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Introduction 

Essential hypertension is an important risk factors for development of ischemic 

heart disease and cerebral stroke, which are leading causes of death and disability in the 

industrialised part of the world (1, 2). There is evidence that both hereditary (3) and 

ambient factors may play a role for the development of arterial hypertension (4), but the 

primary triggers are still unknown. In the absence of a specific pathogen, efforts are 

taken to avoid complications of arterial hypertension by recommending lifestyle 

changes and drug treatment according to prevailing recommendations (5). 

Antihypertensive drug therapy significantly reduces cerebral vascular strokes, but only 

modestly influences the complications of ischemic heart disease (6), the most important 

reason for cardiovascular morbidity and mortality in our society. One possible reason 

for the modest effect of antihypertensive drug therapy on coronary events is the 

metabolic syndrome associated with essential hypertension. Hence, an aggressive 

approach to reduce blood lipids in hypertensives has recently been suggested (7). 

Inadequate blood pressure control (8) or potential adverse consequences of drug 

treatment, for example by treating subjects who may not need drug treatment (9, 10), 

should also be considered. 

Optimising treatment strategies in arterial hypertension may require a more 

precise hemodynamic characterisation, taking into consideration not only cardiac output 

and peripheral vascular resistance, but also a description of the interaction between the 

left ventricle and the systemic arteries based on the pulsatile nature of left ventricular 

ejection (11). 

The study of pulsatile arterial hemodynamics is today possible by simultaneous 

recordings of blood flow velocities using Doppler ultrasound and tracings of the 

pressure pulse in the carotid or the subclavian artery (12-15). Time domain analysis 

using electric analogue models of the circulation ( 16) were used in the studies 

presented in Paper I- IV, but in Paper V arterial properties were also determined using 

frequency domain analysis (17). 

Using noninvasive methods may reduce hemodynamic alterations due to mental 

stress and avoid risk associated with invasive procedures. The use of ambulatory blood 

pressure monitoring (18) may provide additional infmmation concerning 

pathophysiology in arterial hypertension. 

Aims of the studies 

First, we wanted to evaluate feasibility and reproducibility of the noninvasive 

method (19) regarding hypertensive subjects. Second, we wanted to compare 
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hemodynamics in subjects with labile and sustained hypertension and in subjects with 

normotension and evaluate potential clinical implications of hemodynamic patterns in 

these groups. Third, we wanted to assess the effects of dmgs on the interaction 

between the left ventricle and the systemic arteries. 

Materials and Methods 

Healthy subjects 

We studied 87 presumably healthy subjects (39 males, 51 ± 15 years, and 48 

females, 45 ± 19 years). The subjects were recmited from hospital staff and their 

friends. They were considered healthy on the basis of medical history, clinical 

examination, 12 lead ECG and echo Doppler examination. No subject used any drug. 

Selection aimed at recmitment of at least 10 subjects in each decade between 20 and 80 

years. 

Normotensive subjects 

Healthy subjects with an arterial blood pressure < 140/90 mmHg, determined 

as the mean of the three measurements on the same day using a mercmy 

sphygmomanometer. 

Subjects with white coat hypertension 

The 28 subjects in this group were recruited from the special ward for 

hypetiension in this hospital and we used the same definition of white coat 

hypertension for inclusion in the study as that used in the ward, i.e. a diastolic pressure 

measured by the referring physician ;::: 90 mm Hg and ambulatmy daytime pressures < 

140/90 mm Hg. Two subjects who previously used antihypertensive drugs stopped 

treatment at least four weeks prior to inclusion into the study, the remaining 26 subjects 

were untreated. The mean age of the study group was 4 7 ± 13 years, range 18 - 67 

years, and consisted of 16 males and 12 females. Smoking habits, cholesterol levels, 

and level of physical activity were not recorded neither in this, nor in any of the other 

groups. 

Subjects with sustained (ambulatory) hypertension 

Subjects with a diastolic pressure measured by the general physician ;::: 90 and 

< 115 mmHg, and an ambulatory daytime diastolic pressure ;::: 90 mmHg were defined 

as sustained hypertensive subjects. Previously untreated subjects (14 males and 9 

females aged 48 ± 7 years) served as a control group for the comparison with white 

coat hypertensive subjects. Subjects who in addition to the criterias above had a 
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diastolic pressure measured by a nurse in the clinic :2: 90 mm Hg ( 17 males and 13 

females aged 49 ± 6; range 37- 63) were included into a crossover study. 

Exclusion criterias 

Exclusion criterias were evidence of coronary heart disease, heart failure, 

valvular heart disease, atrial fibrillation, chronic obstructive pulmonary disease, 

secondary hypertension, other major diseases, use of drugs, inappropriate 

echocardiographic window and/or inability to obtain a subclavian pulse trace. 

Blood pressure measurements 

General practitioners and a nurse in the special ward for hypertension in our 

clinic measured arterial blood pressures with the subject in the sitting position after at 

least 10 minutes rest using a mercury sphygmomanometer and a cuff on the right upper 

arm. Arterial pressures were derived by calculating the average of at least three 

measurements and averaging measurements obtained on different days. 

During the echocardiographic examination mterial blood pressures were 

recorded with an automatic device (Dinamap 1846 SXP, Criticon Inc, Tampa, FL, 

USA) in all studies. The diastolic pressure recorded with this device was consistently 

lower than that recorded by a nurse in the clinic. This difference was mainly due to 

measuring blood pressures right upper arm with study subjects in the left lateral 

decubitus position, but chmacteristics of the oscillometric method (20) can not be 

excluded 

There was a significant correlation between blood pressures measured with a 

mercury sphygmomanometer and with the oscillometric method. Whereas this 

correlation was stronger concerning systolic (r = 0.72, p = 0.0001) than diastolic (r = 
0.40, p = 0.04) pressures in the group with white coat hypertension, there was 

stronger correlation between diastolic (r = 0.62, p = 0.0003) than between systolic (r = 
0.44, p = 0.02) pressures in the group with sustained (ambulatory) hypertension. 

Ambulatory blood pressure monitoring was performed in all hypertensive subjects. 

Echocardiography and Recording of Subclavian Artery Pulse Trace 

The echocardiographic study was performed after the subject had been resting 

in the left lateral decubitus position at least 10 minutes. Standm·d recordings of two 

dimensional (2-D) and M-mode images of the left ventricle were obtained from the 

pmasternal and from the apical window. The left ventriculm· apical4-chamber, 2-

chamber, long-axis and the pm·asternal shott-axis view located at the tip of the papillary 

muscles were transferred to a computer (Macintosh II series, Apple computers Inc, 

Cupertino, California) as scanline data, that is without loss of ultrasound information, 
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providing a frame rate of 47 frames/second with the standard angle and depth. This 

provides an excellent condition for reviewing cineloops at different speeds. The aortic 

annulus diameter was measured in the parasternal long-axis view between the insertion 

points of the valve leaflets by use of the trailing-to-leading edge method. M-mode 

echocardiograms of the left ventricle were obtained from the parasternal window, 

guided by 2-D echocardiography. Tracings from the level of the tip of the papillary 

muscles were transferred to the computer. It was required that the right and left 

endocardium of the septum and the endocardial and epicardial surfaces of the posterior 

left ventricular wall were recorded continuously in at least three cardiac cycles. Mitral 

and pulmonary flow velocities were recorded by pulsed Doppler technique, from the 

apical position, between the mitral leaflets and in the upper right pulmonary vein 

respectively. Data from at least five consecutive cardiac cycles were transferred to the 

computer. Doppler recordings of aortic root flow, using high repetition frequency 

pulsed Doppler, were obtained from the apical window. The brachial artery blood 

pressures were measured with an automatic device every 1 - 3 minutes during the 

study. A nurse recorded the subclavian artery pulse tracing during echocardiographic 

recordings. 

Analysis of Data 

The left ventricular endocardial surface in the apical 4-chamber view and the 

endocardial and epicardial surfaces in the para-sternal short-axis view were traced 

manually on end-diastolic and on end-systolic frames according to the convention by 

Wyatt et al. (21). The following parameters were determined from 2-D 

echocardiograms of the left ventricle: long-axis, short-axis, short-axis wall thickness, 

short-axis epicardial and endocardial areas, and left ventricular volumes, all in end­

diastole and in end-systole. These dimensions served for calculating ejection fraction, 

fractional shortening, velocity of circumferential fiber shortening, and rate corrected 

velocity of circumferential fiber shortening (22, 23). Left ventricular meridional and 

circumferential end-systolic wall stresses were calculated according to Brodie et al (24) 

and Falsetti eta! (25) respectively. Left ventricular mass was calculated according to 

Wyatt (26) on 2-D images and according to the Penn convention (27) on M-mode 

images. 

The maximal velocity of at least three mitral and pulmonary venous Doppler 

flow velocity profiles was traced and averaged. From the mitral flow velocity tracings, 

early mitral flow peak velocity and deceleration time and peak velocity and duration of 

the late flow were measured. The peak velocity and time-velocity integral during 

systolic and diastolic pulmonary venous flow and the maximal velocity, velocity 

integral and duration of the flow reversion during atrial systole were measured. 
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The subclavian mtery pulse tracing was calibrated with oscillometrically 

obtained systolic and diastolic pressures (14, 15) and the pulse transmission delay 

corrected by alignment of the pulse trace incisura to the end systole of the Doppler flow 

trace. The maximal flow velocities (i.e. outer envelope of the Doppler spectmm) of at 

least three cardiac cycles were traced manually and averaged according to the 

previously described computerised procedure (14). Ejection time was determined from 

the beginning of blood flow to the valve closure click. The time to peak aortic root flow 

was determined as the time from beginning of flow to peak aortic flow. Mean arterial 

pressure was calculated as the pressure integral over the total cardiac cycle. End­

systolic pressure was determined at the incisura of the calibrated pulse tracing. 

Total arterial compliance was estimated using the 3-element windkessel model 

(16) and a 2-element windkessel model (28). Aortic characteristic impedance was 

estimated by calculating the mean of the input impedance modulus between the second 

and lO'th hm·monic (17), by calculating the ratio of the upstroke of the pressure and 

flow wave (29) and from the three-element windkessel model. Splitting of the pressure 

wave into its forward and backward components was obtained by the method of 

W esterhof et al. (30). In the frequency domain, the reflection coefficient was calculated 

as the ratio of backward and forward pressure waves. The modulus and phase of the 

reflection coefficients were calculated. Peripheral resistance was calculated according to 

the 3-element windkessel model (16, 14). Left ventriculm total power was calculated 

from instantaneous pressure and flow (31 ). 

Indexed variables were obtained by dividing with the respective body surface 

m·ea calculated according to the method of DuBois (32). 

Additional considerations concerning the echocardiographic method 

The methodology, including validity of the measurements and calculated 

variables, has been discussed in detail previously (19). Some few additional comments 

are given below. 

The most obvious advantage of the noninvasive method is that it is not harmful. 

Consequently lm·ger amounts of subjects may be examined and followed up. The 

examination is time consuming, but less than invasive procedures. Less resources are 

required. Although we have demonstrated that the mterial blood pressure increases in 

some subjects during the echocardiographic examination with regard to mean daytime 

ambulatory blood pressures (Paper I - II), there is reason to believe that the 

noninvasive method is less unpleasant compared to invasive methods. 

