich) ELISA, based on the method of Short et 

al All steps were performed at room temperature, and between each step plates were washed with 

phosphate buffered saline and 0.1% Tween-20 (PBS/T).

Briefly, 96-well microtitre plates (Nunc-lmmuno, Maxisorp, Life Technologies) were coated with 

rabbit anti-human vWF antiserum (Dako) and was incubated with samples and standards. After 

washing, plates were incubated with second antibody (DAKO P226). Thereafter excess antibody was 

washed, substrate added and was incubated in the dark. At adequate colour development (which is 

proportional to the amount of second antibody and therefore to vWF adhered to the plate wall) the 

reaction was stopped by adding 2M H2SO4 . Plates were then read at 492 nm in an ELISA reader .

A standard curve was generated from a national standard (National Institute of Biological Standards 

and Controls, NIB SC).

Samples diluted at 1/25, 1/50, and 1/100 confirmed that the assay demonstrated parallelism in the 

tested range of values. Results were reported as a percent of pooled normal plasma, with 100% 

equivalent 0.99 International Units per ml.

M a ter ia ls

DAKO A082 rabbit anti-human vWF anti serum

DAKO P226 rabbit anti-human vWF antiserum (Peroxidase conjugated)

Phosphate Buffered Saline (PBS) tablets (BR 149, Dulbecco A, OXOID, Basingstoke) 

Tween

Standards:

NIBSC standard 93/ 622. Reconstituted in 1ml (18.20) water ~ 0.99 lU per ml of vWF; Ag 

Low control (MN) mean 82.3± 7.4, range 67.4 - 97.1 

High control (GB) mean 264.0±17.3, range 230 - 299

Solutions:
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Carbonate buffer

PBS/T; (NaCl 9 g, NaH2?04 0.48g, Na^HPO^ 0.92g, made up to 1 litre with 18.2Q water.)

Citrate buffer: (Phosphate-Citrate Buffer with Sodium Perborte capsules P-4922, Sigma) 

Substrate buffer: O-phenylalamine dihydrochloride lOmg (Sigma P-8287) in 25 mis, kept in dark 

and used within one hour.

Sulphuric acid: 2M H2SO4

M eth od

100 pi diluted DAKO A082 1/500 in bicarbonate buffer (pH 9.6) 

incubate overnight - wash.

4
add 1/100 diluted samples and standards (495 pi PBS/T + 5 pi sample) 

incubate one hour - wash

4
add diluted second antibody (DAKO P226, 1/1000 in PBS/T) 

incubate one hour - wash

4
wash once also with citrate phosphate buffer (pH 5)

4
Add lOOpl substrate 

keep in the dark.

4
Stop reaction with 2M H2SO4 

Read at 492 nm. (Titertek Multiskan).
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Appendix 8 VCAM-1 Assay 

Background

Vascular Cell Adhesion Molecule -1 (VCAM-1, CD 106), a 90 kDa cell surface 

glycoprotein is expressed on a number of cells including endothelium, macrophages, 

kidney epithelia, dendritic cells, myoblasts, and bone marrow fibroblasts. VCAM-1 is 

transiently expressed on vascular endothelial cells in response to cytokines It 

plays a major role in the adhesion of leukocytes to the endothelium by interaction with 

its ligand VLA-4, a member of the pi integrin family, which is expressed in 

leukocytes, monocytes, thymocytes and myoblasts. VCAM-1 is present in detectable 

levels in serum from normal individuals.

Principle of the assay

The R&D systems’ sVCAM-1 assay utilises an immunoenzymometric technique for 

quantitation of sVCAM-1 in samples. This involves the simultaneous reaction of 

sVCAM-1 present in the sample or standard to two antibodies directed against 

different epitopes on the sVCAM-1 molecule. One antibody is coated on to the walls 

of the microtiter wells and the other is conjugated to the enzyme horseradish 

peroxidase (HRP). Any sVCAM-1 present forms a bridge between the two 

antibodies.

After removal of unbound material by aspiration and washing, the amount of 

conjugate bound to the well is detected by reaction with a substrate specific for the 

enzyme which yields a coloured product proportional to the amount of conjugate (and 

thus sVCAM-1 in the sample). The coloured product is quantified photometrically.

By analysing standards of known sVCAM-1 concentration coincident with samples 

and plotting a curve of signal versus concentration, the concentration of unknowns 

can be determined.
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Assay procedure

Add 100 pi Anti-s-VCAM-HRP (horseradish peroxidase enzyme) Conjugate

I
Add 100 pi diluted sample or diluted Parameter Control or Standard 

Incubate 1.5 hours at room temperature

i
Aspirate and wash by adding wash buffer 6 times

Add 100 pi Substrate 

;
Incubate 30 minutes at room temperature 

;
Add 100 pi Stop Solution 

Read Absorbance
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Appendix 9 ICAM-1 Assay

Background

Intercellular Adhesion molecule-1 (lCAM-1) (CD54), is a 95 kDa cell surface glyco-protein which is 

constitutively expressed on some tissues and induced on others by pro-inflammatory cytokines 

ICAM-1 is involved in adhesion of leucocytes through LFA-1 (CD 11a) and Mac-1 (CD lib ) 

ligands which are members of the (CD 18) family of integrins and is known to be present on a 

variety of cells including endothelium, macrophages, T and B cells, thymic epithelium and certain 

tumour cell lines^^ .̂ lCAM-1 plays a role in granulocyte extravasation through endothelium, 

neutrophil influx, eosinophil migration and allograft rejection. Detectable levels of soluble ICAM-1 

are present in serum from normal individuals

A ssay  p roced u re

Add 100 pi Anti-s-lCAM-HRP (horseradish peroxidase enzyme) Conjugate 

Add 100 pi diluted sample or diluted Parameter Control or Standard

i
Incubate 1.5 hours at room temperature

i

Aspirate and wash 6 times 

:

Add 100 pi Substrate

i

Incubate 30 minutes at room temperature 

:
Add 100 pi Stop Solution

i

Read Absorbance
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Appendix 10 E-Selectin assay

B ack grou n d

E-selectin (Endothelial Leukocyte Adhesion Molecule-1, ELAM-1, CD62E) is a 115 kDa cell surface 

glycoprotein. It is transiently expressed on vascular endothelial cells in response to IL-1 and TNF-oc 

activation^'^. The e-selectin ligand, which is expressed on neutrophils, monocytes, and a subset of 

memory T-cells (CLA+) binds to the lectin domain of E-selectin. Detectable levels of soluble e- 

selectin are present in human normal plasma and increases in inflammatory disease

conditions^"*’ E-selectin expression is restricted to endothelial cells, and levels of soluble E- 

selectin could possibly represent a specific marker for endothelial damage or activation.

Parameter human sE-Selectin (R&D systems) is a solid phase ELISA which specifically measures E- 

Selectin in serum and plasma (heparin). Use of EDTA samples are not recommended as sE-selectin 

is a Ca++ dependent molecule.

Assay procedure

Add 100 pi Anti-E-Selectin-HRP (horseradish peroxidase enzyme) Conjugate

;

Add 100 pi diluted sample or diluted Parameter Control or Standard

;

Incubate 1.5 hours at room temperature 

;

Aspirate and wash 6 times

Add 100 pi Substrate

Incubate 30 minutes at room temperature

Add 100 pi Stop Solution 

;

Read Absorbance
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Appendix 11 P-Selectin Assay

Background

P-Selectin (GMP-140, LEG AM-3, PADGEM, CD62, CD62P) is a cell surface glycoprotein that plays 

a critical role in the migration of lymphocytes into tissues^'’̂ . P-Selectin is found constitutively in the 

Wiebel-Palade bodies of endothelial cells and in the alpha granules of platelets^^^. This stored P- 

Selectin is mobilised to the cell surface within minutes in response to a variety of inflammatory or 

thrombogenic agents but later recycled back to intracellular compartments^^°. P-Selectin is involved 

in the adhesion of myeloid cells, as well as B and a subset of T cells, to activated endothelium.^^® and 

in the adhesion of platelets to monocytes and neutrophils, playing a central role in neutrophil 

accumulation within thrombi^^®.

Assay procedure

Add 100 |Lil diluted sample or diluted Parameter Control or Standard

;
Add 100 pi Anti-s-P-Selectin-HRP (horseradish peroxidase enzyme) Conjugate

i

Incubate 60 minutes at room temperature

i

Aspirate and wash 3 times

I

Add 100 pi Substrate 

Incubate 15 minutes at room temperature 

Add 100 pi Stop Solution

I

Read Absorbance
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Appendix 12 Raw data: Plasma concentrations o f soluble adhesion molecules, 

vWF, ADMA and creatinine in normal and hypertensive (HTN) children.

ID ICAM-1
ng/m l

P-
Selectin 

ng/ ml

E-
Selectin

ng/m l

VCAM- 
1 ng/m l

Sex Categoiy Height SBP ADMA 
|i  mol/ 1

P C r  
|im o l/1

GFR Age
(yrs)

106 875.0 F normal 147.4 98 .079 47.0 125.45 11.24
47 200.0 42.0 52.0 425.0 F normal 169.1 110 .084 ♦. * 25.76

104 376.0 83.6 76.0 1035.0 M normal 96.1 98 .089 35.0 109.83 3.26
105 .* ♦. *. 1080.0 M normal 127.5 89 .099 42.0 121.43 8.34
101 346.0 101.8 80.0 1060.0 M normal 132.7 96 .104 51.0 104.08 8.16
103 440.0 123.0 54.0 1650.0 F normal 73.1 91 .119 30.0 97.47 1.11
41 350.0 131.0 64.0 765.0 F normal 162.0 110 .144 63.0 102.86 12.17

5 296.0 62.0 70.0 975.0 M normal 92.0 110 .119 34.0 108.24 3.05
4 296.0 48.0 64.0 .* F normal 160.0 130 .084 68.0 94.12 14.41
6 340.0 106.0 60.0 1065.0 F HTN 161.8 110 .064 42.0 154.10 13.37
8 244.0 52.0 56.0 930.0 M HTN 185.1 140 .084 73.0 101.42 17.76

50 106.0 80.0 60.0 1600.0 F HTN 141.4 130 .089 94.0 60.17 12.62
20 290.0 116.0 80.0 1025.0 M HTN 161.5 137 .094 63.0 102.54 12.63
35 420.0 150.40 154.0 1150.0 M HTN 99.0 97 .094 42.0 94.29 3.83
9 326.0 66.0 50.0 1285.0 F HTN 131.6 108 .099 49.0 107.43 9.35

29 260.0 102.0 66.0 835.0 F HTN 142.4 130 .104 78.0 73.03 12.44
55 120.0 28.0 60.0 1350.0 F HTN 148.8 140 .104 55.0 108.22 12.18
18 238.0 78.0 68.0 835.0 M HTN 75.3 110 .109 52.0 57.92 1.16
27 234.0 142.0 70.0 570.0 M HTN 99.2 110 .109 39.0 101.74 4.07
13 110.0 48.0 50.0 .* M HTN 173.1 140 .114 74.0 93.57 15.79
24 390.0 142.0 94.0 675.0 F HTN 147.7 123 .119 60.0 98.47 12.23
36 400.0 134.0 40.0 1225.0 M HTN 109.0 90 .119 55.0 79.27 5.76
16 360.0 70.0 60.0 970.0 M HTN 163.8 132 .124 97.0 67.55 18.12
32 350.0 60.0 80.0 915.0 F HTN 75.3 150 .124 28.0 107.57 1.02
56 296.0 101.80 66.0 1150.0 M HTN 99.2 95 .124 52.0 76.31 4.16

2 192.0 44.0 56.0 925.0 F HTN 118.0 110 .133 43.0 109.77 6.69
3 470.0 170.0 70.0 .♦ M HTN 56.0 95 .133 *. .* 1.17

54 204.0 82 0 80.0 760.0 F HTN 109.6 90 .133 53.0 82.72 6.34
14 324.0 54.0 50.0 1250.0 M HTN 141.3 130 .138 69.0 81.91 11.80
10 336.0 60.0 66.0 1600.0 F HTN 148.0 130 .153 94.0 62.98 11.29

1 496.0 128.0 76.0 1500.0 M HTN 56.0 95 168 34.0 65.88 1.16
15 530.0 150.0 104.0 2100.0 F HTN 148.0 95 .168 99.0 59.80 11.38
49 306.0 134.0 64.0 1360.0 M HTN 90.0 110 .168 57.0 63.16 3.55
65 330.0 82.0 116.0 1075.0 M HTN 96.4 130 .168 38.0 101.47 4.97
11 400.0 .* *. *. M HTN 89.0 102 .188 64.0 55.63 3.28
17 460.0 146.0 76.0 1885.0 M HTN 90,0 105 .203 54.0 66.67 3.39
28 810.0 114.0 60.0 2675.0 M HTN 96.2 115 .203 51.0 75.45 3.47
19 200.0 31.0 40.0 1420.0 M HTN 175.6 160 .336 167.0 42.06 16.77
60 340.0 52.0 38.0 1500.0 M HTN 176.2 145 .336 124.0 56.84 16.93
64 406.0 76.0 120.0 1390.0 M HTN 175.2 120 .336 230.0 30.47 14.97
30 270.0 52.0 30.0 1700.0 M HTN 130.6 90 .351 86.0 60.74 7.71
23 206.0 42.0 32.0 1225.0 M HTN 130.6 125 .391 110.0 47.49 27.68
67 370.0 300.0 70.0 ♦. M HTN 84.0 110 .395 106.0 31.70 2.23
22 224.0 48.0 26.0 1175.0 M HTN 130.60 150 .524 121.0 43.17 7.68
58 430.0 106.0 42.0 2700.0 F HTN 108.0 110 .618 779.0 5.55 6.53
66 324.0 90.0 62.0 2015.0 F HTN 120.0 110 .712 485.0 9.90 8.24
62 380.0 180.0 60.0 1960.0 M HTN 84.0 150 .727 312.0 10.77 2.19
40 390.0 117.0 70.0 2150.0 F HTN 122.0 110 .900 682.0 7.16 8.13

7 370.0 61.0 102.0 790.0 F HTN 161.8 140 158 .* .* 26.74

GFR ~  Glomerular filtration rate ml/ min/ 1.73 m2. P a  ~  Plasma creatinine, SBP -  Systolic Blood Pressure, H TN ~  hypertension 

* missing data (due to inadequate sample or technical error)
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Appendix 13 Renin: Semi-micro radioimmunoassay

Principle

Plasma renin activity was measured by semi-micro radioimmunoassay of generated angiotensin I, an 

indirect method for detection of plasma renin. It measures the rate of angiotensin I generation by 

plasma renin, from its natural substrate under controlled conditions of incubation in the presence of 

enzymatic inhibitors (EDTA, BAL) which prevents angiotensin I degradation. The generated 

angiotensin 1 is measured by radio immuno assay.

Step 1: Generation of Angiotensin I under controlled conditions

Unknown Samples 

250pl

add 6pi BAL 

and 8pi 8HQ

pH to 7.4 (add 0. IM HCl as required)

125 pi 

Incubate 37°C (3 hrs)** 

add 250pl bicarbonate buffer at 2°C

125 pi 

Incubate 2°C (3 hrs)* 

add 250pl bicarbonate buffer at 2°C

I

Step 2

Deangiotensinized Plasma 

500pl

add 12pl BAL 0.2M 

and 16pl 8HQ 0.34M 

;
pH to 7.4 (add 0. IM HCl as required) 

at 2°C
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Step 3

M easurement o f  generated A ngiotensin I by radioimmunoassay. 

Assay done in 2°'̂  throughout (SC - standard curve)

Blank Zero SC SC SC SC SC SC 2°C ♦

unknow n

sam ples

3 7 °C * *

unknown

sam ples

Standard Ag I so lu tion  (1 p g /|ii) - lOpI 25pl 5 0pl tOOpI 150pl 200pl -

D eangio tensin ized  plasm a d iluted in 1 in 3 in 

bicarbonate buffer

50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl

Add B icarbonate buffer 250pl 250pl I90p l 175pl I5 0 p l lOOpl 50pl Dpi 200pl 200pl

labelled  angiotensin I 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl

Ang I A ntiserum  (1/5120) - 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl SOpl

M ix and equilibrate at 2 ^  18 hrs

Add De.xtran Charcoal at 2°C 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl 50pl

A//X and stand  fo r  15 m inutes

De.xtran Charcoal has now adsorbed the free A ngiotensin I

i
Centrifuge & Remove supernatant 

Charcoal is counted on an automatic gamm a counter for 100 seconds.

Prepare standard curve by plotting counts (free Ang I) on the ordinate against pg A g I on the 

abscissa.

Cautionary note: Although plasm a contains pro-renin (synthesised in liver etc.) active renin is only 

released by the kidney glomerular cells. However, cryo activation o f  pro-renin to renin may occur 

ex-vivo in serum more than in plasm a due to poor .sample handling. This can produce excessively  

high renin activity via the above assay, and hence the need fo r  ve ty  careful sample collection to ice, 

freeze as appropriate etc.

The amount o f AI generated was determined by subtracting the v alues o f the non incubated sam ple 

(2°^) from that incubated at 37°*". The PRA values were e.xpressed as picogram s o f  AI generated per 

ml plasma per hour o f  incubation (pg A g I/ml I f’ equivalent to ng Ag I/l I f ’ ).
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Slight dilution effects due to the addition of enzymatic blockers and 0. IM HCl should be taken into 

account. To correct for the former, PRA should be factored by 1.125, although to account for the 

presence of EDTA in whole blood a standard haematocrit in all the specimens is assumed. To 

correct for the addition of the O.IM HCl, a variable correction factor is necessary; 1.02, 1.04, 1.06, 

and 1.08 for 5, 10, 15 and 20 pi of O.IM HCl respectively.

This assay is well-established and conducted regularly at the Institute of Child Health with a known 

intra-assay and inter-assay variation of 5% and 10% respectively.
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Appendix 14 
children

Raw data: Plasma Renin Activity and ADMA in hypertensive

ID Sex Categ
ory

Antih
yperte
nsives

Classi
ficatio
n

Age
yrs

Ht cm L-
NMM

A

SDM
A

ADM
A

SBP
mm
Hg

PCr
pmol/

1

PRA GFR

1 M HTN yes RVD 1.1 56.0 .239 1.720 .168 95 34 877 65
2 F HTN yes RPD 6.6 118.0 .181 1.097 .133 110 43 3161 109
3 M HTN yes RVD 1.1 56.0 .176 1.686 .133 95 4488
5 M NM no NM 3.1 92.0 .117 1.359 .119 110 34 636 108
6 F HTN yes RVD 13.3 161.8 .144 1.122 .064 110 42 2040 154
7 F HTN no RPD 26.7 161.8 .000 .989 .158 140 263
8 M HTN yes RVD 17.7 185.1 .117 .860 .084 140 73 1009 101
9 F HTN yes RVD 9.3 131.6 .186 .900 .099 108 49 8445 107
10 F HTN yes RPD 11.2 148.0 .096 .954 .153 130 94 110 62
11 M HTN yes RVD 3.2 89.0 .234 1.621 .188 102 64 8517 55
12 F NM no NM 15.8 159.3 .239 1.241 .094 145 62 88 102
14 M HTN no RPD 11.8 141.3 .186 1.063 .138 130 69 757 81
15 F HTN no RPD 11.3 148.0 .191 1.142 .168 95 99 219 59
16 M HTN no RPD 18.1 163.8 .138 1.589 .124 132 97 395 67
17 M HTN yes RVD 3.3 90.0 .255 1.330 .203 105 54 3764 66
18 M HTN yes RPD 1.1 75.3 .266 1.172 109 110 52 680 57.92
19 M HTN no RPD 16.7 175.6 .378 2.051 .336 160 167 154 42
22 M HTN yes RPD 7.6 130.6 .239 1.157 .524 150 121 0 43
23 M HTN yes RPD 27.6 130.6 .000 1.152 391 125 110 0 47
24 F HTN yes RPD 12.2 147.7 .207 1.246 .119 123 60 197 98
27 M HTN yes RPD 4.1 99.2 .181 1.275 .109 110 39 1009 101
28 M HTN yes RPD 3.4 96.2 .186 1.384 .203 115 51 1250 75
29 F HTN yes RVD 12.4 142.4 .287 1.251 .104 130 78 417 73
30 M HTN yes RPD 7.7 130.6 .191 1.285 .351 90 86 44 60
32 F HTN yes RPD 1.0 75.3 .410 2.561 .124 150 28 4777 107
35 M HTN yes RVD 3.8 99.0 .154 1.078 .094 97 42 2799 94
36 M HTN yes RVD 5.7 109.0 .186 1.211 .119 90 55 14720 79
40 F HTN yes RPD 8.1 122.0 .346 2.096 .900 110 682 0 7
41 F NM no NM 12.1 162.0 .271 1.186 .144 110 63 483 102
47 F NM no NM 25.7 169.1 .138 .845 .084 110 263
49 M HTN yes RVD 3.5 90.0 .122 1.132 .168 110 57 6996 63
50 F HTN yes ■ RPD 12.6 141.4 .176 1.003 .089 130 94 2873 60
54 F HTN yes RVD 6.3 109.6 .197 1.053 .133 90 53 285 82
55 F HTN yes RPD 12.1 148.8 .197 1.137 .104 140 55 44 108
56 M HTN yes RPD 4.1 99.2 .191 1.092 .124 95 52 132 76
60 M HTN yes RPD 16,9 176.2 .000 1.547 .336 145 124 417 56
64 M HTN yes RPD 14.9 175.2 .277 1.577 .336 120 230 2961 30
65 M HTN yes RVD 4.9 96.4 .223 1.404 .168 130 38 2610 101
66 F HTN yes RPD 8.2 120.0 .319 2.170 .712 110 485 724 9
101 M NM no NM 8.1 132.7 .154 1.167 .104 96 51 833 104
103 F NM no NM 1.1 73.1 .154 1.295 .119 91 30 548 97
104 M NM no NM 3.2 96.1 .149 1.330 .089 98 35 855 109
105 M NM no NM 8.3 127.5 .191 1.112 .099 89 42 1031 121
106 F NM no NM 11.2 147.4 .207 .786 .079 98 47 636 125

RVD Reno-vascular disease
RPD Renal parenchymal disease
NM Normal and normotensive

jertensive
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Appendix 15 132 concomitant systolic blood pressure measurements obtained 

among 44 subjects using mercury-doppler and mercury-auscultation techniques o f  

BP measurement.

SBP SBP Age SBP SBP Age
Doppler Auscuh. Doppler Auscult.

100.00 90.00 25.00 105.00 100.00 10.00
98.00 100.00 25.00 100.00 100.00 10.00

110.00 105.00 25.00 60.00 55.00 5.00
105.00 112.00 18.00 60.00 50.00 5.00
105.00 102.00 18.00 65.00 55.00 5.00
106.00 110.00 18.00 70.00 70.00 6.00
106.00 100.00 20.00 75.00 70.00 6.00
104.00 106.00 20.00 75.00 70.00 6.00
106.00 110.00 20.00 90.00 90.00 7.00
108.00 116.00 15.00 90.00 85.00 7.00
112.00 110.00 15.00 95.00 85.00 7.00
110.00 104.00 15.00 100.00 90.00 9.00
145.00 140.00 16.00 100.00 90.00 9.00
150.00 142.00 16,00 100.00 85.00 9.00
148.00 144.00 16.00 100.00 90.00 10.00
112.00 126.00 23.00 100,00 90.00 10.00
118.00 122.00 23.00 100,00 90.00 10.00
116.00 122.00 23.00 100.00 90.00 6.00
114.00 108.00 28.00 100.00 95,00 6.00
106.00 90.00 28.00 90.00 90.00 6.00
98.00 94,00 28.00 95.00 85.00 8.00

110.00 102.00 14.00 100.00 90.00 8.00
102.00 104.00 14.00 100.00 90,00 8.00
106.00 104.00 14.00 90.00 90,00 9.00
108.00 102,00 13,00 95.00 90.00 9.00
106.00 98,00 13,00 90.00 90.00 9.00
108.00 98,00 13,00 80.00 70,00 6.00
112.00 110.00 15.00 80.00 70.00 6.00
108.00 108.00 15.00 80.00 70.00 6.00
106.00 100.00 15,00 85.00 70.00 8.00
122.00 122.00 24,00 85.00 75.00 8.00
114.00 124.00 24.00 80.00 80.00 8.00
118.00 118,00 24.00 105,00 95.00 9.00
120.00 124.00 30.00 110,00 95.00 9.00
118.00 120.00 30.00 110.00 100.00 9.00
118.00 124.00 30.00 100.00 90.00 8.00
178.00 180.00 28.00 100.00 95.00 8.00
174.00 178.00 28.00 100.00 90.00 8.00
168.00 176.00 28.00 95.00 90.00 9.00
134.00 125.00 24.00 100.00 90.00 9.00
136.00 120.00 24.00 95.00 85.00 9.00
140.00 128.00 24.00 90.00 85.00 7.00
100.00 100.00 16.00 90.00 85.00 7.00
108.00 98.00 16.00 90.00 90.00 7.00
108.00 98.00 16.00 90.00 85.00 8.00
120.00 114.00 24.00 90.00 90.00 8.00
122.00 122.00 24.00 95.00 90.00 8.00
122.00 120.00 24.00 90.00 80,00 5.00
100.00 104.00 8.00 90.00 85,00 5.00
98.00 99.00 8.00 85.00 80.00 5.00

100.00 101.00 8.00 60.00 50.00 2.00
88.00 82.00 6.00 65.00 55.00 2.00
90.00 91.00 6.00 60,00 50.00 2.00
90.00 90.00 6.00

110.00 105.00 9.00
108.00 100.00 9.00
110.00 110.00 9.00
100.00 99.00 11.00
98.00 100.00 11.00

100.00 100.00 11.00
110.00 110.00 13.00
110.00 110.00 13,00
110.00 110.00 13,00
90.00 85.00 6.00
92.00 90.00 6.00
90.00 90.00 6.00
95.00 90.00 8.00
90.00 90.00 8.00
95.00 95.00 8,00
90.00 85,00 7,00
90.00 90.00 7.00
90.00 85.00 7.00
70.00 70.00 6.00
75.00 65.00 6,00
75.00 70,00 6,00
90.00 85.00 9,00
90,00 80.00 9,00
95.00 85.00 9.00