It is underscored that in the present studies the properties of the arterial 

circulation is described by use of extremely simplified, lumped models which may give 

insight into physiologic and pathophysiologic mechanisms, but obviously only a part 
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of the picture and hopefully not the wrong picture. An additional deficiency of the 

method is that the brachial artery pressure does not take into account the pressure 

amplification from the proximal aorta to the periphety. The precision of blood pressure 

recordings, which do not exactly match the pulse tracings in time, could also be a 

problem. Although we did not use a high fidelity system, the frequency response of the 

pulse tracing ( 19) seemed to be adequate. The correction of the time delay of the 

subclavian pulse trace by aligning the incisura of the pulse trace to the aortic valve 

closure signal could, however, represent a problem. During analysis of the wave 

reflections in Paper V it was detected that this approach was associated with 

discrepancies in the timing of upstroke of flow and pressure in some cases. Correcting 

the time delay by aligning start of upstroke of flow and pressure, which was performed 

during analysis of the data in Paper V, seemed to provide more accurate results 

concerning the splitting of fotward and backward pressure waves. It is possible that 

the time correction of the pulse trace could have influenced estimation of aortic 

characteristic impedance in the three-element vascular model during beta-blocker 

treatment (Paper IV). This is emphasised by the better agreement between aortic 

characteristic impedance detemlined in the frequency domain (77 ± 47, 62 ± 30, 54± 

25, 64 ± 30, p-AN OVA= 0.002, baseline 1, baseline 2 and during treatment with 

atenolo1 and captopril respectively), and total arterial compliance during treatment with 

atenolol (Paper IV). Higher values of aortic characteristic impedance at baseline 1 

(Paper IV) could be due to mental stress and consequently more rapid ejection of the 

stroke volume and stiffening of the aortic wall because of viscoelastic properties or 

inertance of the aortic blood column or a combination of these. 

It is underscored that validity studies have not been perfmmed for large ranges 

of arterial blood pressures. In about 5% of the population it may not be possible to 

obtain adequate pulse tracings and/or echocardiographic images. 

Statistical analysis 

Data were presented as mean ± standard deviation and ranges. Paired and 

unpaired t-tests (two-tailed), and one way analysis of variance (ANOV A) were 

performed for univariate analysis. The Scheffe test used for post hoc comparisons is 

conservative and the possibility of type II error (33) should be considered. 

Relationships between variables were tested with Pearson's coefficient of 

correlation and by use of multiple regression analysis. It is emphasised that correlations 

are not necessarily causal relationships. Another important deficiency of the correlation 

analysis is the influence of the range of values. Hence, the reason for the rather poor 

correlation between the time to peak aortic flow (acceleration time of aortic root flow) 

and total arterial compliance in Paper III could be due to narrow range of values of the 
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fmmer. This effect could also influence the multivariate analysis in Paper III. 

Reproducibility 

Reproducibility was tested by calculating the coefficient of variation and the 

95% limits of agreement (34). Intraobserver reproducibility was tested by comparing 

measurements from a group of 16 healthy subjects on two occasions at an interval of 

14 days and by comparing measurements from a group of subjects with ambulatory 

hypertension at an interval of 8 weeks (Paper I- II). Similar values for reproducibility 

were obtained in hypertensives and in healthy subjects (Paper I- II). The coefficient of 

variation was 10- 12% for stroke volume, cardiac output, total arterial compliance, and 

peripheral resistance but larger for the aortic characteristic impedance. 

A large coefficient of variation for aortic characteristic impedance estimated in 

the three-element windkessel model could indicate poor reproducibility, but this 

variable seemed to be very sensitive for alterations in ventricular-arterial interaction 

(Paper V), and variation from one examination to another could represent biologic 

variation (Paper IV) as discussed above. 

Summary of results 

Paper I presents the results of noninvasive assessment of steady state and pulsatile 

hemodynamics assessed in 28 subjects with white coat hypertension, 23 subjects with 

previously untreated, ambulatory hypertension, and 32 normotensive subjects. The 

groups did not differ significantly concerning age, gender, body surface area, heart 

rate, stroke index and cardiac index, but total peripheral resistance index was increased 

and total arterial compliance reduced in the white coat group and the hypertensive 

group compared to the normotensive group. Subjects with white coat hypertension 

who had a systolic arterial pressure during echocardiography that was > 5 mrnHg 

higher than the ambulatory daytime systolic pressure (n = 19) had increased cardiac 

index, increased total peripheral resistance, and decreased total arterial compliance 

compared to the nmmotensive group. There was a significant positive conelation 

between heart rate and mean arterial pressure in the group with white coat 

hypertension. 

Paper II shows that the difference between clinic and ambulatory systolic blood 

pressures, in subjects with white coat hypertension, was positively related to the ratio 

of the systolic to diastolic pulmonary venous flow peak velocities and to the peak 

velocity of flow reversion in the pulmonary vein during atrial systole, and inversely 

related to the ratio of early to late mitral flow peak velocities. Left ventricular stroke 
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volume, ejection fraction and velocity of circumferential fiber shortening did not differ 

between subjects with white coat hypertension, previously untreated ambulatory 

hypertension, and normotension. 

Paper III presents investigation of determinants of total arterial compliance in healthy 

humans. Thirty-seven males (27- 76 years) and 45 females (20- 77 years) were 

studied. Total arterial compliance correlated positively with body height (r = 0.45, p < 

0.01) and acceleration time of aortic root flow (r = 0.30, p < 0.01) and inversely with 

age (r = -0.34, p < 0.05), heart rate (r = -0.33, p < 0.01), and mean arterial pressure (r 

= -0.51, p < 0.0 1). Multivariate analysis indicated that mean arterial pressure, height 

and heart rate, but not age significantly predicted total arterial compliance. After 

adjustment for height and heart rate total arterial compliance did not differ significantly 

between gender. These findings suggest that differences in body size, heart rate and 

mean arterial pressure should be considered when comparing total arterial compliance 

in different groups. Although not statistically significant, it was interesting that the 

older age groups showed a tendency to a more rapid ejection of the stroke volume. 

This could represent a mechanism for the decreased arterial compliance in the elderly. 

Paper IV concerns the effect of selective B ]-adrenergic receptor blocker ( atenolol) and 

an angiotensin converting enzyme inhibitor (captopril) on total arterial compliance in 

subjects with ambulatory hypertension (n = 30). Although both drugs reduced arterial 

blood pressures significantly, total arterial compliance was significantly increased by 

atenolol (42%), but not by captopril. 

Paper V presents the results of sublingual nitroglycerin on pulsatile hemodynamics in 

subjects with sustained (ambulatory) hypertension (n = 25). A reduction in mean 

arterial pressure was associated with a significant rise in heart rate, probably due to 

reflex sympathetic activation. Stroke volume was reduced, but pulse pressure did not 

change. Pressure wave reflections were delayed, but total arterial compliance did not 

change with nitroglycerin. 
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General discussion 

Increased flow or increased peripheral resistance ? 

It is widely accepted that an increased peripheral resistance is the hallmark for 

essential hypertension, but several studies (35, 36) have emphasised the contribution 

of increased cardiac output. Thus, early hypertension may be characterised by an 

increased cardiac output that converts to an increased peripheral resistance and normal 

or low cardiac output pattern with passage of time (37). The present studies support the 

importance of cardiac output, not only for transient elevations of the arterial blood 

pressure induced by mental stress during the medical examination, but also for 

sustained hypertension (Paper I, II, and IV). A more detailed comprehension of arterial 

blood pressures requires, however, the assessment of pulsatile hemodynamics. 

Role of large arteries in arterial hypertension 

Large arteries have, in addition to the conduit function, an important role in 

converting pulsatile to steady blood flow. Thus, the wall of the amta and the large 

mteries is distended in systole and blood is propelled toward the periphery because of 

the elastic recoil during diastole. The compliance of large mteries is always reduced in 

hypertensives, simply because of the increased distending pressure combined with 

nonlinear elastic properties of the arterial wall. Accordingly, systolic pressure increases 

more than diastolic pressure with rising mean mterial pressure. The pulse pressure 

increases further, for each level of the mean arterial pressure, by increasing the 

stiffness of the arterial wall and by decreasing arterial cross sectional area (16) . 

Difficulties in assessment and in interpretation of mterial compliance are 

important reasons for confusion regarding the significance of mterial compliance in 

hypertension. Thus, low arterial compliance has been suggested not only the principal 

mechanism for systolic hypertension in the elderly (38), but also an important 

mechanism in essential hypertension in general (39). Others have found increased large 

artery compliance in hypertensives compared to normotensives for comparable 

distending pressures (40). High arterial compliance in hype1tensives could be due to 

increased arterial cross sectional diameter or a reduced elastic modulus of the arterial 

wall, both potential consequences of arterial remodelling. Similar phenomenons could 

contribute to explain high values of total mterial compliance during treatment with 

atenolol in subjects with sustained hypertension compared to those found in 

normotensives, as discussed in Paper IV, but the effect of heart rate reduction may 

contribute to explain this phenomenon. In line with the traditional view, total arterial 

compliance seems to be a key factor determining differences between subsets of 

hypertensives like sustained and labile hypertension and predominantly systolic versus 
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predominantly diastolic hypertension. 

Although arterial wall structure is an impo1tant detenninator for large arte1y 

properties ( 41) , left ventricular ejection dynamics (Paper ill) may play a role. This is 

due the dynamic nature of arterial compliance (Paper ill- V). Consequently, it must be 

considered whether total arterial compliance is influenced by inertance of the aortic 

blood column and viscoelastic properties of the arte1ial wall (41), i.e. stiffening of the 

arterial wall may be induced by increased rate of delive1y of the stroke volume. This is 

a possible mechanism for increased pulse pressure in elderly subjects (Paper ill) as 

well as other conditions associated with increased adrenergic chive like left ventricular 

dysfunction. It is possible that the adverse effects of short and long term increased 

heart rates ( 42) may be partly ascribed to this effect. 

Heart rate correlates reasonably well with total arterial compliance (Paper ill -

IV). The rather poor correlation between time to peak aortic flow (acceleration time of 

aortic root flow) and total arterial compliance (Paper ill) may, as discussed above, be 

due to narmw range of values of the fmmer. There is , however reason to suggest that 

heart rate and time to peak aortic flow only partly reflect the aortic strain rate during left 

ventricular ejection. High resolution images ( 43) of the amtic wall pulsations could 

provide more appropriate assessments of aortic wall strain rate in future studies. 

The implication of material viscoelasticity for total arterial compliance estimated 

in the models of the arterial tree has recently been challenged ( 44) . According to these 

authors ( 44) total arterial compliance estimated in the vascular models is an apparent 

compliance which depends on wave reflections and heart rate, independent of 

alterations of the properties of the arterial wall. It is certainly cmrect to consider an 

influence of wave reflection phenomena on estimates of total arterial compliance since 

the arterial pressure used to calculate total arterial compliance is influenced by arterial 

wave reflections. Increased magnitude and early retwn of wave reflections do, 

however, increase the arterial pulse pressure, thereby tending to lower the estimate of 

total arterial compliance. The reason is that total arterial compliance is approximated by 

the ratio of stroke volume to pulse pressure (45, 46). 

Some reflections on arterial wave reflections 

Whereas wave reflections retwn late, and mainly in diastole, in subjects with 

compliant arteries, early return and increased amplitude of wave reflections are typical 

phenomenons in subjects with stiff arteries, thereby contributing to increase the systolic 

pressure and the load on the left ventricle (47). 