100.00 100.00 10.00
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Appendix 16 468 concomitant blood pressure measurements by doppler-mercury 

and mercury-auscultation techniques (CMN ~ consecutive measurement number)

CMN Date SBP Dynapulse Pulse / min SBP Doppler Age yrs
1 18.01.96 128 84 124 15.24
1 18.01.96 114 65 100 14.41
1 18.01.96 108 63 100 10.20

18.01.96 116 63 100 10.20
1 18.01.96 115 65 110 10.20
1 18.01.96 114 65 108 10.20
1 18.01.96 103 64 104 13.55
1 18.01.96 132 68 110 10.20
1 22.01.96 145 119 144 10.14
1 22.01.96 146 126 150 10.14
1 22.01.96 146 120 145 10.14
1 22.01.96 136 123 139 10.14
1 22.01.96 152 127 160 10.14
1 22.01.96 157 129 150 10.14
1 22.01.96 151 136 135 10.14
1 22.01.96 151 114 145 10.14
1 22.01.96 140 127 138 10.14
1 22.01.96 123 119 125 10.14
1 22.01.96 118 115 136 10.14
1 22.01.96 124 110 138 10.14
1 22.01.96 140 109 130 10.14
1 22.01.96 154 116 135 10.14
1 22.01.96 142 121 148 10.14
1 22.01.96 152 129 138 10.14
1 22.01.96 128 114 10.14
1 22.01.96 127 114 132 10.14
1 22.01.96 136 114 128 10.14
1 22.01.96 144 106 136 10.14
1 22.01.96 127 117 120 10.14
1 22.01.96 136 124 135 10.14
1 22.01.96 132 107 122 10.14
1 23.01.96 121 113 118 10.14

23.01.96 130 112 134 10.14
1 23.01.96 140 111 138 10.14
1 23.01.96 150 109 10.14

23.01.96 128 113 128 10.14
1 23.01.96 134 117 134 10.14
1 24.01.96 145 113 120 10.15
1 24.01.96 115 107 116 10.15
1 24.01.96 135 103 128 10.15
1 24.01.96 141 101 124 10.15
1 24.01.96 124 107 120 10.15
1 24.01.96 124 107 124 10.15
1 24.01.96 122 110 138 10.15
1 24.01.96 114 109 110 10.15
1 24.01.96 90 126 85 10.15
1 24.01.96 86 112 80 10.15
1 24.01.96 76 100 78 10.15
1 24.01.96 87 133 85 10.15
1 24.01.96 87 133 90 10.15
1 24.01.96 104 126 95 10.15
1 24.01.96 114 118 106 10.15
1 24.01.96 122 80 125 10.15
1 24.01.96 151 108 145 12.82
1 24.01.96 124 127 100 10.15
1 24.01.96 115 125 110 10.15
1 25.01.96 98 115 98 10.15
1 25.01.96 104 111 100 10.15
1 25.01.96 144 92 130 12.82
1 29.01.96 144 115 128 12.83
1 29.01.96 141 110 135 12.83
1 29.01.96 152 96 135 12.83
1 29.01.96 108 136 100 4.46
1 29.01.96 151 120 140 12.83
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N Date SBP D^apulse Puise / min
............

SBP Doppler __
1 " 3076*1.96 .. ...................... 132 .................... 130 ' 12.84
1 30.01.96 141 83 125 12.84
1 30.01.96 134 100 115 12.84
1 30.01.96 122 79 115 12.84
1 30.01.96 134 77 130 12.84
1 30.01.96 142 74 125 12.84
1 30.01.96 141 85 120 12.84
1 30.01.96 130 75 120 12.84
1 30.01.96 140 79 140 12.84
1 30.01.96 142 65 110 12.84
1 30.01.96 115 86 105 12.84
1 03.02.96 130 126 122 3.89
2 03.02.96 134 127 122 3.89
3 03.02.96 139 129 122 3.89
1 03.02.96 127 137 110 3.89
2 03.02.96 103 137 110 3.89
1 03.02.96 126 130 110 3.89
2 03.02.96 129 125 115 3.89
1 03.02.96 117 125 105 3.89
2 03.02.96 123 119 105 3.89
3 03.02.96 116 127 110 3.89
1 03.02.96 132 119 120 3.89
2 03.02.96 126 114 112 3.89
3 03.02.96 129 121 110 3.89
1 03.02.96 132 111 128 3.89
2 03.02.96 135 114 124 3.89
1 03.02.96 128 116 115 3.89
2 03.02.96 126 113 110 3.89
3 03.02.96 140 116 118 3.89
1 03.02.96 139 122 90 3.89
1 03.02.96 130 125 80 3.89
2 03.02.96 121 119 80 3.89
1 04.02.96 126 1)8 100 3.89
1 04.02.96 124 131 120 3.89
1 04.02.96 132 127 110 3.89
1 04.02.96 122 136 112 3.89
1 04.02.96 118 136 80 3.89
2 04.02.96 123 137 80 3.89
3 04.02.96 128 138 80 3.89
1 04.02.96 121 133 115 3.89
1 04.02.96 130 132 110 3.89
1 04.02.96 130 112 110 3.89
1 04.02.96 142 130 115 3.89
1 04.02.96 138 111 120 3.89
1 04.02.96 135 101 120 3.89
2 04.02.96 133 105 120 3.89
1 04.02.96 136 111 110 3.89
1 05.02.96 141 114 110 3.90
1 05.02.96 144 114 104 3.90
1 05.02.96 135 107 118 3.90
2 05.02.96 132 111 118 3.90
1 06.02.96 129 85 110 3.90
1 06.02.96 150 82 115 3.90
1 06.02.96 141 92 112 3.90
1 06.02.96 139 74 108 3.90
1 06.02.96 135 82 110 3.90
2 06.02.96 130 83 110 3.90
1 06.02.96 135 91 128 3.90
1 06.02.96 144 85 138 3.90
2 06.02.96 135 84 140 3.90
1 07.02.96 148 75 138 3.90
1 07.02.96 150 83 95 3.90
1 08.02.96 110 96 100 3.90
1 08.02.96 105 94 105 3.90
2 08.02.96 110 97 90 3.90
1 08.02.96 112 112 95 3.90
1 08.02.96 123 86 105 3.90
1 09.02.96 104 62 106 22.00
2 09.02.96 105 64 108 22.00
3 09.02.96 121 62 22.00
1 09.02.96 117 83 96 22.00
2 09.02.96 108 88 106 22.00
1 09.02.96 98 65 98 22.00
2 09.02.96 96 68 98 22.00
3 09.02.96 98 64 100 22.00
1 09.02.96 144 102 128 22.00



173

CMN Date SBP Dynapulse Pulse / min SBP Doppler
2"" " 0 9 .0 Ï 9 6 ”” 141 105 '22.60
3 09.02.96 126 95 124 22.00
1 09.02.96 127 94 128 22.00
2 09.02.96 112 93 118 22.00
3 09.02.96 114 98 118 22.00
1 09.02.96 142 76 140 10.19
1 09.02.96 120 103 82 5.93
1 10.02.96 111 88 70 5.94
1 15.02.96 104 100 95 6.71
1 15.02.96 109 102 95 6.71
1 15.02.96 152 66 120 3.92
1 16.02.96 141 57 110 3.93
2 16.02.96 146 74 125 3.93
1 16.02.96 147 68 130 3.93
1 20.02.96 129 90 120 3.94
1 20.02.96 121 72 100 3.94
2 20.02.96 117 66 112 3.94
1 20.02.96 114 64 80 3.94
1 20.02.96 112 102 83 1.03
1 20.02.96 122 64 93 12.88
1 20.02.96 105 73 92 3.94
1 21.02.96 118 74 114 27.00
2 21.02.96 115 71 112 27.00
3 21.02.96 122 71 114 27.00
1 21.02.96 128 69 124 27.00
2 21.02.96 132 71 122 27.00
3 21.02.96 141 70 120 27.00
1 21.02.96 124 86 110 27.00
2 21.02.96 118 82 108 27.00
3 21.02.96 111 88 114 27.00
1 21.02.96 111 64 104 27.00
2 21.02.96 109 62 104 27.00
3 21.02.96 108 64 106 27.00
1 21.02.96 124 98 no 27.00
2 21.02.96 118 103 114 27.00
3 21.02.96 132 96 110 27.00
1 21.02.96 123 77 118 27.00
2 21.02.96 124 71 114 27.00
3 21.02.96 109 68 110 27.00
1 21.02.96 112 71 108 27.00
2 21.02.96 128 78 108 27.00
3 21.02.96 108 68 108 27.00
1 22.02.96 116 96 110 5.97
2 22.02.96 123 93 105 13.21
1 22.02.96 91 94 85 6.73
1 23.02.96 121 88 122 13.21
1 23.02.96 116 101 110 13.21
1 23.02.96 133 90 118 13.21
1 28.02.96 141 135 130 10.79
1 28.02.96 142 135 140 10.79
1 28.02.96 133 81 128 5.07
1 29.02.96 136 131 85 18.00
1 29.02.96 129 176 70 18.00
1 29.02.96 128 140 90 18.00
1 01.03.96 112 60 105 18.00
2 01.03.96 102 62 100 18.00
3 01.03.96 118 68 108 18.00
1 01.03.96 132 70 115 11.92
2 01.03.96 110 68 121 11.92
3 01.03.96 135 61 115 11.92
1 01.03.96 120 124 120
2 01.03.96 120 120
1 01.03.96 114 97 105 6.93
2 01.03.96 116 112 105 6.93
3 01.03.96 109 127 108 6.93
1 01.03.96 133 106 110 6.93
2 01.03.96 134 103 109 6.93
3 01.03.96 126 98 110 6.93
1 02.03.96 147 89 140 6.94
2 02.03.96 126 86 6.94
3 02.03.96 148 91 120 6.94
1 02.03.96 144 84 6.94
2 02.03.96 151 85 110 6.94
1 03.03.96 128 75 124 10.80
2 03.03.96 124 76 122 10.80
3 03.03.96 121 82 120 10.80
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CMNN Date SBP Dynapulse Pulse / min SBP Doppler A gejT S
1 08.03.96 124 80 120 13.25
2 08.03.96 121 81 115 13.25
1 08.03.96 122 119 108 9.82
2 08.03.96 124 124 106 9.82
3 08.03.96 108 126 109 9.82
1 08.03.96 139 71
1 09.03.96 102 74 90 10.96
1 09.03.96 98 87 90 10.96
1 09.03.96 156 112 92 10.96
1 09.03.96 151 92 144 2.15
1 10.03.96 128 102 95 2.15
1 10.03.96 129 110 90 2.15
1 10.03.96 142 92 105
1 10.03.96 138 108 92 4.80
2 10.03.96 145 102 98 4.80
1 10.03.96 132 104 100 4.80
2 10.03.96 130 102 93 4.80
1 10.03.96 118 149 98
2 10.03.96 110 150 95
1 11.03.96 104 77 92 13.26
1 11.03.96 138 119 120 10.82
1 11.03.96 139 105 130 10.82
1 11.03.96 109 77 90 13.26
1 11.03.96 114 84 85 13.26
1 11.03.96 150 107 135 10.82
1 11.03.96 136 100 108 5.82
1 11.03.96 132 96 140 4.51
1 12.03.96 127 102 110 6.97
2 12.03.96 115 99 112 6.97
3 12.03.96 117 119 112 6.97
1 12.03.96 129 84 125 13.26
1 12.03.96 152 81 160 10.82
1 12.03.96 129 105 124 4.58
1 12.03.96 136 94 130 6.97
2 12.03.96 123 108 130 6.97
1 12.03.96 126 83 120 6.97
2 12.03.96 136 81 130 6.97
1 12.03.96 114 74 125 3.79
2 12.03.96 120 83 123 3.79
3 12.03.96 124 94 128 3.79
1 13.03.96 210 139 175 4.52
1 14.03.96 99 116 110 4.52
1 14.03.96 127 123 125 4.52
1 14.03.96 141 108 138 4.52
1 14.03.96 86 119 95 4.52
1 14.03.96 135 118 130 4.52
1 14.03.96 142 136 140 4.52
2 14.03.96 127 138 130 4.52
1 14.03.96 148 134 120 4.52
2 14.03.96 136 117 118 4.52
1 14.03.96 138 130 128 4.52
1 14.03.96 133 138 118 4.52
1 14.03.96 129 148 142 4.52
1 14.03.96 147 138 145 4.52
1 14.03.96 136 141 120 4.52
1 22.03.96 121 96 135 4.54
1 22.03.96 106 110 80 5.97
1 22.03.96 86 98 100 5.97
1 24.03.96 140 104 130 10.86
1 24.03.96 126 131 118 13.30
1 24.03.96 157 110 130 10.86
2 24.03.96 136 100 135 10.86
1 26.03.96 87 83 94 4.83
1 26.03.96 90 88 90 4.83
1 26.03.96 99 111 78 1.52
1 26.03.96 88 100 80
2 26.03.96 93 88 82
1 26.03.96 142 64 126 16.19
2 26.03.96 139 60 16.19
1 26.03.96 117 117 95 5.86
2 26.03.96 108 122 90 5.86
3 26.03.96 120 111 95 5.86
1 26.03.96 117 74 110
2 26.03.96 126 72 105
3 26.03.96 108 73 100
1 26.03.96 114 69 105 9.13
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CMN Date SBP Dynapulse Pulse / min SBP Doppler Ageyrs
2 26.03.96 109 71 104 9.13
3 26.03.96 104 70 105 9.13
1 26.03.96 124 65 106 9.13
2 26.03.96 115 67 102 9.13
3 26.03.96 108 66 102 9.13
1 27.03.96 122 72 110 9.13
1 27.03.96 126 79 108 9.13
2 27.03.96 126 70 114 9.13
3 27.03.96 130 66 108 9.13
1 27.03.96 122 120 140 10.86
1 27.03.96 126 116 135 10.86
2 27.03.96 142 127 140 10.86
1 01.04.96 152 81 135 13.61
2 01.04.96 148 80 130 13.61
3 01.04.96 154 85 130 13.61
1 01.04.96 140 90 110 13.40
1 01.04.96 126 95 100 13.40
1 01.04.96 111 93 98 13.32
2 01.04.96 112 94 98 3.57
3 01.04.96 115 94 100 3.57
1 04.04.96 140 82 105 13.01
2 04.04.96 134 85 110 13.01
3 04.04.96 134 83 110 13.01
1 04.04.96 140 102 115 13.01
1 04.04.96 130 99 108 13.01
2 04.04.96 142 84 108 13.01
3 04.04.96 123 81 112 13.01
1 04.04.96 124 87 110 13.01
1 04.04.96 136 95 130 13.01
1 04.04.96 134 99 105 13.01
2 04.04.96 126 96 100 13.01
3 04.04.96 128 101 105 13.01
1 04.04.96 141 72 no 13.01
2 04.04.96 141 82 108 13.01
3 04.04.96 124 73 110 13.01
1 04.04.96 139 90 115 13.01
2 04.04.96 138 98 13.01
3 04.04.96 138 97 110 13.01
1 05.04.96 126 85 128 13.01
1 05.04.96 124 103 120 13.01
1 05.04.96 118 96 120 13.01
1 05.04.96 144 98 126 13.01
1 05.04.96 128 122 13.01
1 05.04.96 132 95 135 13.01
1 05.04.96 139 105 13.01
1 05.04.96 114 95 139 13.01
1 05.04.96 132 106 114 13.01
1 05.04.96 134 89 134 4.45
1 05.04.96 156 91 135 13.01
2 05.04.96 133 87 134 13.01
1 05.04.96 112 83 110 13.01
2 05.04.96 106 76 108 13.01
3 05.04.96 114 79 110 13.01
1 05.04.96 130 142 130 4.64
2 05.04.96 128 82 125 4.64
3 05.04.96 122 139 120 4.64
1 05.04.96 120 148 120 4.64
2 05.04.96 122 138 120 4.64
1 05.04.96 127 116 105 13.01
1 06.04.96 128 116 110 13.02
2 06.04.96 114 119 108 13.02
3 06.04.96 127 108 114 13.02
1 06.04.96 132 103 120 13.02
1 06.04.96 138 114 122 13.02
1 06.04.96 118 93 130 13.02
1 06.04.96 141 106 13.02
1 06.04.96 129 86 115 13.02
1 06.04.96 123 84 120 13.02
1 06.04.96 128 93 130 13.02
1 06.04.96 108 74 100 13.02
2 06.04.96 106 80 104 13.02
3 06.04.96 110 70 98 13.02
1 06.04.96 108 81 102 13.02
2 06.04.96 104 82 100 13.02
3 06.04.96 103 77 105 13.02
1 07.04.96 112 89 108 13.02
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CMN Date SBP Dynapulse Pulse / min SBP Doppler „Ageyrs
2 oT o4.'96 112 91 100 13.02
3 07.04.96 122 84 110 13.02
1 07.04.96 114 98 98 13.02
1 07.04.96 121 105 128 13.02
1 07.04.96 122 163 90 2.14
2 07.04.96 112 164 85 2.14
3 07.04.96 122 144 85 2.14
1 07.04.96 127 82 70 11.04
2 07.04.96 127 84 100 11.04
3 07.04.96 118 103 80 11.04
1 07.04.96 104 101 104 13.02
2 07.04.96 120 100 98 13.02
1 07.04.96 102 98 100 13.02
2 07.04.96 94 100 98 13.02
3 07.04.96 97 98 105 13.02
1 08.04.96 116 157 80 2.14
2 08.04.96 116 155 80 2.14
3 08.04.96 136 108 85 2.14
1 08.04.96 110 106 120 13.02
2 08.04.96 120 115 110 13.02
3 08.04.96 116 120 108 13.02
1 08.04.96 123 57 13.02
1 08.04.96 126 107 100 13.02
2 08.04.96 126 104 110 13.02
1 08.04.96 124 104 118 13.02
1 08.04.96 139 90 120 13.02
2 08.04.96 136 109 118 13.02
3 08.04.96 136 97 13.02
1 08.04.96 118 103 118 6.47
1 08.04.96 134 91 70
2 08.04.96 112 92 70
1 08.04.96 120 146 90 2.14
2 08.04.96 104 112 90 2.14
3 08.04.96 121 132 90 2.14
1 08.04.96 138 102 100 4.45
2 08.04.96 122 100 90 4.45
3 08.04.96 124 103 90 4.45
1 08.04.96 98 67 86 15.76
2 08.04.96 90 70 85 15.76
3 08.04.96 98 69 85 15.76
1 17.04.96 145 99 118 7.06
2 17.04.96 158 99 120 7.06
3 17.04.96 157 97 116 7.06
1 17.04.96 141 96 110 7.06
2 17.04.96 128 95 118 7.06
3 17.04.96 146 107 118 7.06
1 18.04.96 139 99 118 7.07
2 18.04.96 120 105 120 7.07
3 18.04.96 129 101 120 7.07
1 18.04.96 148 94 100 7.07
2 18.04.96 127 93 100 7.07
3 18.04.96 138 99 110 7.07
1 18.04.96 115 94 100 7.07
2 18.04.96 118 100 100 7.07
3 18.04.96 141 100 105 7.07
1 18.04.96 108 97 90 7.07
1 18.04.96 111 98 95 7.07
2 18.04.96 105 94 95 7.07
3 18.04.96 112 89 90 7.07
1 18.04.96 121 92 95 7.07
2 18.04.96 134 93 105 7.07
3 18.04.96 126 90 105 7.07
1 18.04.96 127 95 110 7.07
2 18.04.96 139 100 105 7.07
3 18.04.96 133 103 105 7.07
1 18.04.96 153 105 153 7.07
1 18.04.96 150 74 150 7.07
1 18.04.96 153 109 110 7.07
2 18.04.96 145 107 120 7.07
3 18.04.96 148 112 130 7.07
1 18.04.96 157 96 130 7.07
2 18.04.96 156 96 135 7.07
3 18.04.96 138 96 130 7.07
1 19.04.96 156 109 110 7.07
2 19.04.96 158 116 110 7.07
3 19.04.96 159 118 110 7,07
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CMNN Date SBP Dynapulse Pulse / min SBP Doppler Age jTS
1 25.04.96 115 128 95 1.69
2 25.04.96 115 128 100 1.69
3 25.04.96 116 131 95 1.69
1 25.04.96 120 119 95 1.69
2 25.04.96 115 130 95 1.69
3 25.04.96 111 126 100 1.69
1 25.04.96 121 144 105 1.69
2 25.04.96 122 140 110 1.69
3 25.04.96 121 138 110 1.69
1 25.04.96 116 148 100 1.69
2 25.04.96 112 116 105 1.69
3 25.04.96 117 150 110 1.69
1 26.04.96 123 99 125 10.95
2 26.04.96 123 99 120 10.95
3 26.04.96 128 101 125 10.95
1 27.04.96 147 101 110 3.64
2 27.04.96 120 104 110 3.64
3 27.04.96 120 103 110 3.64
1 27.04.96 124 105 120 3.64
1 27.04.96 134 110 130 3.64
2 27.04.96 116 106 125 3.64
3 27.04.96 127 105 125 3.64
1 28.04.96 122 83 110 13.47
2 28.04.96 124 91 110 13.47
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Appendix 17 95 systolic blood pressure recordings by Dynapulse alone fo r  the

assessment o f repeatability without Tpiece (CMN ~ Consecutive measurement 

number)

CMN SBP Pulse CMN SBP Pulse
Dynapulse rate Dynapulse rate

J 121 76 ~ 130 66
2 130 94 1 139 78
3 127 73 2 142 75
1 123 88 3 129 74
2 118 92 1 150 80
3 120 92 2 148 87
1 146 85 1 140 94
2 134 81 2 130 84
3 135 85 3 139 84
1 138 73 1 138 88
2 130 71 2 128 75
3 126 77 3 117 89
1 129 82 1 117 82
2 127 96 2 118 79
3 134 88 3 122 88
1 124 77 1 115 82
2 130 65 2 115 69
3 117 69 3 115 80
1 122 64 1 134 105
2 116 66 2 122 87
3 112 68 3 108 93
1 124 84 4 126 108
2 122 81 1 120 80
3 120 89 2 111 72
1 122 67 1 127 61
2 121 70 2 129 65
3 127 72 3 130 66
1 136 93 1 126 90
2 123 103 2 134 87
3 117 101 1 121 70
1 142 82 2 122 64
2 139 80 3 98 69
3 145 93 1 120 73
1 135 71 2 126 70
2 112 71 3 116 75
3 116 71
4 124 69
1 112 66
2 121 63
3 118 65
4 141 63
1 121 92
2 130 93
3 120 90
1 123 80
2 112 81
1 116 54
2 105 54
3 122 54
1 134 77
2 147 76
3 123 68
1 130 79
2 127 79
3 130 77
1 123 86
2 109 89
3 108 85
1 124 71
2 132 64
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THE END

“Hardships keeps one always alert and trim. It reveals hidden resources o f skill and 

intelligence; it toughens fortitude and deepens the roots of Faith”

-Bhagawan Sri Sathya Sai Baba-
Guru Poumima Day IS* July 1967
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Nitric oxide synthase inhibitors and hypertension in children 
and adolescents
Chulananda D A  Goonasekera, Daryl D. Rees*, Patrick Woolard^ 
Anthony Frend\ Vanita Shah and Michael J. Dillon

Objective To establish the role played by the circulating 
nitric oxide synthase inhibitors A/°-monomethyl-L-arginine 
(L'NMMA), asymmetrical dimethyl arginine (ADMA) and 
symmetric dimethyl arginine (SOMA) and its association 
with hypertension of children and adolescents.

Design We measured plasma concentrations of l-NMMA, 
ADMA and SOMA in 38 hypertensives (median age
7.7 years) and in nine healthy normotensive controls 
(median age 8.2 years) using high-performance liquid 
chromatography. In addition, their plasma renin activity 
was determined. The subjects' glomerular filtration rates 
were calculated from plasma creatinine and height 
measurements. To determine the vasoactive potency of 
the arginine analogues, concentration-response curves 
were plotted for the responses in isolated endothelium- 
intact and endothelium-denuded mouse aortic rings that 
had been pre-contracted by administration of a threshold 
concentration of phenylephrine.

Results Plasma ADMA and SDMA concentrations in 
members of the hypertensive group [0.23 ± 0.03 and 
1.37 ±  0.06 fimol/l, respectively (means ± SEM)] were 
significantly higher than those in members of the control 
group (ADMA 0.10 ±  0.01 p.mol/1 and SDMA 1.18 ±  0.06 
fimol/l). Plasma concentrations of l-NMMA were similar 
In members of the hypertensive (0.21 ±  0.01 p.mol/1) and 
control (0.18 ± 0.02 |tmol/l) groups. The glomerular 
filtration rate of the hypertensive group was below 
normal [70.4 ±  5.4 mi/min per 1.73 m' (mean ±  SEM)] 
and was significantly associated with elevated plasma 
concentrations of ADMA (r=-0.77, P <  0.001), SDMA 
(r =  -0.38, P=0.02) and l-NMMA (r =  0.35, P=0.03). 
Higher plasma ADMA concentrations were associated

with a lower plasma renin activity (r=-0.36, P=0.04). 
The vasoactive potencies of ADMA (concentration for 
half-maximal effect with the endothelium intact 
25.4 ±  7.1 |tmol/l) and l-NMMA (concentration for half- 
maximal effect with the endottielium intact 8.2 ±  2.9 
|jimol/l) was significantly (P<0.05) greater than that of 
SDMA. Both ADMA and l-NMMA (at 3 fimol/1 
concentrations) Initiated a significant vasocontractile 
response from baseline (P=0.03 and P <  0.001, 
respectively). These effects were absent after the 
endothelium had been removed. SDMA had no effect

Conclusions Plasma ADMA and SDMA levels are 
increased in hypertensive children. By Inference from 
in-vitro data, ADMA appears to attain sufficient 
concentrations to produce a significant change in 
vascular tone and hence might play a role in the 
pathophysiology of childhood hypertension.
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Introduction
A raised blood pressure is a consequence of a homeostatic 
imbalance between the peripheral resistance and the 
cardiac output. T he peripheral resistance is dependent 
mainly on the peripheral arteriolar tone, which is deter
mined by various vasoconstrictor and vasodilator influ
ences. T here is growing evidence that the major mediator 
of vasodilatation is nitric oxide, which is generated contin
uously by the vascular endothelial nitric oxide synthase 
(ENOS) from the amino acid L-arginine [1-4]. This basal 
calcium-dependent ENOS activity has been reported to

be diminished in various forms of hypertension in many 
species, including humans [5-8]. This might be due to a 
genetic defect or acquired inhibition [9] of the enzyme 
or reduced availability of the substrate [10]. Alternatively, 
the diminished nitric oxide ‘activity’ could be due to 
various defects in its synthesis, breakdown or its receptor, 
the soluble guanylate cyclase.