Modulus and phase of reflected pressure and flow waves depend on the 

frequencies of the waves ( 48) . Thus, amplitude of the reflected wave depends, at least 

indirectly, on heart rate since left ventricular· ejection time and acceleration of ejection 
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are related to heart rate. The fact that shorter left ventricular ejection time influences 

how much of the reflected wave returns in systole is possibly just another way of 

viewing the frequency dependency of wave reflections (Paper V). Delayed return of 

wave reflections indicates decreased pulse wave velocity. The mismatch between the 

proximal characteristic impedance and the input impedance at the reflection site affects 

the amplitude of the reflected wave. The input impedance at the physiological reflection 

site is affected by vascular parameters such as compliance and resistance. 

Increased mean arterial pressure, combined with stiffened large arteries, as is 

often seen in elderly subjects, may have deleterious consequences for the 

cardiovascular system according to the preceding discussion. Hence, antihypertensive 

treatment may be even more important in elderly than in young hypertensive subjects. 

Evaluation of left ventricular systolic function in arterial hypertension 

An evaluation of left ventricular systolic function should not only take into 

consideration dynamics of left ventricular filling, but also the impedance to left 

ventricular ejection (31). The components of left ventricular afterload are, however, 

poorly defined. It has been suggested that aortic input impedance, comprising arteriolar 

resistance, arterial compliance, reflected pressure waves, inertia of the blood column 

and blood viscosity, provides the best representation of the external load on the left 

ventricle (49). In clinical practice after!aod is commonly defined by systolic or end­

systolic blood pressure, but it must be related to left ventricular wall thickness and 

geometry to determine the force on each myofiber, thereby emphasising the 

significance of left ventricular end-systolic wall stress for the assessment of left 

ventricular systolic function (50). Since arterial compliance and pressure wave 

reflections contribute to determine the systolic blood pressure, they are important 

de terminators of left ventricular function and energetics. Hence, the concept of left 

ventricular unloading (51) must take into consideration not only effects of drugs on 

arteriolar resistance, but also effect of drugs on large artery mechanics. Since our 

studies have indicated that beta-adrenergic receptor blockers may increase total arterial 

compliance and thus may improve aortic elastic properties, it is possible that these 

drugs should be considered vasodilating drugs. This may partly explain why beta­

blockers show promising results in left ventricular failure (52). 

It has been discussed whether increased left ventricular contractility is involved 

in early hypertension (53). Increased left ventricular contractility in hypetiensives may, 

however, be caused by the white coat effect and thus probably by transient neuro­

endocrine stimulation of the myocardium (Paper I- III). This is in accordance with 

increased cardiovascular reactivity in hypertensives. Evidence of increased left 

ventricular contractility in subjects with sustained hypertension (54) may also be due to 
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the confounding effect of left ventricular hypertrophy (55, 56), which emphasises the 

importance of an appropriate analysis of left ventricular mechanics (57) in 

hypertensives (Paper II). 

Although the mechanisms for the development of heart a failure in arterial 

hypertension (58) are intensively studied, the transition from normal function to heart 

failure is not completely understood (59). Left ventricular systolic performance in 

hypertensives deteriorates at some point of time, manifested by dilatation, reduced 

ejection fraction and clinical signs of heart failure (60). A common view is that after 

passing trough the stages of left ventricular hypertrophy, the compensatory 

mechanisms are maladaptive in the long tun, leading to myocardial degeneration and 

left ventricular failure. Although the development of left ventricular hypertrophy in 

hypertension is due to pressure overload, abundant evidence indicate a direct neuro­

endocrine influence on the myocardium (56). An important reason for the lack of 

couelation between left ventricular hypertrophy and degree and duration of arterial 

hypertension is the confounding effect of white coat hypertension (Paper II). It should, 

in addition, be considered whether increased heart rates per se may contribute to the 

development of cardiomyopathy of overload (Paper III- IV). 

It is important to realise that hypertensive cardiomyopathi today is a relative rare 

reason for left ventricular failure compared to the consequences of ischemic heart 

disease complicating the course of arterial hypertension. 

Are alterations of left ventricular diastolic function the earliest sign of 

end-organ damage in hypertension ? 

There is evidence that diastolic dysfunction of the left ventricle may occur 

before a decline in systolic function (61). The increased arterial pressure may induce a 

prolongation of the left ventricular relaxation (62). Left ventricular compliance may be 

reduced because of fibrosis of the myocardium. The relative impact of these changes 

may be assessed with Doppler ultrasound recordings of trans-mitral flow velocities, 

but the interpretation of mitral flow pattems are confounded by the influence of several 

other factors like age, heart rate, autonomic discharge etc. (63). The addition of 

pulmonary venous flow recordings may improve the diagnostic power of Doppler 

ultrasound recordings of trans-mitral flow velocities (Paper II). 

Thus, although early alterations of left ventricular filling in hypertensives was 

believed to be mainly due to stmctural myocardial changes, several functional factors 

may disturb left ventricular filling and the analysis should always be perfotmed in light 

of the interaction between left atrial contraction and left ventricular relaxation and 

compliance (Paper II). In this framework it is possible that early disturbances of left 

ventricular filling in hypertensives may be due to increased adrenergic drive or slight 
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elevations of the systemic arterial pressure or both. This may constitute a link between 

m1erial compliance and alterations of left ventricular filling. 

Neurogenic hypertension versus borderline hypertension versus labile 

hypertension versus white coat hypertension versus predominantly 

systolic hypertension. More similarities than differences ? 

The study of subjects with anticipated early hypet1ension or borderline 

hypertension might give a clue to the understanding of the early hemodynamic 

derangements in hypertension (64). Borderline hypertension (65) is characterised by 

arterial blood pressures sometimes above and sometimes below a certain cut-off limit, 

commonly 140/90 mm Hg, which is a general accepted definition of hypertension (5). 

Some investigators (66) use the term labile hypertension in an analogue way. Because 

of evidence of involvement of the sympathetic nervous system (67-69) the term 

neurogenic hypertension has sometimes been applied to this kind of hypertension. 

Recent technological developments has provided the possibility to monitor 

blood pressures intennittently during a 24 hour period. Ambulatory blood pressure 

recordings are performed with a cuff on the upper arm connected to a device carried on 

the chest. The measurements are performed automatically with an interval of one half to 

one hour during daytime and night-time respectively, thereby assessing a mean day and 

night-time blood pressure as well as blood pressure variations during normal workdays 

(70-72). 

The term white coat hypertension (73) is used when normotensive subjects 

according to ambulatory blood pressure monitoring, have repeated blood pressures > 

140/90 mm Hg measured with sphygmomanometer in the physician's office. Although 

there is general agreement concerning the blood pressure litnits for office (casual or 

clinic) pressures, the definition of ambulatory normotension is controversial. 

Ambulatmy nmmotension is accordingly by some defined as mean daytime ambulatory 

blood pressures< 140/90 mm Hg (74), but by others< 135/80 mmHg(9, 75, 5, 76). 

The prevalence of white coat hypertension has been estimated to 10 - 30% in a 

hypertensive population (77, 78, 75), but varies according to the definition used. It is 

thus of great interest, both for the individual patients and for the society, to clarify 

whether these subjects may need antihypertensive medication. 

Our studies suppot1 the view that the discrepancy between ambulatory and 

casual blood pressure measurements is caused by mental stress since increased heart 

rate and increased cardiac output seems to play a role (Paper I). But the studies also 

showed evidence of a lack of vasodilatory capacity in these subjects. Low total merial 

compliance in subjects with white coat hypertension could be due to a combination of 

increased arterial distending pressure, age-dependent arteriosclerosis, small body size 
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and increased rate of ejection of the stroke volume (Paper I - III). 

A potential implication of small body size in white coat and systolic 

hypertension is indicated by the association between small body size and low total 

arterial compliance (Paper Ill). It can not be excluded that small body size may play a 

role for the increasing pulse pressure with ageing since there is a high prevalence of 

predominantly systolic hypertension (79) and white coat hypertension in elderly female 

subjects (80), but additional biologic and environmental mechanisms should be 

investigated. 

Increasing arterial pulse pressure with increasing age is a typical phenomenon 

in the western society and has been associated with a poor prognosis (79). Systolic 

hypertension in the elderly may due to a combination of low arterial compliance and 

increased amplitude and early return of reflected pressure waves. Future studies should 

investigate whether a chronotropic insufficiency (81) may influence the balance 

between heart rate and left ventricular contractility in elderly subjects. Hence, it is 

possible that an increased adrenergic drive in elderly subjects (82, 83) may stimulate 

left ventricular contractility and the rate of left ventricular ejection, with only a modest 

increase in heart rate (Paper III). 

Our studies support that systolic hypertension in the elderly to a large degree is 

a labile phenomenon (84) (Paper I- III). In other words, it seems to be a condition 

whereby even modest mental excitement such as visiting the doctors office may elicit a 

pressor response. This may have important implications for the management of this 

serious problem including the possible danger of over-treating these subjects (10). The 

absence of extremely hypertrophic left ventricles in elderly subjects with systolic 

hypertension may also be a consequence of this phenomenon. 

Several studies (85-87) have recently demonstrated the effect blood pressure 

lowering drugs in systolic hypertension in the elderly. Ambulatory blood pressure 

recordings may serve to monitor treatment effect (76) and contribute to the choice of 

dosage and type of medication in systolic hypertension. 

Prognostic significance of white coat hypertension and ambulatory 

blood pressure monitoring 

The risk for cardiovascular complications associated with arterial hypertension 

is determined by the degree of blood pressure elevation ( 1, 2) and by the degree of 

end-organ damage, as for example the degree of left ventricular hypertrophy (88, 89). 

There is also evidence that blood pressure profiles like predominantly systolic 

hypertension (79) and increased pulse pressure (90) provide additional clues to risk 

assessment. Additional risk factors like atherosclerotic arterial disease, diabetes 

mellitus, smoking, heredity and lack of physical activity should also be considered. 
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Several studies have demonstrated that subjects with white coat hypetiension 

have less end-organ damage than subjects with sustained hypertension (9, 91, 92) 

indicating a favourable prognosis, but it is underscored that white coat hypertension is 

associated with more end-organ damage than "normotension" (93). 

Few follow up studies have selected subjects according to ambulatmy blood 

pressure monitoring (94, 78). Perloff et al. (94) who followed 1076 hypertensive 

subjects in average five years found that those whose ambulatory pressure was low in 

relation to their clinic pressure were at lower risk of mortality. Verdecchia et al (78) 

followed 1187 subjects for three years and found that the prognosis was better for 

subjects with white coat hypertension than for subjects with sustained hypertension. 

Although there is reason to suggest that white coat hypertension in elderly 

subjects with arterial atherosclerotic derangements may be associated with an 

unfavourable prognosis, the prognosis for young subjects with a hyperkinetic 

circulation (95, 96) in the physician's office and no evidence of atherosclerosis is 

possibly good. The possibility that white coat hypertension is a precursor of sustained 

hypertension should, however, be considered and general advice concerning lifestyle 

as well as routine blood pressure control is recommended (97). 

Ambulatory blood pressure monitoring unquestionably contributes to the risk 

assessment of subjects with arterial hypertension and may contribute to selection of 

treatment strategy according to the overall risk (5). 