The substrate L-arginine is transported into the cell by 
the y* basic amino acid transporter, which is a carrier 
sensitive to inhibition by various arginine analogues.
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Experim ental inhibition of EN OS by arginine analogues 
increases the  peripheral arteriolar resistance [7,11] and 
induces hypertension [8,12,13]. Raised plasma concentra
tions of m ethylated  arginine analogues have been 
reported in pregnancy-induced hypertension [14-16] and 
chronic renal failure [17]. T here  have, however, been no 
reported stud ies o f N O  activity or its inhibitors in child
hood hypertension. T h e  prevalence of childhood hyper
tension is 1-3%  [18,19], and it is associated with 
significant m orbidity  and mortality, just like for adults. 
In contrast, it is frequently secondary, commonly due to 
underlying renal parenchyma] disease or renovascular 
disease [18-20] and often curab]e on elimination of the 
cause, suggesting that its pathogenic mechanisms are 
reversible. M ethylated  arginine analogues may be in
volved in reversible inhibition of ENOS in children with 
hypertension.

Nitric oxide has been reported [21-25] to regulate the 
release of renin  by the juxtaglomerular cells of the kidney 
and the d irect inhibition of glomerular nitric oxide 
synthase (N O S) is known to reduce the release of renin 
[26]. Renin generated  by the juxtaglomerular cells plays 
a very im portant role in childhood hypertension [27] and, 
therefore, endogenous NOS inhibitors such as m ethylated 
arginines may influence the blood pressure not only by 
influencing the activity of EN O S but also through alter
ations of the renin-angiotensin system. T his might be 
particularly relevant in children, for whom the blood 
pressure-ren in  link is stronger than that for adults [28].

T h e  initial goal o f this work was to investigate the plasma 
concentrations o f the endogenous NOS inhibitors N^- 
m onom ethyl-L-arginine (l-N M M A ), A^^,#^-dim ethyl 
arginine [asymm etrical dim ethyl arginine (ADMA)] and 
symm etrical dim ethyl arginine (SDMA) in childhood 
hypertension and their associations with the renal func
tion, trea tm en t o f hypertension and plasma renin activity. 
W hen it becam e apparent that these levels of m ethylated 
arginine analogues were raised in some subjects, we also 
plotted concentration-response curves for each of these 
arginine analogues in vitro.

Methods
Subjects
T h e  study protocol was approved by the Great Ormond 
S treet H ospital for Children National Health Service 
T ru s t and In s titu te  o f Child H ealth Research & Ethics 
C om m ittee. T h e ir  inform ed consent to participate in the 
study was ob ta ined  from all o f the subjects.

All children w ith  hypertension who attended Great 
Orm ond S treet H ospital for Children, a tertiary paediatric 
referral centre, w ere eligible for this study. T h e  hyper
tensives w ere assessed using the diagnostic criteria and 
investigative procedures undertaken routinely in the 
hospital including several measurem ents of blood pressure

with the subject at rest by using a mercury sphygmo
m anom eter (interpreted against 1987 Task Force data 
[29]), assessm ent of target-organ damage (by echocardio
graphy, ophthalmoscopy, renal imaging and urinary 
albumin excretion m easurem ents) and investigations to 
elucidate the aetiology of the disease. T h e  adequacy of 
blood pressure control was assessed using the blood 
pressure level at rest and the requirem ents of antihyper
tensive therapy. T h e  hypertensive subjects were catego
rized arbitrarily as uncontrolled (before any treatment), 
poorly controlled (being adm inistered pharmacological 
treatm ent but still hypertensive) and well controlled 
(being adm inistered treatm ent and normotensive).

Control blood samples were obtained from children who 
attended Frim ley Park Hospital, Surrey and Basildon 
District General Hospital, Essex for minor complaints 
such as behavioural disorders, short stature and previous 
urinary tract infection or were attending surgical clinics 
for minor surgical procedures such as grommet insertion 
and hernia repair. N one had an active disease at the tim e 
of sampling and none was found to have any systemic 
disorder on subsequent investigation. They were 
normotensive for their age (compared with Task Force 
data [29]) when included in this study.

Patients’ blood pressures, heights and weights were 
measured on the day of investigation. Blood samples were 
obtained in the m orning by extraction into heparinized 
tubes on ice and plasma was separated within 4 h of collec
tion and frozen at -70®C until analysis. Plasma concen
trations of the m ethylated arginine analogues L-NMMA, 
ADMA and SDM A were measured using the novel 
method described below.

Methyl arginine assay
T h e  m ethyl arginine analogues in the plasma were 
assayed by high performance liquid chromatography-mass 
spectrom etry-m ass spectrom etry (H PLC -M S-M S) after 
derivatization o f the com pounds with a quaternary ammo
nium derivatization reagent, triethylammonium hexyl 
A^-hydroxysuccinimidyl ester [30]. T his reagent deriva- 
tizes primary and secondary amine groups to produce 
stable and fully ionized derivatives suitable for ionspray 
mass-spectrometric detection.

Standards were prepared in the concentration range 0.2-5 
pg/m l by spiking the m ethyl arginine compounds into 
H PL C  water and extracting as per the plasma samples. 
Plasma (50 p.1) was aliquoted into an Eppendorf micro
centrifuge tube (Alpha Laboratories, Eastleigh, Hants, 
UK), spiked with an internal standard (a Glaxo-W ellcome 
methylarginine analogue; 10 p.1 of 50 |xg/ml; Glaxo- 
Wellcome, Beckenham, Kent, UK) and 75 p.1 acetonitrile 
was added to precipitate the soluble proteins. T h e  
samples were then stored on ice for 1 h prior to centrifu
gation. T h e  supernatant was transferred to an H PLC vial
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and 0.1 mol/1 H EPES buffer (pH  7.8) added. T h e  deriva
tization reagent (30 mg/mi in acetonitrile; 10 pi) was 
added and the samples were allowed to stand at room 
tem perature for 1 h. H PLC -grade water (100 p i) was then 
added, samples were vortexed and an aliquot was injected 
into the H PL C  system. Reversed-phase, ion-paired 
H PL C  was performed on the samples w ith a volatile ion- 
pair reagent in the mobile phase [the H P L C  conditions 
were: a Supelcosil C  18 ABZplus 150 mm x  3 mm col
um n (Supelco, Dorset, UK), 40% acetonitrile-w ater plus 
5 mmol/1 pentadecaHuorooctanoic acid m obile phase, 
0.5 ml/min flow rate (split 1 :4 ), tem perature 40®C and 
injection volume 50 pi]. Neum atically assisted ionspray 
mass spectrom etry was perform ed on the e luen t (the mass 
spectrometry conditions were: a Finnigan T S Q  700 instru
m ent (Therm oquest, H em el H em pstead, UK), ionspray 
technique, m ultiple reaction monitoring detection with 
ADMA m/z 400->369, SDM A m/z 400->355, L-NMMA 
m/z 386—>312 and internal standard m/z 381—>123).

A calibration curve was constructed by plotting the 
compound peak : internal standard peak area ratios of the 
standard samples against their concentrations and 
performing a linear regression through the  data points. 
T h e  unknown sample concentrations were obtained by 
interrogation of the calibration curve.

T h e  calibration curve was linear up to l.O pg/m l with a 
limit of detection of about 0.01 pg/ml. T h e  use of an 
M S-M S technique provided the probability of a high 
degree of selectivity for the com pounds assayed.

Renin assay
T h e  plasma renin activity (PRA) was m easured using a 
semi-micro-radioimmunoassay [31] and plasma creatinine 
using a standard enzymatic reaction (Ortho Clinical 
Diagnostics, Amersham, UK).

Glomerular filtration rates
T h e  subjects’ glomerular filtration rates (GFR) were 
calculated from plasma creatinine and height m easure
m ents and the following formula, that has been validated 
for children [32]:

G FR  (ml/min per 1.73m^) = [40 x height (cm)/plasma
creatinine (pmol/1]

Blood pressure
T h e  right brachial systolic blood pressure was measured 
with the subject at rest using a m ercury sphygmo
manometer. Blood pressures were standardized for age 
and sex by expressing them  as SD scores (SDS) by refer
ence to the 1987 Task Force data [29].

In-vitro experiments on mouse aortic rings
All experim ents were carried out using G D I mice, housed 
in a temperature-controlled room and fed standardized

chow and water. T h e  studies were in accordance with 
the UK Home Office regulation for the care and use 
o f animals [the Animals (Scientific Procedures) Act 
1986].

Mice (n « 4 -8) were anaesthetized briefly with halothane 
(2%) and then exsanguinated. T h e  thoracic aorta was 
removed, trimmed free o f adhering fat and connective 
tissue and cut into 2 mm rings. T h e  endothelium  was 
removed from some rings by gently rubbing the internal 
surface with a knotted silk thread. T h e  rings were 
m ounted under 0.3 g resting tension on stainless steel 
hooks in 25 ml organ baths filled with Krebs buffer 
(containing, in mmol/1: 118 NaCl, 4.8 KCl, 2.5 CaCl2, 
1.5 MgSO^, 24 N aH C O j and 11 glucose) and gassed with 
95% Oz-5% C O , at 37°C. T h e  tension was recorded with 
Grass F T 0 3  isometric transducers (Grass Instrum ent Co., 
Quincy, USA) on a four-channel m ulti-pen recorder 
(Rikadenki Kog\o Co. L td, Tokyo, Japan). T h e  tissues 
were allowed to equilibrate for 90 min, during which time 
the Krebs buffer was changed at 30 min intervals. 
Cumulative dose-response curves for the contraction in 
response to phenylephrine were obtained for each ring. 
After washout the tissues were allowed to equilibrate for 
a further 90 min, during which tim e the Krebs buffer was 
changed at 30 min intervals. A cum ulative dose-response 
curve for the contraction in response to each of the 
N O  synthase inhibitors ADMA (0.1-300 pmol), SDMA 
(0.1-300 pmol) and L-NMMA (0.1-300 p,mol) was ob
tained for each ring (with and without endothelium ) in 
the presence of a threshold concentration of 30-100 nmol/1 
phenylephrine. A reaction tim e of 30 min was allowed 
after administration of each concentration of ADMA, 
SDMA and L-NM M A A D M A  SDMA and l-N M M A  
were a kind gift from Glaxo-W ellcome Research 
Laboratories (London, UK). All of the materials used 
except halothane were obtained from Sigma Chemical Co 
(St Louis, Missouri, USA).

Statistics 
In-vivo studies
Plasma concentrations of L-NMMA, ADMA and SDMA 
were compared between the two groups using S tuden t’s 
t test. T h e  associations of L-NMMA, SDMA and ADMA 
with the GFR, the PR A  the blood pressure’s SDS, the 
adequacy of blood pressure control, sex and age within 
the hypertensive group were assessed using Spearm an’s 
correlation coefficient.

In-vitro studies
T h e  vasoconstractile potencies of ADMA and SDMA at 
various concentrations (0.1-300 pm ) were expressed as 
percentages of the maximum contraction obtained using 
phenylephrine. Statistical significance was analysed with 
S tudent’s t test. Values are expressed as means ± SEM 
(n = 4-8). T he mean half-maximal effect concentration for
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T«bi* 1 The ages, plasma renin activities (PRA), the blood 
pressure's SD scores (BPSDS), glomerular filtration rates (GFR) 
and plasma arginine-analogue concentrations of the groups

C ontro ls 
(n =  9)

Hypertensives 
(n =  38)

A g e  (years)
Male : female 
BPSDS
GFR (rri/min per 1.73 ms’) 
PRA (ng Ang l/h)
ADM A p.mol/1)
SD M A  }imol/l) 
l -NMMA (pimol/l)

8.3 (1.1-14.4) 
4 .5  

0.48 ±0 .28  
107.4 ± 3.5  

592 (88-1031) 
0.10 ± 0.01 
1.18 ±0 .06  
0.18 ±0 .02

7.7 (1.0-18.1) 
24 ; 14 

1.50 ±0 .24  
69,9 ± 5 .4  

740 (0.00-21642) 
0.23 ± 0.03 
1 37 ± 0.06 
0.21 ± 0.01

V alu es  are e x p re s se d  a s  m ed ian s  (ranges) or m ean s ±  SEM Ang I, 
a n g to te rs in  1; ADMA, asym m etrical dimethyl arginine; SDMA, sym m etrical 
dim ethyl arginine; L-NMMA, AA^-monomethyl-t-arginine methyl e s te r .

each compound was calculated using individual concen
tration-response curves.

Results
In-vivo studies
T h e descriptive data of the study groups (number, age 
and sex) including the blood pressure’s SDS, the GFR, 
the PRA and plasma ADMA, SDMA and l -NM M A  
concentrations are presented in Table 1. Within the 
hypertensive group the high blood pressure was uncon
trolled in five (i.e. they were not being administered 
any therapy), poorly controlled in 15 and well controlled 
in 18 subjects. T h e pharmacological therapy o f these 
subjects included diuretics (n = 17), 3-blockers (n = 19), 
calcium antagonists (n = 17), vasodilators such as hydrala
zine (n = 13), angiotensin converting enzyme inhibitors 
(n = 14) and clonidine (n = 1). T en  subjects were being 
administered a single pharmacological agent, seven two 
and 16 three or more antihypertensive agents.

T h e  hypertensive and control groups were statistically 
comparable in terms of age. T he aetiologies of the high

blood pressure in the hypertensive group were renal 
parenchymal disease in 20 cases, renovascular disease in 
15 cases, essential hypertension in two cases and 
anephronia in one case.

Plasma concentrations of ADMA in members of the 
hypertensive group were significantly < 0.001, 95% 
confidence interval (C l) -0 .20  to -0 .06) higher than those 
in controls (Fig. la). Plasma concentrations of SDM A in 
members of the hypertensive group were also significantly 
(P = 0.03, 95% Cl -0 .37  to -0 .02) above those in controls 
(Fig. lb). In contrast, plasma concentrations of L-NMMA  
were similar in members o f the two groups (Fig. Ic). T he  
GFR of the hypertensive group was significantly lower 
than that o f the controls. Elevated levels o f ADMA  
(r = -0.77, R < 0.001), SDM A (r = -0 .3 8 , />=0.02) and 
l-N M M A  (r = -0 .35, P = 0.03) were associated with a 
lower GFR in members of the hypertensive group (Fig. 
2a-c). Interestingly, higher ADMA levels were associated 
with a lower PRA (r = -0 .36 , P = 0.04; Fig. 3). There was 
no significant difference in plasma concentrations of argi
nine analogues amongst uncontrolled, poorly controlled 
and well-controlled hypertensives (analysis of variance for 
ADMA F = 0.18, l-N M M A  F = 0.04 and SDMA F = 0.02). 
T he plasma concentrations of ADMA in relation to the 
aetiology of hypertension are shown in Figure 4.

In-vitro studies
In the presence of a threshold concentration of phenyl
ephrine (30-100 nmol/1, eliciting approximately 10% of 
the maximal contraction) the maximal force of con
traction of the endothelium-intact aortic rings was signi
ficantly greater for ADMA (half-maximal effect con
centration 25.4 ± 7.1 pmol/1) and L-NMMA (half-maximal 
effect concentration 8.2 ± 2.9 pmol/1) than it was for 
SDM A (T < 0.05, Fig. 5). Administration of ADMA and 
L-NMMA initiated a statistically significant contractile
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F’lasma asymmetrical dimethyl arginine (ADMA, a), symmetrical dimethyl arginine (SDMA, b) and A/®-monomethyl-L-arginine methyl ester 
(L-NMMA, c) concentrations in members of the normotensive (n =  9) and hypertensive (n = 38) groups.
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The relationship of plasma asymmetrical dimethyl arginine (ADMA, 
a), symmetrical dimethyl arginine (SDMA, b) and A/®-monomethyl-L- 
arginine methyl ester (L-NMMA, c) to the renal function (measured 
as the glomerular filtration rate (GFR)] for members of the 
hypertensive group (n = 38).

Fig. 3
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Scatter plot of the plasma renin activity (PRA) versus asymmetrical 
dimethyl arginine (ADMA) concentrations for members of the 
hypertensive group.

Fig. 4
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The asymmetrical dimethyl arginine (ADMA) distribution according 
to the aetiology of hypertension. RVD, renovascular disease; RPD, 
renal parenchymal disease; Essen, essential hypertension; Aneph, 
anephric; Normal, controls).

response from baseline at 3 p.mol/1 (S tudent’s t test, 
P = 0.03, 95% C l 3.0-43.2) and at 0.3 p,mol/] (S tudent’s 
t test, P<  0.001, 95% C l 12.9-28.7), respectively, whereas 
administration of SDMA had a significant effect only at 
30 pmol/l (S tudent’s t test, f  = 0.049, 95% C l 0.1-65). 
T hese  responses were not dem onstrable for endothelium - 
denuded aortic rings.

Discussion
M ethylated arginines (l -NM MA  and ADMA), first 
described as components o f polypeptides [33-35], are now
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Dose-response curves for the effects of asymmetrical dimethyl 
arginine (ADMA, ■), symmetrical dimethyl arginine (SDMA, □) and 
/\ -̂monomefhyi-L-arginine methyl ester (L-NMMA, A) on endothe
lium-intact mouse aortic rings (n =  4-8). Phe, phenylephrine.

known to occur as free amino acids in urine [361, in plasma 
[37] and in various tissues [38]. T h e  recognition of the 
potency with which methylated arginines inhibit NOS 
[39] and the observation of their increased concentra
tions in urine and plasma in human diseases [17,40,41] 
has promoted great interest in their pathophysiology 
and therapeutic potential. Experimentally, L-NMMA and 
other endogenous and synthetic arginine analogues have 
been shown to increase the arterial pressure [42] by inhi
bition of NOS and by increasing the peripheral arteriolar 
tone [17,35,43] Plasma concentrations of these arginine 
analogues have been reported to be increased eightfold 
in renal failure [17] and twofold in pre-eclampsia [14], 
conditions under which hypertension is a frequent compli
cation, suggesting that these compounds play an aetio- 
logical role in the generation of hypertension.

Endothelial cells take up L-arginine by the y* saturable 
transport system, which is inhibited competitively by 
L-NMMA, ADMA, SDMA and other cationic amino acids 
[10,44-46]. However, only L-NMMA and ADMA exert a 
potent inhibitory action upon NOS; SDMA has no effect. 
T h e  maximum inhibition of NOS by these analogues and 
its reversibility by administration of L-arginine also appear 
to differ. Endogenous nitric oxide inhibitors therefore may 
regulate nitric oxide generation with variable intensity and 
reversibility by interfering with arginine transport into the 
cell or by inhibiting NOS, or both.

l -NMMA, ADMA and SDMA are synthesized by a 
variety of cells [47], including human endothelial cells 
[48]. We have demonstrated in this study that ADMA and

SDMA levels are raised in the plasma of children with 
hypertension. If there were a similar increase in methyl
ated arginine analogues intracellularly, the associated 
reduced NOS activity could lead to hypertension by 
increasing the peripheral arteriolar tone. On the other 
hand, if the accumulations of these inhibitors were exclu
sively extracellular, they could still compete with the 
L-arginine transporter and reduce L-arginine availability 
intracellularly, leading to a reduction in nitric oxide gener
ation and hypertension.

T he elevation in plasma ADMA, SDMA and L-NMMA 
could also be due to reduced metabolism and excretion. 
T h e  association of higher ADMA and SDMA levels with 
a lower GFR supports this view because these methyl
ated arginine analogues are mainly excreted in the urine. 
l -NMMA  is known to be metabolized to L-citrulline 
[10,43] by human vascular endothelial cells through the 
action of a dimethylarginase [43]. T he normal levels of 
L-NMMA that we found for the hypertensive group 
despite renal impairment may have been due to the fact 
that it is metabolized by the  endothelial cells, in contrast 
to ADMA and SDMA, which are not metabolized so 
readily [43]. Indeed, dimethylarginases may even be 
upregulated in this clinical situation. In addition, NOS 
can metabolize arginine to nitric oxide and citrulline and 
can metabolize L-NMMA to citrulline, although the 
conversion of the latter is 20-fold slower [43,49]. 
Therefore, inhibition of NOS might also increase the 
intracellular concentrations of L-NMMA further by a 
synergic effect and thus could decrease the biosynthesis 
of nitric oxide further.

T he role played by nitric oxide in the regulation of the 
release of renin by the kidney is not understood well and 
reports have been contradictory. Some studies described 
an increase in PRA in response to nitric oxide; others, a 
decrease in renin release or activity [22-24,50,51]. Nitric 
oxide has been reported to dilate the afferent arteriole of 
the renal glomerulus preferentially [26] and hence might 
inhibit renin release indirectly by pressure-flow-related 
mechanisms. Inhibition o f glomerular NOS has been 
shown to produce a constriction of the afferent arteriole 
and an increase in renin activity [51]. This provokes a 
hypertension [52] that can be reversed by angiotensin 
converting enzyme inhibitor treatment, indicating that 
this hypertension depends on the renin-angiotensin 
system [53]. In contrast, other studies [21,22,50,54] 
reported an impairment of renin release with NOS inhi
bition. In this study we have demonstrated that there is 
a significant association between higher concentrations of 
plasma ADMA and lower PRA. T his can be interpreted 
as a protective mechanism against a further elevation in 
blood pressure, particularly in patients with renin-depen- 
dent hypertension. W hether ADMA exerts a similar effect 
on the local renin-angiotensin systems remains to be 
investigated.
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O ur study did not indicate that there is a link betw een 
the concentrations of plasma methylated arginine ana
logues and the adequacy of blood pressure control or the 
blood pressure level itself. Although this could sim ply be 
explained by suggesting that there is no association 
betw een the blood pressure and arginine analogues, the 
situation might be more complex. Counter-regulatory 
m echanisms exerted by the vascular endothelium  may 
operate in response to an increased blood pressure or 
increased NOS inhibition in an attem pt to normalize the 
blood pressure. Upregulation of NOS activity as a counter- 
regulatory mechanism is a realistic possibility. T h e  lack 
of correlation betw een the blood pressure and m ethylated 
arginine analogues thus need not exclude the possibility 
tha t they play a role in blood pressure control.

E levated levels o f plasma arginine analogues have previ
ously been dem onstrated in some cases o f renal failure 
[17,55] and in pregnancy-induced hypertension [14]. 
ADMA has been shown to produce a dose-dependent 
increase in the tone of pre-contracted endothelium - 
intact rat aortic rings suspended in organ baths (half- 
maximal effect concentration for ADMA 26 fxmol/l) 
[17]. Experimentally, a ninefold rise in plasma ADMA to
9.8 ± 1.7 p.mol/1 (with infusion of ADMA) in guinea pigs 
has been shown to be associated with a 15% rise in systolic 
blood pressure [17]. Therefore, the concentrations of 
these substances needed to produce physiological 
responses appear to be much higher than the concentra
tions of ADMA and SDMA (0.24 ± 0.03 and 1.36 ± 0.06 
p.mol/1 respectively) we detected in the plasma of hyper
tensive children. Nonetheless, in this study we have 
dem onstrated that concentrations of arginine analogues 
found in childhood hypertensives, in particular o f ADMA, 
are capable of initiating a physiological response in mouse 
aortic rings. Because ADMA and SDMA are agents 
produced by endothelial cells, the local or intracellular 
concentrations o f  these substances are likely to be m uch 
higher (for instance 35 |xmol/l in the kidney [47]) than 
those detected in plasma and hence are likely to produce 
a more significant response ia vivo than those dem on
strable ia vitro.

In vitro., ADMA decreases the NOS activity of cultured 
t.End.1 cells (a murine endothelioma cell line) that 
behave as endothelial cells at a concentration (half- 
maximal inhibition concentration 253 ± 80 p.mol/1), 100- 
to 500-fold higher than the concentrations detected  in 
uraemic plasmas [55]. Arginine contained in the culture 
m edium  might have reduced the activity of NOS 
inhibitors, whence possibly the high half-maximal inhibi
tion concentration. ADMA has also been shown [56] 
to produce a small endothelium -dependent contraction of 
hum an saphenous vein rings submaximally contracted 
with phenylephrine (i.e. a 21.9 ±4.9% increase in tone 
at a concentration of 300 p.mol/1 ADMA). O n the other 
hand, ADMA has been shown [56] to reverse bradykinin-

induced relaxation of hum an saphenous vein rings at 
concentrations (half-maximal effect concentration 17.9 ±
4.9 p.mol/1) of an order similar to those reported to 
occur in the plasma of certain patients with chronic renal 
failure.

T ension is tangential force acting on a unit length of the 
blood vessel wall. In tw o , the pressure w ithin the blood 
vessel and the tension o f the  wall (m aintained by smooth 
muscle tone and elastic tissue) are in balance, preventing 
the tubular structure collapsing or expanding. In this state, 
under normal physiological circumstances, the  pressure 
gradient (i.e. the blood pressure) across the wall o f the 
vessel equals the tension divided by the radius (Laplace’s 
law) [57]. Therefore, a 10% increase in vessel wall tension, 
for example, should lead to a 10% increase in blood 
pressure, assuming that the radius of the blood vessel 
remains constant An associated reduction in the radius 
of the vessel would be associated with a further increase 
in blood pressure.