Potential mechanisms linking arterial hypertension to myocardial 

ischemic events 

Myocardial ischemia can be the consequence of either increased oxygen 

demand or deficient oxygen supply. Acute atterial hypertension may induce myocardial 

ischemia by increasing myocardial oxygen demand (98). Sustained arterial 

hypertension is associated with left ventricular hypertrophy (55, 56) which, although 

the load on each myofibril is "normalised", may induce a mismatch between oxygen 

offer and demand with consequent angina pectoris, myocardial infarctions and 

ventricular fibrillation. Hypertensive subjects have three times the risk of sudden death 

(99). 

It is also possible that arterial hypertension may be associated with endothelial 

damage and ruptures of atherosclerotic plaques because of the mechanical stress on the 

plaque (100, 101) with subsequent coronary occlusion and myocardial infarction as 

well as ventricular fibrillation. Endothelial dysfunction in hypertensives could also 

predispose for coronary artery spasm. 

Since arterial hypertension may influence the prognosis of coronary attery 

disease, or vice versa, by several mechanisms, different therapeutic approaches may 
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favourably influence this relationship such as reducing the blood pressure per se, 

improving the balance between parasympathetic and sympathetic nervous system 

activity, reducing ancl/or preventing left ventricular and arterial structural alterations and 

prevention of atherosclerosis. 

How can the noninvasive assessment of ventricular-arterial interaction 

provide insight into pharmacodynamics ? 

A more precise evaluation of influence of drugs on pulsatile hemodynamics is 

necessaty. The most important contribution by us in this regard is the demonstration of 

an increased total arterial compliance during selective beta1 receptor blockade. We 

believe that the increase in total arterial compliance during beta-blockade depends on 

inertance of the aortic blood column or viscoelastic properties of the arterial wall or 

both. This assumption is supp01ted by the lack of improvement in total atterial 

compliance during treatment with nitroglycerin, which may be due to the reflex 

sympathetic activation (Paper V). Thus, the effect of beta-adrenergic blockade on left 

ventriculm· ejection dynamics favourably influences ventricular-arterial interaction 

which may contribute to the reduction in morbidity and mmtality with beta-blocker 

treatment in conditions like ischemic heart disease (100), heart failure (102), aortic 

aneurysms (1 03) and the potential favourable effect of beta-blockers on atherogenesis 

(104). 

Conclusions 
A comprehensive approach to the assessment of hemodynamic derangements in 

hype1tensive subjects is feasible with noninvasive methodology. These methods may 

be used to characterise hemodynamics in subsets of hypertensives and in individual 

subjects. Hemodynamics together with metabolic features, age and comorbid 

conditions may provide a basis for the establishment of a risk profile for more 

appropriate management of hypertensive subjects. Moreover, extended insight into 

mechanisms of drug actions may be provided by this methodology. It is emphasised 

that the present studies indicate that left ventricular and arterial mechanical properties 

influence each other in a reciprocal manner, thereby unde1mining the view that the 

aortic impedance spectrum depends only on arterial properties without influence of left 

ventricular dynamics. 

Although reduced arteriolar dilatmy capacity seems to be a prerequisite for the 

development of mterial hype1tension, increased cm·diac output also seems to play a 

role, not only for the blood pressure response in the medical environment in young and 

in elderly subjects, but also in sustained hype1tension. There is evidence that large 

arteries in sustained (ambulatory) hypertension are more or equally compliant as large 
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arteries in normotensives after correction for the distending pressure. White coat 

hypertension share several features with systolic hypertension in the elderly and is 

characterised by a low total arterial compliance possibly due to a combination of 

structural alterations of the arterial wall and increased adrenergic drive, but small body 

size may play a role. 

The heterogeneity of pathophysiologic mechanisms involved in arterial 

hypertension provides a basis for a broad pharmacodynamic approach when dtug 

treatment is indicated. Dmgs with pure vasodilatory effects according to the traditional 

view may decrease left ventricular afterload by reducing arteriolar resistance as well as 

reducing magnitude of reflected pressure waves and delaying pressure wave 

reflections. Dtugs that reduce left ventricular contractility and heart rate like beta­

adrenergic receptor blockers and possibly some calcium antagonists seems to improve 

aortic elastic properties with a secondary favourable influence on left ventricular 

dynamics. Obtaining additional gain by combining treatment principles, taking into 

consideration the reciprocal influence of pathophysiologic mechanisms on each other, 

is expected. 
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Hemodynamics in White Coat Hypertension 
Compared to Ambulatory Hypertension and 
Normotension 
Johannes Soma, Svend Aakhus, Ketil Dahl, Stig Slerdahl, Rune Wiseth, Tor Erik Wideree, 
and Terje Skj<£rpe 

Hemodynamic alterations associated with the 
blood pressure response in subjects with white 
coat hypertension may provide insight into the 
pathophysiologic mechanisms of this condition. 
Systemic arterial hemodynamics were investigated 
with a recently validated method based on 
noninvasive estimates of aortic root pressure and 
flow in 28 subjects with white coat hypertension 
(diastolic pressure ;,: 90 mm Hg measured by the 
general practitioner [ GP arterial pressure 1 and 
ambulatory daytime pressures < 140/90 mm Hg), 
in 23 subjects with previously untreated, 
ambulatory hypertension ( GP diastolic pressure "'= 
90 and < 115 mm Hg and ambulatory daytime 
diastolic pressure "" 90 mm Hg), and in 32 
normotensive subjects. The groups did not differ 
significantly concerning age, gender, body surface 
area, heart rate, stroke index and cardiac index, 
but total peripheral resistance index was increased 
and total arterial compliance reduced in the white 
coat group and the hypertensive group compared 
to the normotensive group. The subjects in the 

Subjects with white coat hypertension are char­
acterized by elevated arterial pressures in the 
physician's office, but "normal" pressures at 
other times.1 Several studies have indicated a 

good prognosis of this condition by demonstrating a 
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white coat group with a systolic arterial pressure 
during echocardiography that was > 5 mm Hg 
higher than the ambulatory daytime systolic 
pressure (n = 19) had increased cardiac index, 
increased total peripheral resistance, and 
decreased total arterial compliance compared to 
the normotensive group. The subjects in this 
group with a hemodynamic pattern characterized 
by a high ratio of cardiac index/peripheral 
vascular resistance were significantly younger 
than the subjects with the opposite pattern. Thus, 
the blood pressure increase in subjects with white 
coat hypertension is associated with increased 
cardiac output, increased peripheral vascular 
resistance, and reduced total arterial compliance, 
but the hemodynamic pattern may be influenced 
by age. Am J Hypertens 1996;9:1090-1098 
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low degree of end-organ damage.2 The consequence 
is that subjects with white coat hypertension, which 
may represent 20% to 60% of a hypertensive popula­
tion, 1'

3 may have a confounding effect in studies of 
heart disease as well as in clinical practice. However, 
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others have shown that subjects with this condition 
exhibit end-organ damage 4

'
5 and metabolic character­

istics3·6 that differ from normal. It is therefore contro­
versial whether subjects with white coat hypertension 
need increased medical surveillance or treatment. 

The aim of this study was to investigate the patho­
physiological mechanisms that generate the white 
coat blood pressure response. To accomplish this, we 
used a recently validated method based on noninva­
sive estimation of aortic root pressure and flow. 7

-
9 

Subjects who were evaluated as hypertensives by the 
general practitioner, but who had "normal" ambula­
tory daytime arterial pressures, 10 were recruited for 
this study. Arterial blood pressures were in addition 
measured by a nurse according to a standardized pro­
cedure and during the echocardiographic examina­
tion. Hemodynamic variables obtained during echo­
cardiography were evaluated in relation to the blood 
pressure response achieved during that examination. 

METHODS 

Study Subjects The study comprised three study 
groups that were not significantly different regarding 
age, gender and body surface area (Table 1). The white 
coat group consisted of 28 subjects with diastolic pres­
sure in the general practitioner's office ( GP arterial 
pressure) 2: 90 mm Hg and ambulatory daytime arte­
rial pressure< 140/90 mm Hg (Table 1). The main 
reasons for referral to the special ward for hypertension 
in our hospital were a tendency to blood pressure vari­
ability, increased heart rate associated with measure­
ment of arterial pressure, young age, or an unspecified 
wish from the patient or from the physician to obtain a 
thorough evaluation before the start of medical therapy. 
Subjects who fulfilled the inclusion criteria were con­
secutively referred for echocardiography for evaluation 
of inclusion in the study. Three of the referred subjects 
were excluded, one because of valvular heart disease 
and two because of a poor echocardiographic window. 
Two subjects used antihypertensive medication that 
was stopped at least 4 weeks before inclusion. The re­
maining 26 subjects were previously untreated. 
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The group with ambulatory hypertension (hyperten­
sive group) consisted of 23 previously untreated sub­
jects with GP diastolic pressure 2: 90 and < 115 mrn 
Hg and ambulatory daytime diastolic pressure 2: 90 
mm Hg. These subjects were recruited directly from 
general practitioners with the aim of participating in a 
study of hemodynamics in hypertension. Twenty-four 
subjects with previously untreated, ambulatory hyper­
tension were referred for echocardiography. One sub­
ject was excluded because of an inappropriate echocar­
diographic window. 

All subjects in our database of normotensive, healthy 
subjects in the same age range as the hypertensive 
group were selected as controls for this study. Most 
subjects in that age range entered the database by a 
random selection of employees in the hospital. The nor­
motensive group consisted of 32 subjects with diastolic 
pressure < 90 mm Hg measured by a nurse in the clinic. 
This pressure was determined in accordance with the 
requirements for the clinic arterial pressure as de­
scribed below, but was performed on one day only. 

Exclusion criteria for all groups were evidence of cor­
onary heart disease, heart failure, valvular heart dis­
ease, atrial fibrillation, chronic obstructive pulmonary 
disease, secondary hypertension, other major diseases, 
use of drugs, inappropriate echocardiographic win­
dow, and the inability to obtain a subclavian pulse 
trace. 

All subjects gave written informed consent to the in­
vestigation, which was approved by the regional ethical 
committee. 

Arterial Blood Pressure Measurements GP Arterial 
Pressures GP arterial pressures were measurements of 
brachial arterial pressures obtained in the general prac­
titioner's office by the physician. The requirements for 
recording and analysis of these pressures were in accor­
dance with the guidelines from The Norwegian College 
of General Practitioners.11 If several pressures were pre­
sented at admittance in the clinic, an average of these 
was calculated. 

Clinic Arterial Pressures Clinic arterial pressures were 
measured in the clinic with a mercury sphygmoma-

TABLE 1. GROUP CHARACTERISTICS 

Gender (men/women) 
Age (years) 
Body surface area (m2

) 

LVMI (g/m2
) 

Values are mean :t SD. 

Normotension 

19/13 
48 ± 7 

1.90 ± 0.20 
90 ± 20 

* P < .05 v normotension and v white coat hypertension. 

White Coat 

16/12 
47 ± 13 

1.90 ± 0.18 
103 ± 36 

Hypertension 

Ambulatory 

14/9 
48 ± 7 

1.95 ± 0.17 
121 ± 24* 

LVMI: left ventricular mass index, which was suitable for analysis in 29 normotensive subjects, 25 subjects with white coat hypertension, and 21 subjects 
with ambulatory hypertension. 
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nometer by an experienced nurse. Korotkoff phase V 
was used to determine the diastolic pressure. These 
measurements were obtained with the subject in the 
sitting position after resting for at least 15 min. They 
were performed on 3 different days with 1 week in 
between measurements. The two lowest of the three 
readings on each day were averaged and the average 
of the two lowest averages determined the clinic arterial 
pressures. 

An ambulatory 24-h arterial blood pressure re­
cording (Oxford, Medilog ABP, Oxford Medical, Inc., 
Clearwater, FL, or Suntech Accutracker II, Suntec 
Medical Instruments, Inc., Raleigh, NC) was per­
formed on a normal work day. Ambulatory 24-h arte­
rial pressures were defined as the mean of half-hourly 
recordings from 7 AM to 11 PM and hourly recordings 
from 12 PM to 6 AM. The nighttime recordings were 
missing in one subject, whereas five recordings were 
missing in another subject and between one and three 
recordings in seven other subjects. Ambulatory day­
time arterial pressures were defined as the mean of 
half-hourly recordings from 7 AM to 11 PM. The edit­
ing of ambulatory pressures were done automati­
cally, but manually controlled. 

Oscillometric Arterial Pressures Oscillometric arterial 
were measurements of brachial arterial pressures re­
corded during the echocardiographic examination as 
outlined below. Clinic arterial pressures were initially 
measured on both arms to exclude significant devia­
tions of arterial pressures between the right and left 
arm. Clinic and oscillometric arterial pressures reported 
in the study are all from measurements on the right 
arm, but the latter were recorded with the subject in 
the lateral decubitus position and the former with the 
subject in the sitting position. Ambulatory pressures 
were measured on the left arm except for a few cases 
in which the right arm was used. 

Because the diastolic arterial pressures during echo­
cardiography were considerably lower than the dia­
stolic pressures obtained in the sitting subject, systolic 
pressures were used for the comparison of blood pres­
sure responses (the increase in arterial pressure with 
regard to the ambulatory daytime systolic pressure) 
achieved during measurements of clinic pressures (Fig­
ure 1) and during echocardiography (Figure 2). 

Noninvasive Data Recording All echocardiographic 
recordings and analysis were performed by the same 
investigator. The recordings were obtained with the 
patient in the left lateral decubitus position, and started 
after the patient had been at rest for at least 10 min. 
An ultrasound scanner (Vingmed CFM 750, Vingmed 
Sound, Horten, Norway) with a duplex probe (3.25-
MHz imaging I 2.5-MHz Doppler) was used. The aortic 
annulus diameter was measured in the parasternal 
long axis view between the insertion points of the valve 
leaflets by use of the trailing-to-leading edge method.12 
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FIGURE 1. Plots show the association and the agreement be­
tween ambulatory daytime ( AMB) pressures and the correspond­
ing clinic arterial pressures (Clinic) for the white coat group 
( WCH) and the hypertensive group ( HT). The equations for the 
regression line, the coefficients of correlation and the 95% limits 
of agreement were as follows: A. Systolic pressures in WCH: y 
= 0.86x + 34; r = 0.33, P = .09; 16:!: 36. B. Systolic pressures 
in HT: y = 0.54x + 63; r = 0.59, P = .003; -3.5 :!: 24. C. 
Diastolic pressures in WCH: y = 0.55x + 44; r = 0.38, P = .05; 
6 :!: 14. D. Diastolic pressures in HT: y = 0.41x +54; r = 0.56, 
P = .006; -3.7 :!: 14. Horizontal lines indicate mean :!: 2SD. 

The aortic annulus flow velocities 13 were recorded by 
pulsed Doppler technique from the apical position 
with the sample volume positioned in the centre of the 
outflow tract just at the annulus, obtaining an optimal 
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FIGURE 2. Plots show the distribution of hemodynamic vari­
ables in relation to the white coat blood pressure response during 
echocardiography (difference between oscillometric systolic and 
ambulatory daytime systolic pressure). AMBd DP: Ambulatory 
daytime diastolic pressure; AMBd SP: Ambulatory daytime sys­
tolic pressure; SI: stroke index; CI: cardiac index; TPRI: total 
peripheral resistance index; C: total arterial compliance. Vertical 
lines indicate a white coat response of 5 mm Hg (Group B is to 
the left and Group A to the right of this line). 

flow velocity spectral profile and a distinct valve clo­
sure signal. 

The subclavian artery pulse tracings were obtained 
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with a capillary damped funnel (Siemens-Elema AB, 
Solna, Sweden) positioned over the right subclavian 
artery at its point of maximal impulse and connected 
to a strain-gauge transducer (model 120-0123, !rex 
Medical Systems, Ramsey, NJ) and displayed simulta­
neously with the Doppler velocity spectre on the mon­
itor.9·14 Only pulse traces with a consistent wave mor­
phology, a sharp deflection in early systole, and a 
minimal linear drift were used. Doppler recordings 
and pulse traces were obtained during a short period 
of apnea close to end-expiration. Data from at least 
three consecutive cardiac cycles were transferred, to­
gether with pulse and electrocardiogram traces, to a 
computer for analysis (Macintosh II CI, Apple Com­
puters Inc., Cupertino, CA). 

M-mode echocardiographic images, guided by 
two-dimensional echocardiography, were obtained 
from the parasternal window and transferred to the 
computer. 

Right brachial artery systolic and diastolic pressures 
were recorded with the oscillometric technique (Dina­
map 1846 SXP, Criticon Inc., Tampa, FL) every minute 
during the Doppler ultrasound study. The measure­
ments obtained immediately before the Doppler 
recordings were averaged and used for subsequent 
analysis. 

Analysis of Echocardiographic Recordings Aortic 
root flow velocities and subclavian artery pulse traces 
were recorded and analyzed in all subjects ( n = 83) . 
The maximal velocity (ie, outer envelope of the Dopp­
ler spectrum) of at least three Doppler flow velocity 
profiles were traced manually and averaged. The sub­
clavian artery pulse trace was calibrated with oscillo­
metrically obtained systolic and diastolic pressures and 
the pulse transmission delay corrected by alignment of 
the pulse trace incisura to the end systole of the Dopp­
ler flow trace.8 

M-mode recordings were suitable for analysis in 75 
subjects (M-mode recordings were rejected in three 
subjects in the normotensive group, three subjects in the 
white coat group, and two subjects in the hypertensive 
group). It was required that the right and the left side 
of the endocardial septum and the endocardial and epi­
cardial surfaces of the posterior left ventricular wall be 
recorded continuously in at least three cardiac cycles. 

The examiner was blinded for the arterial pressures, 
but not for the category of the subjects. 

Analysis of Data The flow and pressure traces were 
processed by specially designed computer software in 
which the properties of the arterial circulation were 
estimated according to a three element Windkessel 
model of the systemic arterial tree.8 In this model, the 
total arterial compliance represents the volume compli­
ance of the arteries, characteristic impedance is an ex­
pression of the resistance to pulsatile flow in the proxi­
mal aorta, and peripheral resistance represents the arte-



1094 SOMA ET AL 

riolar resistance. Heart rate was determined from 
electrocardiogram (ECG) recordings during the echo­
cardiographic investigation. Mean arterial pressure was 
calculated as the pressure integral over the total cardiac 
cycle.8 Pulse pressure was defined as the difference in 
systolic and diastolic pressures. Stroke volume was cal­
culated as the product of the Doppler velocity-time inte­
gral and the aortic cross-sectional area assuming a cir­
cular valve annulus.12 Cardiac output was calculated 
as stroke volume times heart rate. The corresponding 
indices were obtained by dividing by the body surface 
area.15 Total peripheral resistance was calculated as the 
mean arterial pressure over cardiac output, multiplied 
by 80 for unit conversion. The corresponding index was 
obtained by multiplying by the body surface area. 

Left ventricular mass was calculated from M-mode 
echocardiograms using the formula according to the 
Penn convention (Penn-cube LV mass) 16

: 

1.04!(IVSd + LVIDd + PWTd) 3 
- (LVIDd) 3

) - 13.6, 

where LVIDd is the end-diastolic left ventricular inter­
nal diameter, IVSd is the end-diastolic intraventricular 
septal diameter, and PWTd is the end-diastolic poste­
rior wall thickness. The corresponding index was ob­
tained by dividing by the body surface area. 

Statistical Analysis Continuous variables are ex­
pressed as means :!:: standard deviation ( SD). Compari­
sons between the groups were performed with analysis 
of variance. Within group comparisons were performed 
with analysis of variance for repeated measurements. 
When the difference in the overall comparison of 
groups in the analysis of variance was significant (P < 
.05), post hoc comparisons were performed with the 
Scheffe test. Relationships between variables were 
tested with linear regression analysis and Pearson's co­
efficient of correlation. The coefficient of variation (%) 
was calculated as the standard deviation of the differ­
ences divided by the mean of the initial values. The 
95% limits of agreement were calculated as the mean 
difference :!:: the standard deviation of the differences 
X 2.17 Agreement was illustrated by plotting the differ­
ences against their average. 

Reproducibility Intraobserver reproducibility of the 
variables of the noninvasive method used in this study 
were assesse::l by comparing measurements obtained 
in 30 subjects with ambulatory hypertension on two 
occasions, 8 weeks apart. The results for the following 
variables comprises variability due to recording, analy­
sis as well as biological variability. The aortic annulus 
diameter obtained at the first occasion was used for 
calculation of hemodynamic variables at both occa­
sions, specifically, oscillometric systolic pressure ( 6%; 
3 :!:: 18 mm Hg, coefficient of variation; 95% limits of 
agreement), oscillometric diastolic pressure (8%; 0 :!:: 
13 mm Hg), mean arterial pressure (6%; 1 :!:: 13 mm 
Hg), Doppler velocity-time integral of aortic root flow 
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(7%; 0 :!:: 3 em), left ventricular stroke volume (7%; 
-2:!:: 15 mL), cardiac output (11%; -0.28 :!:: 1.5 L), 
peripheral resistance (11 %; 27 :!:: 283 dyne/ sec/ ems), 
total arterial compliance (11 %; -0.04 :!:: 0.33 mL/mm 
Hg), and aortic characteristic impedance (34%; 16 :!:: 
44 dyne/ sec/ ems). Intra observer reproducibility of the 
aortic annulus diameter was assessed by comparing 
measurements in 16 normotensive adults on two occa­
sions 2 weeks apart (2.5%; 0.02:!:: 0.11 em). Interexam­
iner and interanalyzer reproducibility of the method 
have been reported previously.8 

RESULTS 

Arterial Blood Pressures Although the subjects with 
white coat hypertension had significantly lower clinic 
and oscillometric systolic and diastolic pressures than 
GP systolic and diastolic pressures, the clinic systolic 
and diastolic pressures and the oscillometric systolic 
pressure were significantly higher than the respective 
ambulatory daytime arterial pressures, indicating that 
these subjects had an arterial pressure response during 
measurement of arterial pressures by a nurse and dur­
ing echocardiography (Table 2). During the measure­
ment of clinic arterial pressures, 19 subjects (10 men 
and 9 women) had a> 5 mm Hg higher systolic pres­
sure compared with their ambulatory daytime systolic 
pressure (Figure 1). While a corresponding blood pres­
sure response was shown by an equivalent number 
of subjects (9 men and 10 women) during echocardio­
graphy (oscillometric arterial pressures), 14 subjects 
showed that degree of blood pressure response on both 
examinations. 

There was no significant difference between the 
white coat group and the hypertensive group concern­
ing GP, clinic, and oscillometric systolic pressures, but 
the corresponding diastolic pressures were significantly 
lower in the white coat group (Table 2), which indi­
cates that the pulse pressures were wider in the white 
coat group on all three procedures. 