In this study we have dem onstrated that 1 and 3 p.mol/1 
ADMA produce approximately 12 and 24% increases in 
tension of strain-gauge-mounted aortic rings. Because the 
tension measured in this study is that of the double width 
of the aortic wall (for it is m ounted on the strain gauge 
as a ring), the tension of the aortic wall should be one- 
half that which we measured. Therefore, a 6% increase 
in wall tension should give rise to a 12% rise in blood 
pressure (i.e. 1 and 3 p.mol/1 ADMA may give rise to 12 
and 24% increases in blood pressure, respectively, in the 
absence of compensatory mechanisms). An associated 
reduction in vascular radius will raise the blood pressure 
further. T his dem onstrates that a very small change in 
wall tension is capable o f producing significant changes 
in blood pressure. Elevated levels o f arginine analogues 
in hum an plasma, at least in some cases, may therefore 
be sufficient to initiate changes in arteriolar tone and 
hence to cause significant increases in blood pressure. 
Additionally, arginine analogues may contribute to 
hypertension by causing haemodynamic alterations, 
reducing the G FR and inducing retention of salt and 
water [58].

In conclusion, plasma ADMA and SDMA concentrations 
are increased in hypertensive children and adolescents. 
T hese  inhibitors may prom ote hypertension either 
primarily by vascular endothelial NOS inhibition or 
secondarily by altering the renal blood flow. ADMA might 
even play a negative-feed back role against further 
increases in blood pressure, particularly by inhibiting the 
release of renin. Alternatively, renal im pairm ent might 
itself elevate levels o f some of these NOS inhibitors 
(ADMA and SDMA) owing to a decrease in their excre
tion. Counter-regulatory mechanisms such as an increase 
in NOS activity may operate to normalize the blood 
pressure.
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Abstract
Objectives—lb  investigate nitric oxide 
(NO) activity in childhood hypertension 
using nitrite and nitrate (NOx) concentra
tions in plasma as an index of nitric oxide 
generation.
Design—Cross sectional study. '
Setting—Tertiary care paediatric centre 
and district general hospitals in the UK. 
Patients—Children attending the above 
centre for treatment o f hypertension. The 
control subjects were normotensive 
healthy children attending district general 
hospitals for minor medical and surgical 
disorders.
Interventions—None.
Main outcome measures—Plasma (P) 
and urinary (U) NOx concentrations, 
blood pressure, and glomerular filtration 
rate.
Results—Sixteen normal children (mean 
age 6.9 years), 13 children with reno
vascular hypertension (mean age 7.8 
years), and 25 children with hypertension 
associated with renal parenchymal dis
ease (mean age 10.7 years) were studied. 
Mean (SD) P„o, values of children with 
hypertension with renovascular disease 
(15.3 (11.4) pmol/1) and renal parenchymal 
disease (18.3 (11.4) pmol/1) were signifi
cantly above that of normal children (11.9 
(5.9) pmol/1) after accounting for age and 
glomerular filtration rate influences. 
Higher concentrations of P^o, in normal 
children were associated with younger 
age, but not in the children with hyperten
sion. Higher P^o. concentrations were also 
associated with a lower glomerular filtra
tion rate in normal children and children 
with hypertension with renal parenchymal 
disease, but not in the children with 
hypertension with renovascular disease. 
Unox excretion expressed as a ratio against 
urine creatinine (U ^ J  excretion was not 
statistically different among the study 
groups.
Conclusions—P^o, is increased in children 
with hypertension even after statistical 
elimination of the glomerular filtration 
rate and age influences. This suggests a 
normal or increased NO synthase activity 
in childhood hypertension in contrast with 
adults with hypertension in whom it is 
described as reduced.
{Arch Dis Child 1997;77:11-16)

Keywords: childhood hypertension; nitric oxide; plasma 
nitrate; renal function

The overall incidence of hypertension in child
hood is 1-3% ' ■ and it is associated with a sig
nificant morbidity and mortality,' * as in 
adults.' ‘ T he increased blood pressure in chil
dren is ofteii secondary to some underlying 
cause, in contrast with that in adults in whom it 
is usually primary (essential). Over two thirds 
of such children develop hypertension due to 
an underlying acute or chronic renal disease or 
renovascular disease.’

Nitric oxide (NO), a molecule that has 
received extensive interest during recent years, 
is synthesised intracellularly from the amino 
acid L-arginine’̂  through the action of at least 
three .isoforms of the enzyme nitric oxide 
synthase: endothelial (eNOS), inducible
(iNOS), and neuronal (nNOS). TTie constitu
tive eNOS generates NO continuously and 
maintains the cardiovascular system in a state 
of constant active vasodilatation'® by activation 
of its receptor, the soluble guanylate cyclase, 
thereby increasing cyclic guanylate m onophos
phate and causing smooth muscle relaxation.

Many workers have shown that the basal NO 
dependent vasodilatation is decreased in 
hum an adults with essential hypertension. This 
may be due to the impaired generation of 
N O " '” due to a genetic defect or acquired 
inhibition'’ of the NO synthase or reduced 
sensitivity of its receptor, soluble guanylate 
cyclase.

Experimental inhibition of eNOS by arginine 
analogues increases the peripheral arteriolar 
resistance'’ and induces hypertension.'® '’ In
creased plasma concentrations of methylated 
arginine analogues have been reported in some 
forms of human hypertension, such as eclamp
sia, which may be of pathological significance in 
the associated hypertension.'*”’® Genetically 
engineered eNOS ‘knock out mice* with no 
detectable eNOS were also reported to be 
hypertensive.’' Therefore decreased N O  gen
eration or release may play a major part in the 
aetiology of various forms of hypertension. 
Nitric oxide has a short half life in biological 
systems and is rapidly metabolised to nitrite 
and nitrate, which are relatively slowly excreted 
in urine. These stable end products provide a 
useful marker of NO synthase activity in vivo.

We investigated plasma nitrite and nitrate 
concentrations (NOx) and urinary NOx excre
tion as an index of NO generation in a group of 
children and adolescents with hypertension.

Patients and methods
The study protocol was approved by the 
research and ethics committees of Great 
O rm ond Street Hospital for Children NHS 
Trust and Institute o f Child Health (GOS), 
Basildon and Thurrock, and North West



12 G oonasekera , S h ah , Rees, Dilh'”!

Table I Plasma nnraie and nutate (SO x), sysiolu blood pressure (SHP) and renal 
function in children tciili hypertension with rencn'ascular disease, renal parenchymal 
diseases, and normal controls, alon^ with details of each group

N orm al subjects 
(n = 16)

Renosascu lar  
disease (n  = l3 )

R en a l parenchym al 
disease (n= 25)

M ale:female ratio 
M ean (SD ) age (years) 
G F R  (m l/m in/1.7 3m ') 
M ean (SD ) SBP SD  score 
M ean (SD ) (jimol/1)

6 : 10 
6 9 (4.3) 
107.7 (14 6) 
-0 .14  (0.94) 
11.9 (5.9)

10 : 3 
7.8 (4 .9) 
81.6 (36.2) 
1.89 (2.12) 
15.3 (11 .4)

15 : 10 
10.7 (5.6) 
58.5 (30.4) 
1.85 (1.42) 
18.3 (11.4)

G FR = glom erular filrration rate.

Surrey health regions. Informed consent was 
obtained from the parents o f all participating 
subjects.

All children with hypertension who attended 
GOS, a tertiary paediatric referral centre, were 
eligible for this study. Pyrexial patients with 
infections or other active systemic disorders 
were excluded. T he children with hypertension 
were assessed by diagnostic criteria and 
investigative procedures routinely undertaken 
in our hospital, including several measure
ments o f blood pressure, assessment of target 
organ damage, and investigations to elucidate 
the aetiology.

N o dietary adjustments were made before 
the investigation. Blood samples were obtained 
in the morning. All patients had their systolic 
blood pressure, height, and weight measured 
on the day of investigation. Blood pressure was 
measured using a mercury sphygmomanom
eter, with D oppler ultrasound for the detection  
of systolic blood pressure in the very young 
(less than 5 years old) and a stethoscope 
(Korotkov phase 1 ) in older children, in line 
with the recom m endations of the British 
Hypertension Society." T hese readings were 
standardised against 1987 task force data" to 
eliminate age differences before comparison. 
Diastolic blood pressures were not measured. 
Plasma creatinine was measured using a stand
ard enzymatic reaction (Kodak Ektachem).

Normotensive children were recruited from 
Frimley Park H ospital, Surrey and Basildon 
District General Hospital, Essex who attended 
for minor disorders such as behavioural 
problems, short stature, and for minor surgical 
procedures such as gromm et insertion and 
hernia repair. Their blood pressures were also 
measured by the same observer (CG) before 
sampling. N one had evidence o f an active 
organic disease or infection at the time of sam
pling.

Venous blood was drawn into nitrite and 
nitrate free heparinised tubes on ice. The  
plasma vt’as separated within four hours o f col
lection and frozen at -7 0 °C  until analysed. A 
duplicate whole blood sample was stored at 
room temperature for 24 hours before process
ing as just described to assess the stability o f  
NOx in whole b lood ex vivo.

Plasma nitrite concentrations were deter
mined by first reducing the nitrate enzymati
cally using nitrate reductase from Aspergillus 
spp." Briefly, plasma samples were diluted 1:4 
with Milli-Q distilled water and incubated with 
assay buffer (com position (mmol/1): KH^PO^ 
50; N A D PH , 0.6; FAD, 5.0; and nitrate 
reductase, 20 m U ; pH 7.5) for one hour at

37'C. A standard graph for nitrate was 
constructed by incubating sodium  nitrate (1, 
100 pmoH) with the assay buffer. The resultant 
nitrite concentrations were determined by 
chemiluminesence and expressed as the 
amount of total plasma nitrite and nitrate 
(NOx) in umol/1. T he interassay variation was 
14.1%.

The glomerular filtration rate was calculated 
using the formula validated for children by 
Morris ei af^: glomerular filtration rate (ml/ 
min l.7 3  m^) = (40 x height (cm))/(plasma 
creatinine (punol/1)).

Wherever possible a urine sample was also 
collected from the subjects within four hours of 
the collection o f the blood sample. Urinary 
NOx (chem ilum inescence) and creatinine 
Gaffe reaction) were measured and the urinary 
N O x creatinine ratio was calculated to elimi
nate the confounding effects o f urinary dilution 
and body weight before com parison."

ST.̂ Tisncs
The data were analysed using SPSS 6.0 (SPSS 
Inc) computer software. T he systolic blood 
pressure was expressed as a S D  score against 
the 1987 task force data" using an inhouse 
computer program. T he plasma N O x among 
all groups o f children was compared using fac
torial analysis o f variance (ANOVA) incorpo
rating age and the glomerular filtration rate as 
covariates that may affect plasma N O x concen
trations. The relations between plasma NOx 
(PxoJ and renal function, systolic blood 
pressure SD  score, and ages within the groups 
were assessed using Pearson’s correlation coef
ficient.

Urine NOx/urine creatinine ratios (U .̂q,/ 
U,^.) were log transformed for normalisation 
and compared among the groups using one 
way .ANOVA. Correlations between P^o, and 
log U y^  U ^ , ratios within each group were 
also assessed.

Results
We studied 16 healthy normotensive children 
and 38 children with hypertension due to 
renovascular disease and renal parenchymal 
disease. Table 1 gives the descriptive data of 
each group. Thirty three o f the 38 children with 
h\pertension were receiving pharmacological 
treatment at the time o f the blood sampling 
and none was receiving nitrovasodilator treat
ment. The remaining five were sampled before 
starting pharmacological treatment. T he systo
lic blood pressure SD  score o f  the groups with 
hypertension were significantly greater than 
those o f normal controls (one way ANOVA, F  
= 9 .39, p = 0 .0003).

P L ^S .V U  N O x ( P ^ - o J

The P^^ o f normal children decreased with age 
(r = -0 .6 7 , p = 0 .004 , fig lA ) and glomerular 
filtration rate (r = -0 .6 9 , p = 0 .003 , fig IB). 
The P^^ o f the subgroups o f children with 
hypertension did not correlate with age (reno
vascular disease, r = - 0 .3 ,  p = 0.2; renal paren
chymal disease, r = -0 .0 6 , p = 0.7). A lower 
glomerular filtration rate was associated with a 
higher Pv;̂ >, in the children with hypertension
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Figure 2 Plasma N O x (P^^J plotted agains: glomerular 
filtration rate (GFR) in children with hypertonsicn with 
renal parenchymal disease.

with renal parenchymal disease (r = 0.59, p = 
0.002, fig 2), but not in children with 
hypertension with renovascular disease (r = 
-0 .0 4 , p = 0.8).