Figure 1 illustrates the poor relationship and agree­
ment between ambulatory daytime arterial pressures 
and clinic arterial pressures in the white coat group 
compared to the hypertensive group. It is interesting 
to notice that clinic arterial pressures tended to be lower 
than the ambulatory daytime arterial pressures in the 
hypertensive group. 

Hemodynamic Characteristics of the Study Groups 
The study groups were not significantly different con­
cerning heart rate, stroke index, and cardiac index (Ta­
ble 3). In the white coat group, but not in the other 
two groups, there was a significant correlation between 
heart rate and mean arterial pressure (r = 0.5, P = 
.009). The white coat group was significantly different 
from the normotensive group, but not from the hyper­
tensive group concerning total peripheral resistance in­
dex, peripheral resistance, aortic characteristic imped­
ance, and total arterial compliance (Table 3). 
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TABLE 2. ARTERIAL PRESSURES 

Hypertension 

White Coat Ambulatory 
Normotension 

(n = 32) (n = 28) (n = 23) p 

GPSP (mm Hg) 161 :±: 21 160 :±: 17 .8 
GP DP (mm Hg) 100 :±: 6 105 :±: 5 .0002 
Clinic SP (mm Hg) 118 :±: 13 142 :±: 16* 142 :±: 12* .0001 
Clinic DP (mm Hg) 77 :±: 6 89 :±: 8* 96 :±: 6*+ .0001 
Oscillometric SP (mm Hg) 108 :±: 12 137 :±: 19* 140 :±: 11* .0001 
Oscillometric DP (mm Hg) 61 :±: 7 75 :±: 11* 82 :±: 9*t .0001 
MAP(mmHg) 82 :±: 8 103 :±: 14* 108 :±: 9* .0001 
AMB 24 h SP (mm Hg) 122 :±: 7 142 :±: 13 .0001 
AMB 24 h DP (mm Hg) 80 :±: 6 97 :±: 7 .0001 
AMB daytime SP (mm Hg) 127 :±: 6 145 :±: 13 .0001 
AMB daytime DP (mm Hg) 83 :±: 5 99 :±: 8 .0001 

Values are mean ± SD. 
* P < .05 v normotet1sion. 

t P < .05 v white coat hypertension. 

GP: general practitioner; SP: systolic pressure; DP: diastolic pressure; MAP: mea11 arterial pressure; AMB: ambulatory blood pressure. 

Table 4 and Figure 2 shows characteristics of the sub­
jects in the white coat group with (Group A) and with­
out (Group B) a blood pressure response during echo­
cardiography, as defined above. While age, heart rate, 
and cardiac index were significantly higher, total arte­
rial compliance was significantly lower in Group A than 
in Group B, but there were no differences concerning 
stroke index and total peripheral resistance index. 
Moreover, cardiac index and total peripheral resistance 
index were both increased in Group A compared to the 
normotensive group (P < .05). 

To study whether there were any characteristics as­
sociated with a high ratio of vascular resistance I car­
diac output and vice versa, Group A was divided into 
groups according to total peripheral resistance index 

below and above mean total peripheral resistance in­
dex ± 1 SO in the normotensive group (ie, below 
and above 2400 dyn Is I cm5 lm 2). The 10 subjects ( 4 
men I 6 women) in the low vascular resistance group 
were younger (45 ± 10 v 56 ± 7 years, P = .01) and 
had significantly increased heart rate (77 ± 11 v 63 ± 
11 beats I min, P = .01), stroke index (57 ± 5 v 48 ± 
9 mLim 2

, P = .01) and cardiac index (4.5 ± 0.6 v 3.1 
± 0.5 Llminlm 2

, P < .0001) compared to the other 
group. There were no differences between these 
groups concerning body surface area, left ventricular 
mass index, ambulatory blood pressures, clinic arte­
rial pressures, oscillatory arterial pressures, blood 
pressure response during echocardiography, or total 
arterial compliance (all P = NS). 

TABLE 3. HEMODYNAMIC CHARACTERISTICS 

Hypertension 

Normotension White Coat Ambulatory 
(n = 32) (n = 28) (n = 23) p 

Heart rate (beats/min) 64 :±: 8 67 ± 12 68 :±: 6 .3 
Aortic VTI (em) 23 :±: 4 24 ± 4 24 ± 4 .4 
LVOT (em) 2.34 :±: 0.19 2.31 :±: 0.21 2.34 :±: 0.16 .8 
SI (mL/m2

) 52:±: 11 53 :±: 8 53:±: 7 .9 
CI (L/min/m2

) 3.3 :±: 0.8 3.5 :±: 0.8 3.6 :±: 0.5 .3 
TPRI (dyne/sec/ems /m2

) 2059 :±: 370 2436 :±: 565* 2458 :±: 347* .001 
R (dyne/ sec/ ems) 1022 :±: 206 1207 :±: 305* 1186 :±: 176* .006 
C (mL/mm Hg) 1.92 :±: 0.51 1.42 :±: 0.49* 1.57 :±: 0.46* .0006 
Z (dyne/sec/cm5) 69 :±: 21 89 :±: 36* 81 :±: 22 .02 

Values are mean ± SO. 
* P < .05 v normotension. 
VTI: Doppler velocity-time integral; LVOT: aortic awwlus diameter; SI: stroke index; CI: cardiac index; TPRI: total peripheral resistana index; R: 
peripheral resistance; C: total arterial compliance; Z: aortic clmracteristic impedance. 
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TABLE 4. CHARACTERISTICS OF GROUPS WITH A BLOOD PRESSURE RESPONSE 
(GROUP A) AND < 5 mm Hg (GROUP B) 

> 5 mm Hg 

Group A Group B p 

Gender (men/women) 9/10 7/2 .1 
Age (years) 51 ± 10 39 ± 14 .02 
Body surface area (m2

) 1.86 ± 0.19 1.99 ± 0.14 .08 
LVMI (g/m2

) 98 ± 38 116 ± 24 .3 
AMB daytime SP (mm Hg) 126 ± 6 127 ± 9 .8 
AMB daytime DP (mm Hg) 83 ± 5 83 ± 6 .9 
Clinic SP (mm Hg) 147 ± 19 134 ± 14 .06 
Clinic DP (mm Hg) 90 ± 7 88 ± 9 .5 
Oscillometric SP (mm Hg) 146 ± 14 119 ± 12 .0001 
Oscillometric DP (mm Hg) 79 ± 7 68 ± 12 .0001 
MAP(mmHg) 109 ± 10 90 ± 11 .0001 
Heart rate (beats/min) 70 ± 13 60 ± 8 .05 
SI (mL/m2

) 53± 9 51 ± 7 .5 
CI (L/min/m2

) 3.8 ± 0.9 3.0 ± 0.2 .02 
TPRI (dyne/sec/ems /m2

) 2463 ± 677 2380 ± 202 .7 
R (dyne/sec/ems) 1243 ± 361 1133 ± 109 .4 
C (mL/mm Hg) 1.25 ± 0.37 1.78 ± 0.54 .005 
Z (dyne/ sec/ cm5

) 98 ± 38 71 ± 21 .06 

Vnl11es are mean ± SO. 

LVMI: left ventricular mass index; AMB: ambulatory blood press11re; SP: systolic pressure; DP: diastolic press11re; MAP: mean arterial pressure; 51: stroke 
index; Cl: cm·diac i11dex; TPRI: total periphernlresistallce index; R: peripheral resistance; C: total arterial compliance; Z: aortic charncteristic impedance. 

DISCUSSION 

A definition of white coat hypertension that assumes 
a completely normal cardiovascular status during ev­
eryday life may implicate a lower ambulatory blood 
pressure cut-off than used in this study. 10 However, 
since there is no general agreement on the definition 
of white coat hypertension, we used current proce­
dures in this hospital for the selection of subjects with 
white coat hypertension, even though this may give 
access to subjects with borderline hypertension. 

This study has shown that subjects who had an arte­
rial systolic pressure during the echocardiographic 
examination that was > 5 mm Hg higher than the 
ambulatory daytime systolic pressure had increased 
vascular resistance as well as increased cardiac output 
compared to a normotensive control group. The sub­
jects in this group who had an increased cardiac out­
put I low peripheral vascular resistance pattern were 
younger than the subjects with the opposite pattern. 

Increased sympathetic nervous system activity, 
which is considered to be an important pathogenetic 
mechanism in borderline hypertension, 18 as well as in 
white coat hypertension, 6 most appropriately ex­
plains the blood pressure response in subjects with 
white coat hypertension. However, the different he­
modynamic patterns seen in individual subjects may 
indicate that activity of other neuroendocrine mecha­
nisms, such as the renin angiotensin system6 and the 
parasympathetic system, may modulate the sympa­
thetic activity. 19 

Different hemodynamic patterns with advancing 

age may be due to an increased ratio of norepineph­
rine to epinephrine secretion, 20 but a different respon­
siveness to catecholamines 21 may also play a role. The 
tendency toward increased vascular resistance and re­
duced cardiac output with advancing age, 22 regard­
less of underlying etiology, will tend to reinforce this 
hemodynamic pattern because an increased afterload 
is imposed on the left ventricle with diminished con­
tractile reserve, 23 thereby creating a vicious circle. 
However, to investigate whether hemodynamics asso­
ciated with the white coat arterial pressure response 
convert from one pattern to another pattern with ad­
vancing age requires a follow-up study. 

While cardiac output and peripheral vascular resis­
tance determine the mean arterial pressure, the degree 
of large artery stiffness contributes to determining the 
arterial pulse pressure.24 Although arteriolar resis­
tance represents the major part of the total peripheral 
resistance, the resistance to pulsatile flow, determined 
by the large arteries, may have a relatively large im­
pact on left ventricular function. 25

-
30 Total arterial 

compliance and aortic characteristic impedance are 
variables that may be used to indicate the degree of 
large artery stiffness.31 

The reduced total arterial compliance associated 
with the white coat arterial pressure increase in this 
study was probably due to increased arterial disten­
sion pressure, but an additional effect induced by 
large artery vasoconstriction cannot be excluded. In 
this regard it was interesting to notice that the white 
coat group tended to have wider pulse pressures than 
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the hypertensive group for similar arterial pressure 
levels, not only during the echocardiographic exami­
nation, but also during the examination by the general 
practitioner and in the clinic. If this represents an in­
creased large artery smooth muscle tonus, it may indi­
cate that these subjects have an increased vascular 
responsiveness. 

However, alternative explanations for the differ­
ence in pulse pressure between the white coat group 
and the hypertensive group must be considered. The 
possibility of a reduced elastic modulus of the arterial 
wall in hypertension was discussed in a recent publi­
cation.32 Although there is large evidence that vascu­
lar remodeling in ambulatory hypertension will tend 
to decrease arterial compliance by increasing vascular 
wall thickness, studies in animals have provided evi­
dence for the opposite. 

The clinical significance of hemodynamics in bor­
derline hypertension has been a matter of debate for 
years. 33'34 Although white coat hypertension may be 
considered a special case of borderline hypertension 
and may serve as a model for the understanding of 
the pathophysiological mechanisms of early hyper­
tension, the results of the present study may not sim­
ply be extrapolated to borderline hypertension as tra­
ditionally defined. Moreover, since most earlier stud­
ies on hemodynamics in borderline hypertension did 
not use ambulatory blood pressure monitoring for the 
categorization of subjects, hypertension in several of 
these subjects may have been due to an alerting reac­
tion/5 which complicates the issue considerably. 
However, we have shown that the evaluation of he­
modynamics in hypertension with a completely non­
invasive method is feasible. This method, which inte­
grates simultaneous recordings of pressure and flow, 
may provide important information about the patllo­
physiology of hypertension and thereby contribute to 
the classification of subjects into groups with different 
disease mechanisms and possibly different prognoses. 

Another important clinical implication of this study 
is that it may indicate that ambulatory blood pressure 
monitoring is required for the categorization of hyper­
tensive subjects, since the subjects in the white coat 
group showed a pronounced white coat arterial blood 
pressure response even by the careful measurements 
of arterial pressures performed by a nurse and under 
the quiet circumstances during echocardiography. 

CONCLUSION 

The blood pressure response in subjects with white 
coat hypertension is associated with increased cardiac 
output, increased peripheral vascular resistance, and 
reduced total arterial compliance, but the hemody­
namic pattern may be influenced by age. The reduced 
total arterial compliance is probably a consequence of 
passive distension of the arterial wall, but an in-
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creased large artery smooth muscle tonus cannot be 
excluded. 

ACKNOWLEDGMENTS 

We are indebted to Marit Olstad Re and Torild Vigeland 
Nergard for their excellent nursing assistance. 

REFERENCES 

1. Pickering TG, James GD, Boddie C, eta!: How common 
is white coat hypertension. JAMA 1988;259:225-228. 

2. White WB, Schulman P, McCabe E, eta!: Average daily 
blood pressure, not office blood pressure, determines 
cardiac function in patients with hypertension. JAMA 
1989;261:873-877. 

3. Julius S, Mejia A, Jones K, et a!: "White coat" versus 
"sustained" borderline hypertension in Tecumseh, 
Michigan. Hypertension 1990;16:617-623. 

4. Cardillo C, De Felice F, Campia U, eta!: Psychological 
reactivity and cardiac end-organ changes in white coat 
hypertension. Hypertension 1993; 21:836-844. 

5. Heegholm A, BangLE, Kristensen KS, eta!: Microalbu­
minuria in 411 untreated individuals with established 
hypertension, white coat hypertension, and normoten­
sion. Hypertension 1994;24:101-105. 

6. Weber MA, Neutel JM, Smith DHG, et al: Diagnoses 
of mild hypertension by ambulatory blood pressure 
monitoring. Circulation 1994; 90:2291-2298. 

7. Kelly R, Fitchett D: Noninvasive determination of aor­
tic input impedance and external left ventricular power 
output: a validation and repeatability study of a new 
technique. JAm Coli Cardiol 1992;20:952-963. 

8. Aakhus S, Soerli C, Faanes A, eta!: Noninvasive com­
puterized assessment of left ventricular performance 
and systemic hemodynamics by study of aortic root 
pressure and flow estimates in healthy humans and in 
patients with acute and healed myocardial infarction. 
Am J Cardia! 1993;72:260-267. 

9. Marcus RH, Korcarz C, McCray G, et a!: Noninvasive 
method for determination of arterial compliance using 
Doppler echocardiography and subclavian pulse trac­
ings. Validation and clinical application of a physiolog­
ical model of the circulation. Circulation 1994;89:2688-
2699. 

10. Verdecchia P, Porcellati C: Defining normal ambula­
tory blood pressure in relation to target organ damage 
and prognosis. Am J Hypertens 1993;6:207S-210S. 

11. Holmen J, Aursnes I, Forsdahl A, et al: Diagnose, in 
Holmen J (ed): Heyt Blodtrykk: NSAM's Handlings­
program. Statens Institutt for Folkehelse, Verda!, Folke­
helsa, Oslo, Norway, 1993, pp 18-23. 

12. Skjrerpe T, Hegrenaes L, Ihlen H: Cardiac Output, in 
Hatle L, Angelsen BA (eds): Doppler Ultrasound in 
Cardiology. Lea & Febiger, Philadelphia, 1985, pp 306-
320. 

13. Spencer KT, Lang RM, Neumann A, eta!: Doppler and 
electromagnetic comparisons of instantaneous aortic 
flow characteristics in primates. Circ Res 1991;68:1369-
1377. 

14. Aakhus S, Torp H, Haugland T, eta!: Noninvasive esti­
mates of aortic root pressures: External subclavian arte­
rial pulse tracing calibrated by oscillometrically deter-



1098 SOMA ET AL 

mined brachial arterial pressures. Clin Physiol 1993; 
13:573-586. 

15. Du Bois D, Du Bois E: A formula to estimate the ap­
proximate surface area if height and weight be known. 
Arch Intern Med 1916;17:863-871. 

16. Devereux RB, Alonso DR, Lutas EM, eta!: Echocardio­
graphic assessment of left ventricular hypertrophy: 
comparison to necropsy findings. Am J Cardiol 1986; 
57:450-458. 

17. Bland JM, Altman DG: Statistical methods for assessing 
agreement between two methods of clinical measure­
ment. Lancet 1986;2:307-310. 

18. Floras JS, Hara K: Sympathoneural and haemodynamic 
characteristics of young subjects with mild essential 
hypertension. J Hypertens 1993;11:647-655. 

19. Julius S, Esler MD, Randall OS: Role of the autonomic 
nervous system in mild human hypertension. Clin Sci 
Mol Med 1975;48:2435-2525. 

20. Messerli FH, Frohlich ED, Suarez DH, et al: Borderline 
hypertension: relationship between age, hemodynam­
ics and circulating catecholamines. Circulation 1981; 
4:760-764. 

21. Fleg JL: Alterations in cardiovascular structure and 
function with advancing age. Am J Cardia! 1986;57: 
33C-44C. 

22. Gerstenblith G, Lakatta EG, Weisfeldt ML: Age changes 
in myocardial function and exercise response. Prog 
Cardiovasc Dis 1976;19:1-21. 

23. Grossman W, Braunwald E, Mann T, et al: Contractile 
state of the left ventricle in man as evaluated from end­
systolic pressure volume relations. Circulation 1977; 
56:845-852. 

24. O'Rourke MF: Arterial stiffness, systolic blood pres-

AJH-NOVEMBER 1996-VOL. 9, NO. 11, PART 1 

sure, and logical treatment of arterial hypertension. 
Hypertension 1990; 15:339-347. 

25. Nichols WW, O'Rourke MF: Vascular impedance, in 
Nichols WW, O'Rourke MF (eds): McDonald's Blood 
Flow in Arteries. Edward Arnold, London, 1990, pp 
283-324. 

26. Milnor WR: Arterial impedance as ventricular after­
load. Circ Res 1975;36:565-570. 

27. Elzinga G, Westerhof N: Pressure and flow generated 
by the left ventricle against different impedances. Circ 
Res 1973;32:178-186. 

28. Bouthier JD, DeLuca N, Safar ME, et al: Cardiac hyper­
trophy and arterial distensibility in essential hyperten­
sion. Am Heart J 1985; 109:1345-1352. 

29. Watanabe H, Ohtsuka S, Kakihana M, eta!: Decreased 
aortic compliance aggravates subendocardial ischemia 
in dogs with stenosed coronary arteries. Cardiovasc 
Res 1992;26:1212-1218. 

30. Urschel CW, Covell JW, Sonnenblick EH, et a!: Effects 
of decreased aortic compliance on the performance of 
the left ventricle. Am J Physiol 1968;214:298-304. 

31. Milnor WR: Properties of the vascular wall, in Collins 
N (ed): Hemodynamics. Williams & Wilkins, Balti­
more, 1989, pp 58-95. 

32. Mulvany MJ: A reduced elastic modulus of vascular 
wall components in hypertension. Hypertension 1992; 
20:7-9. 

33. Finkielman S, Worcel M, AgrestA: Hemodynamic pat­
terns in essential hypertension. Circulation 1965;31: 
356-368. 

34. Lund-Johansen P: Essential hypertension: hemody­
namic and therapeutic changes over 20 years. J Cardia­
vase Pharmacal 1991; 18:51-57. 

35. Birkenhager WH: A critical interpretation of juvenile 
borderline hypertension. J Hypertens 1991;9(suppl6): 
52-59. 





Paper II 





190 JACC Vol. 28, No. 1 
July 1996:190-6 

HYPERTENSION 

Left Ventricular Systolic and Diastolic Function Assessed With 
Two-Dimensional and Doppler Echocardiography in 
"White Coat" Hypertension 

JOHANNES SOMA, MD, TOR ERIK WIDER0E, MD, PHD, KETIL DAHL, MD, 

OLE ROSSVOLL, MD, TERJE SKJ.t'ERPE, MD, PHD 

Trondheim, Norway 

Objectives. The aim of this study was to investigate left ventric­
ular function in subjects with ''white coat" hypertension, defined 
as office arterial diastolic pressure 2:90 and ambulatory daytime 
pressures <140/90 mm Hg, 

Background. The white coat arterial pressure response may, by 
influencing left ventricular function, have a confounding effect in 
studies of heart disease. 

Methods. 1\vo-dimensional and Doppler echocardiography, 
combined with the calibrated subclavian arterial pulse tracing, 
were used to assess variables of left ventricular function in 26 
subjects with white coat hypertension, as well as 22 subjects with 
·previously untreated ambulatory hypertension (office arterial 
diastolic pressure 2:90 and < 115 mm Hg and ambulatory daytime 
diastolic pressure 2:90 mm Hg) and 32 normotensive subjects. 

Results. In subjects with white coat hypertension, systolic 
arterial pressure during the echocardiographic examination was 

Subjects who have an exaggerated arterial pressure response in 
the physician's office but nonnal average 24-h arterial pressures 
are considered to have "white coat" hypertension (1). The 
prognosis in this condition, detennined by assessment of end­
organ damage, appears to be benign (2-4). However, even 
though the degree of end-organ damage is low, there are features 
that may indicate a need for careful medical surveillance of such 
subjects (5). Moreover, such subjects, who may represent 20% to 
60% of a hypertensive population (1,5), may be considered as 
confounders in studies of heart disease as well as in clinical 
practice. 

Infonnation about left ventricular dysfunction is important 
because it may be a sensitive indicator of hypertensive heart 
disease (6-8). There are few reports (2,9) on left ventricular 
diastolic and systolic function in subjects with white coat hyper­
tension. 
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significantly higher than ambulatory daytime systolic pressure. 
This pressure response was positively related to the ratio of the 
systolic to diastolic pulmonary venous flow peak velocities and to 
the peak velocity of flow reversion during atrial systole; it was 
inversely related to the ratio of early to late mitral flow peak 
velocities. Left ventricular stroke volume, ejection fraction and 
velocity of circumferential fiber shortening did not differ in the 
study groups, but left ventricular external work and end-systolic 
wall stress were increased in the white coat group. 

Conclusions. The arterial pressure response in subjects with 
white coat hypertension is associated with increased left ventric­
ular external work, increased end-systolic wall stress and alter­
ations of left ventricular filling but normal ejection fraction and 
velocity of circumferential fiber shortening. 