After correction for the influences of age and 
glomerular filtration rate, rem ained sig
nificantly higher in the children with hyperten
sion with renal parenchymal disease than in 
those with renovascular disease and the group 
of normal subjects (factorial ANOVA, ex
plained F  = 3.9, p = 0.007, fig 3). Pxo. did not, 
however, correlate with the systolic blood pres
sure SD score in any of the hypertensive groups 
(normal controls, r = 0.003, p = 0.9; renovas
cular disease, r = 0.2, p = 0.4; renal parenchy
mal disease, r = 0.1, p = 0.5).
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Figure 3 Plasma N O x (P^,,) concentrations in normal 
controls and in children with hypertension due to 
renovascular disease and renal parenchymial disease.

T he highest concentration of P .̂q, (that is 
greater than 30 )tmol/l) was observed in five 
children with hypertension (fig 3), of whom 
three were sampled before pharmacological 
treatm ent started. Four of the five had 
hypertension due to renal parenchymal dis
ease.

NOx IN W H O LE BLO O D  EX \TVO

To assess the stability of NOx in whole blood at 
room tem perature 28 duplicate samples of 
whole blood separated at four and 24 hours 
after collection were analysed. The mean (SD) 
P^ox of the samples at four hours was 15.62 
(11.25) pmol/1. The P^o, concentration of the 
duplicate samples at 24 hours was 15.84 
(11.03) pmol/1. Paired t test analysis showed no 
significant difference (mean (SD) of difference 
0.218 (3.096) pmoPl, 95% confidence interval 
-0 .9 8 2  to 1 .41 ,p = 0.71).

U R IN E N Ox

The descriptive data o f urinary NOx (Ujjox) 
excretion and the correlation coefficients be
tween Pxox and ratios are given in
table 2; a significant correlation was only 
shown in the normal group (fig 4, n = 11 as five 
subjects did not produce urine within four 
hours of blood sampling). Comparison of log 
transformed ratios showed a ten
dency for a low excretion of NOx in the hyper
tensive group with renal parenchymal disease, 
but did not reach statistical significance (one 
way ANOVA, F  = 2.9, p = 0.06, fig 5).

Discussion
The direct measurem ent of N O  in vivo is diffi
cult as it is rapidly inactivated in biological sys
tems to the stable end products^^ nitrite and 
nitrate.^* ”  Nitrite concentrations in plasma are 
low (about 5%) com pared with those of 
nitrate”  and eventually all NO metabolites are 
excreted as nitrates in u rine’" without a diurnal 
variation.”  Dietary nitrate contributes to 
plasma nitrate concentrations. Standardisation 
of diet is difficult in children, in particular in 
the very young, as their dietary patterns and 
requirements vary widely. For instance, infants
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Tabic 2 Median (range) values of urinary nitrate and nitrate urinary creatinine
( C \ J  I ts  ratios, and its correlation coefficient tcith

S'ormal subjects 
(n = l2)

Reiiovaseiilar Ji.sea.se 
(n = I3)

Renal parenchymal 
(n = IS)

L \,. ,  (m m ol/lj 
(mmol/1) 

ratio
C orrelation  coefficient 

betw een plasm a Nox 
and U s,v 'U .,„  ratio

0.147 (0 .07-0 .31) 
6.95 (0 .5 -54 .0 ) 
0.023 (0 .002-0 .239)

r = 0.8; p  < 0.001

0.151 (0 .0 4 -0 .2 7 ) 
2.60 (1 .3 -7 .6 )
0.052 (0 .0 2 0 -0 .1 6 2 )

r = 0.3; p  = 0.4

0 .156  (0 .03-0 .26) 
5 .30 (1 .7 -13 .9 ) 
0 .023  (0 .005 -0 .059 )

r =  0.5; p = 0.1
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Figure 4 Scatter plot of plasma N O x concentration
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Figure 5 Urinary N O x (U ^,J excretion expressed as a 
ratio against urine creatinine (U „,J excretion in normal 
control subjects and in children with hypertension due to 
renovascular disease and renal parenchymal disease.

would be mainly receiving a fluid and milk diet. 
Therefore we were unable ‘ to standardise 
dietary intake in this study. M am m als, how
ever, produqe nitrite and  nitrate far in excess of 
that which can be accounted for by diet^' and 
the conversion of L-arginine to N O  is the only 
known source of nitrite and nitrate production 
in mammalian tissues.’  ̂Therefore may be 
used as an index o f N O  generation in vivo.^^” 
It has been suggested that a lesser fraction of 
NO in whole blood is inactivated by the form a
tion of methaemoglobin or nitrosylated 
haemoglobin,’” hence may change in sam
ples of whole blood ex vivo. In this study no 
evidence was found for a change in P^o, in 
whole blood ex vivo for up to 24 hours at room 
temperature.

Nitrovasodilators used in the treatm ent of 
hypertension may alter plasma nitrate concen
trations; however, none of the patients we stud
ied were receiving this form of treatment. 
N itric oxide form ed through the action of an 
iNOS expressed in many cells (for example 
macrophages, sm ooth muscle) may also con
tribute to concentrations after activation 
due to infection and other inflammatory 
disorders.’ T his error was minimised by 
including only apyrexial patients with no clini
cal evidence of an active systemic disorder. 
Low grade disease activity of the kidney itself 
may, however, have contributed to the in
creased plasma concentrations of N O x in some 
patients in this study, in particular in the group 
w ith renal parenchym al disease.

Only a lim ited num ber of untreated children 
with hypertension were available for this study 
as many were receiving antihypertensive treat
m ent before arrival at this tertiary centre. NOx 
concentrations in three of the five untreated 
children with hypertension were greater than 
30 pmol/1, com pared with only two of the 33 
(6%) in the treated group. These differences 
were not statistically comparable due to the 
heterogeneity o f their aetiologies o f hyperten
sion, but were suggestive of a tendency for 
increased N O  generation in the untreated 
group, either originating via increased constitu
tive eNOS activity from the vascular endothe
lial cells (a possible compensatory action 
against increased blood pressure) or through 
the expression o f iNOS as a consequence of 
their pathological disorder leading to hyperten
sion.

M ost of the subjects recruited in this study 
were receiving m ore than one antihypertensive 
drug. We had no ethical permission to stop 
antih\pertensive treatm ent before blood sam
pling as some o f the patients had presented ini
tially with severe life threatening complications 
such as encephalopathy and heart failure. 
Antihypertensive treatm ent may have altered 
the natural hom oeostatic mechanisms that may 
involve N O  pathways in hypertension and 
hence our results. T he comparisons of blood 
pressure SD score am ong groups show signifi
cantly high m ean scores in the hypertensive 
groups com pared with those of controls, how
ever (table 1). Therefore our findings are likely 
to be reflective o f at least the homoeostatic 
trend of N O  activity in high blood pressure.

The correlation between increased con
centration with a lower glomerular filtration 
rate observed in norm al children suggested 
that the low glom erular filtration rate in norm al 
infants may contribute to their higher concen
tration of Pxox in infancy. T hus the tendency 
for NOx concentrations in plasma to decrease 
with age in norm al children may be a reflection 
of an age related increase in glomerular 
filtration rate.'" T his may be relevant, particu
larly within the first two years o f life. On the 
other hand, this reduction in P^^^ also coin
cides with the norm al increase in blood 
pressure, again m ost marked within the first 
year of life.’’ Therefore a reduction in eNOS 
actin ty  with age may also partially explain the 
reduction o f N O x with age and the age
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dependent increase in blood pressure in 
infancy. This is supported by the significant 
positive correlation found between and the 
UsoA^cr«( r^tio in the norm al group— that is, 
the higher the the higher the urinary
excretion of nitrate. F rom  this evidence it could 
be speculated that N O .generation  is possibly 
higher in infants, which may contribute to their 
lower blood pressure. F u rthe r studies are 
required in normotensive children to elucidate 
this clearly.

In this study we used U ^ o /U ^ , ratios instead 
of clearances to assess the urinary excretion of 
NOx. Although the use of. renal clearances 
(calculated with steady state plasma and 24 
hour urine excretion o f NOx) would have been 
more appropriate in adults, the use in children 
of the urinary excretion of various substances 
in relation to the concentration of creatinine in 
urine has been a recognised reliable estim ate of 
the excretion of a substance in children’s urine 
for over 25 years. T his methodology, based on 
the finding that creatinine excretion is relatively 
constant per kilogram of body weight in 24 
hours,^‘ was initially validated for albumin 
excretion"*' and is now known to be valid for the 
assessment of the urinary  excretion o f a variety 
of other substances (tubular proteins, oxalate, 
calcium, magnesium, etc)*' and is widely 
used.**~“ This use of ratios excludes
the need for timed urine sampling in children 
(which is often inaccurate) and offers simplic
ity and greater reliability.*' *® In addition, it 
offers reliability for the estim ation of sub
stances that may not be stable in 24 hour urine 
collections. Therefore we believe that the use of 
Uxch/ Ucr«, ratios is a reliable and a simple 
method of com parison of urine N O x excretion 
among study groups.

We have shown that the reduced glomerular 
filtration rate (as a m easure of renal function) is 
associated with an increase in the plasma con
centration of NOx in children with hyperten
sion associated with renal parenchymal disease. 
Although the lowest ratios were
noted among the hypertensive group with renal 
parenchymal disease there was no direct corre
lation between the P .̂q* concentration and uri
nary NOx excretion within the hypertensive 
groups. This further supports the view that 
although high P^o^ correlates with a lower 
glomerular filtration rate in the patients with 
hypertension with renal parenchymal disease, 
an increased P^ox is no t a direct consequence of 
a decreased excretion of NOx. Therefore the 
altered concentration of P^o, may reflect an 
increased production of N O x rather than a 
decreased urinary excretion, unless there is an 
alternative route of N O x elimination.

We were unable to show a correlation 
between the glom erular filtration rate and P^o  ̂
in the group with hypertension with renovascu
lar disease, unlike in the group with renal 
parenchymal disease, although the two groups 
had lower than norm al glom erular filtration 
rates. This may suggest that the renal function 
(glomerular filtration rate) is a less significant 
factor in influencing P^o, concentrations in 
certain groups of patients with hypertension. A 
similar observation has been m ade in patients

with septic shock, a disorder with excessive NO 
generation, where P^n, seems to be less 
influenced by renal function.'® It is therefore 
possible that in the presence o f abnormally 
increased NO production, P,,o« is less influ
enced by renal function and may be excreted 
through alternative routes.

P,.,„ did not correlate with the systolic blood 
pressure (expressed as SD scores) in any of the 
groups with hypertension. This may be due to 
the fact that slowly excreted N O x, the stable end 
product of NO metabolism, is more likely to 
reflect the cumulative levels of N O  production 
during the preceding 24—48 hours. Unfortu
nately we did not have an assessment of the 
blood pressure profiles in our patients for the 
preceding 24—48 hours before the blood was 
taken for NOx estimation to test this hypothesis.

There was no evidence of a decreased P^^^ 
activity in children and adolescents with 
hypertension. Indeed, P^^. appears to be either 
normal or increased. T his suggests that NO 
generation in childhood hypertension is either 
norm al or increased and a reduction in the 
eNOS activity is unlikely to affect the genera
tion of hypertension in children. T his theory is 
further supported by the com plete reversibility 
o f hypertension in some patients by the 
removal of the aetiology (for example renal 
artery stenosis). This difference in blood 
pressure-N O  pathophysiology between chil
dren and adults may be related to the 
differences in the aetiology of hypertension; in 
adults it is predom inantly essential in which 
there may be reduced vascular endothelial NO 
generation, whereas in children (in our study 
groups) the hypertension is predom inantly 
secondary in which the endothelial generation 
of N O  is norm al or may even be increased. 
Animal studies have shown enhanced endothe
lial dependent N O  release w ithin the coronary 
resistance arteries of spontaneously hyperten
sive rats, which may represent a compensatory 
mechanism."*’ A study by Flabib et al has also 
shown evidence for an enhanced production of 
N O  in the presence of high systemic vascular 
resistance in heart failure by showing the 
greatest increase in systemic vascular resistance 
in response to the N O S inhibitor L-NM M A in 
patients with the highest systemic vascular 
resistance.*' Therefore an increase in NO pro
duction is likely to occur, possibly as a 
counter-regiilatory m echanism  in the presence 
of increased vascular resistance. This could be 
the reason for the increased plasm a concentra
tions of NO x detected in this study in some 
patients. It will be interesting to determine 
whether a similar situation may be applicable in 
adult subgroups of patients with hypertension.

N O  generation appears to be increased or 
normal in childhood hypertension. This phe
nomenon suggests an upregulation of eNOS 
activity in some patients, either as a conse
quence of increased shear stress or hormonal 
influences on the vessel wall, o r as a counter 
regulatory mechanism against hypertension. In 
addition, this may be a counter-regulatory 
phenom enon in childhood hypertension 
against increased levels o f endogenous NOS 
inhibitor methylated arginine analogues due to
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the renal im pairm ent which is often seen in 
these patients. T he interpretation of plasma 
NOx concentrations as an index of NO 
generation individually, even after correcting 
for renal function and dietary influences, is 
unreliable as there appears to be another route 
of its elimination, especially in the presence of 
increased NO generation.

Conclusions
P^o» is increased in children with hypertension. 
Although this may partly be explained by asso
ciated renal dysfunction, there is a logical 
argument to suggest norm al or increased NO 
synthase activity in childhood hypertension, in 
contrast with adults with hypertension in 
whom it is described as reduced.
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