(]Am Col/ Cardio/1996;28:190-6) 

The purpose of this study was to investigate left ventricular 
systolic and diastolic function assessed with two-dimensional 
and Doppler echocardiography in subjects with evidence of 
white coat hypertension and to compare the findings with those 
in subjects with untreated ambulatory hypertension and nor­
motensive subjects. We recruited for this study subjects who, 
although evaluated as having hypertension by the general 
practitioner (physician arterial pressures), had "normal" am­
bulatory daytime arterial pressures (10). However, arterial 
blood pressures in these subjects were also measured by a 
nurse according to a standardized procedure on admission to 
the ward for hypertension in our hospital (clinic arterial 
pressures) and during the echocardiographic examination ( os­
cillometric arterial pressures). 

Methods 
Study subjects. The study comprised three groups that did 

not differ significantly in age, gender and body surface area 
(Table 1). The white coat hypertensive group consisted of 26 
previously untreated subjects with diastolic pressure in the gen­
eral practitioner's office (office arterial pressure) 2:90 mm Hg and 
ambulatory daytime pressure <140/90 mm Hg (Table 1). The 
main reasons for referral to the special ward for hypertension in 

0735-1097/96/$15.00 
PI! 50735-1097(96)00129-5 
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Table 1. Group Characteristics 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory p 
(n = 32) (n = 26) (n = 22) Value 

Men/women 19113 14112 1319 0.9 
Age (yr) 48!: 7 46!: 13 48!: 7 0.8 
Body surface area ( m2

) 1.90!: 0.20 1.90!: 0.18 1.95!: 0.17 0.6 
Pressures (mm Hg) 

Office SP 159!: 19 159!: 17 0.9 
Office DP 98!: 5 105!: 5 0.0001 
Clinic SP l18!: 13 143!: 19' 141!: 12' 0.0001 
Clinic DP 77!: 6 89!: 8' 96!: 6't 0.0001 
Amb 24-h SP 122!: 7 142 ± 13 0.0001 
Amb 24-h DP 79!: 6 97 ± 7 0.0001 
Amb daytime SP 127!: 7 145 ± 14 0.0001 
Amb daytime DP 83 ± 5 99!: 8 0.0001 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper-
tensive group. Data presented are mean value ± SD. Amb = ambulatory; DP = 

diastolic arterial pressure; SP = systolic arterial pressure. 

our hospital were a tendency to blood pressure variability, in­
creased heart rate associated with measurement of arterial pres­
sure, young age or because the patient or his physician wanted a 
more thorough evaluation before initiation of medical therapy. 
Subjects who fulfilled the inclusion criteria were consecutively 
referred for echocardiographic evaluation for inclusion in the 
study. Five of the referred subjects were excluded: one with 
valvular heart disease, two with a poor echocardiographic window 
and two who had used antihypertensive medication. 

The group with ambulatory hypertension (ambulatory hy­
pertensive group) consisted of 22 previously untreated subjects 
with office diastolic pressure 2:90 and <115 mm Hg and 
ambulatory daytime diastolic pressure 2:90 mm Hg. These 
subjects were recruited from general practitioners, who had 
referred 24 subjects with previously untreated ambulatory 
hypertension for echocardiography; 2 were excluded because 
of inappropriate echocardiographic window. 

The n01motensive group consisted of 32 subjects with dia­
stolic pressure <90 mm Hg measured by a nurse in the clinic. 
This pressure was determined in accordance with the require­
ments for the clinic arterial pressure as described later, but was 
performed on 1 day only. The subjects were randomly selected 
from healthy employees in the hospital and matched for age 
and gender with the hypertensive control group. 

Exclusion c1iteria for all groups were evidence of coronary 
heart disease, heart failure, valvular heart disease, atrial fibril­
lation, chronic obstructive pulmonary disease, secondary hy­
pertension, other major diseases or use of drugs and inappro­
priate echocardiographic window. 

All subjects gave written informed consent for the investi­
gation, which was approved by the regional ethical committee. 

Arterial blood pressure measurements. Office arterial pres­
sures were measurements of brachial artery pressures obtained 
by the physician in the general practitioner's office. The 
requirements for recording and analysis of these pressures 
were in accordance with the guidelines from The Norwegian 

College of General Practitioners (11 ). If several pressures were 
presented on admission to the clinic, an average of these was 
calculated. 

Clinic mterial pressures were measured in the clinic by an 
experienced nurse using a mercury sphygmomanometer. Ko­
rotkoff phase V was used to determine clinic diastolic pres­
sures. These measurements, obtained with the subject seated 
after > 15 min of rest, were performed on 3 days, 1 week apart. 
The two lowest of three readings on each day were averaged 
and the average of the two lowest averages determined the 
clinic arterial pressures. Clinic arterial pressures were initially 
measured in both arms to exclude significant deviations of 
arterial pressures between the right and left arms. Later the 
right arm alone was used. 

An ambulato1y 24-h pressure recording (Oxford Medilog 
ABP, Oxford Medical) or Suntech Accutracker II, Suntec 
Medical Instruments) was performed on a normal workday. 
Ambulato1y 24-h pressures were defined as the mean of half­
hourly recordings from 7 AM to 11 PM and hourly recordings 
from 12 PM to 6 AM. Ambulatory daytime pressures were defined 
as the mean of half-hourly recordings from 7 AM to 11 PM. 

Whereas all clinic arterial pressures were measured in the right 
arm, ambulatory arterial pressures were measured in the left 
arm except for a few cases in which the right arm was used. 

Oscillometric arterial pressures. Right brachial artery systolic 
and diastolic pressures were recorded with the oscillometric 
technique (Dinamap 1846 SXP, Criticon) every minute during 
the Doppler ultrasound study. The two measurements ob­
tained immediately before the Doppler recordings were aver­
aged and used for subsequent analysis. 

Echocardiography. All echocardiographic recordings and 
analyses were performed by the same investigator. An ultra­
sound scanner (Vingmed CFM 750, Vingmed Sound, Harten, 
Norway) with a duplex probe (3.25-MHz imaging/2.5-MHz 
Doppler) was used. The study subjects rested > 10 min before 
they were examined in a left lateral decubitus position. Re­
cordings were performed in end-expiration. A specially de­
signed computer software (Echodisp 4.0, Vingmed Sound) was 
used for analysis. Doppler, two-dimensional and M-mode 
echocardiograms were analyzed independently from each 
other and without knowledge of the arterial pressures, but the 
category of the subjects was known. Whereas two-dimensional 
and Doppler echocardiographic recordings of aortic flow were 
analyzed in all 80 subjects, M-mode echocardiographic record­
ings were suitable for analysis in 73 subjects and Doppler 
recordings of mitral and pulmonary venous flow in 75 and 72 
subjects, respectively. 

Aortic root pressure and flow. The aortic annulus flow 
velocities were recorded by pulsed Doppler technique from the 
apical position with the sample volume positioned in the center 
of the outflow tract just at the annulus, obtaining an optimal 
flow velocity spectral profile and a distinct valve closure signal. 
Data from at least three consecutive cardiac cycles were 
transferred, together with pulse and electrocardiographic 
(ECG) tracings, to the computer for analysis. The maximal 
velocity (i.e., outer envelope of the Doppler spectrum) of at 
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least three aortic root Doppler flow-velocity curves were traced 
manually and averaged. The subclavian artery pulse tracings 
were obtained with a capillary damped funnel (Siemens-Elema 
AB, Solna, Sweden) positioned over the right subclavian artery 
at its point of maximal impulse and connected to a strain gauge 
transducer (model 120-0123, !rex Medical Systems) and dis­
played simultaneously with the Doppler velocity spectra of the 
aortic root flow on the monitor (12,13). Only pulse tracings 
with a consistent wave morphology, a sharp deflection in early 
systole and a minimal linear drift were used. The pulse tracing 
was calibrated with oscillometrically obtained systolic and 
diastolic pressures and the pulse transmission delay corrected 
by alignment of the pulse tracing incisura to the end-systole of 
the Doppler flow tracing. The calibrated subclavian pulse 
tracing closely matches the aortic root pressure (12-14). 

1\vo-dimensional echocardiography. The aortic annulus di­
ameter was measured in the parasternal long-axis view between 
the insertion points of the valve leaflets by use of the trailing to 
leading edge method. The left ventricular apical four-chamber, 
two-chamber, long-axis views and the parasternal short-axis view 
located at the tip of the papillary muscles were transferred to a 
computer (Macintosh II series, Apple Computers) as scanline 
data, that is without loss of ultrasound information, providing a 
frame rate of 47 frames/s with the standard angle and depth. This 
provides an excellent condition for reviewing cineloops at differ­
ent speeds. The endocardial surface in the apical four-chamber 
view and the endocardial and epicardial surfaces in the short -axis 
view were traced manually on end-diastolic (the frame according 
to the R wave on the ECG) and on end-systolic (the frame before 
opening of the mitral valve) frames according to the convention 
of Wyatt et al. (15) and Yuille and Weyman (16). The papillary 
muscles were considered part of the left ventricular cavity. The 
following variables were determined: the left ventricular long axis 
(L) measured on end-diastolic (Led) and end-systolic apical 
four-chamber frames as the distance from the mitral annulus to 
the apex, the apical part of the end-systolic long-axis (a), trun­
cated at the level of the tips of the papillary muscles, the short -axis 
end-diastolic (Ded) and end-systolic (Des) diameters, the short­
axis end-diastolic (hed) and end-systolic (hes) wall thicknesses 
and the short-axis end-diastolic (A1ed) and end-systolic epicar­
dial and end-diastolic (A2ed) and end-systolic endocardial areas. 

M-mode echocardiography. M-mode echocardiograms of 
the left ventricle were obtained from the parasternal window, 
guided by two-dimensional echocardiography. Tracings from 
the level of the tip of the papillary muscles were transferred to 
the computer. It was required that the right and left endocar­
dium of the septum and the endocardial and epicardial sur­
faces of the posterior left ventricular wall be recorded contin­
uously in at least three cardiac cycles. The end-diastolic left 
ventricular internal diameter (L YIDd), the end-diastolic intra­
ventricular septal thickness (IYSd) and the end-diastolic pos­
terior wall thicknesses (PWTd) were determined according to 
the Penn convention (17). 

Doppler echocardiography of mitral flow and pulmonary 
flow. Mitral and pulmonary flow velocities were recorded by 
pulsed Doppler technique, from the apical position, between 

the mitral leaflets and in the upper right pulmonary vein, 
respectively. Data from at least five consecutive cardiac cycles 
were transferred to the computer. The maximal velocity of at 
least three mitral and pulmonary venous Doppler flow velocity 
profiles was traced and averaged. From the mitral flow velocity 
tracings, early mitral flow peak velocity and deceleration time 
and peak velocity and duration of the late flow were measured. 
The peak velocity and time-velocity integral during systolic and 
diastolic pulmonary venous flow and the maximal velocity, 
velocity integral and duration of the flow reversion during 
atrial systole were measured. 

Analysis of data. Mean aortic pressure (MAP [mm Hg]) 
was determined as the pressure integral under the calibrated 
subclavian pressure tracing (12,13). Aortic end-systolic pres­
sure (Pes [ mm Hg]) was determined at the incisura of the 
calibrated pulse tracing. Instantaneous aortic flow (Q(t)[mJ.s- 1

]) 

was calculated as the product of the instantaneous Doppler aortic 
blood flow velocity and aortic annular cross-sectional area (18). 
Mean aortic flow (Q[mJ.s-1]) was calculated as the integral of the 
instantaneous aortic flow. Left ventricular total power 
(W101[mW]) was calculated from instantaneous pressure [P(t)] 
and flow [Q(t)] (19) as follows: 

. 1 JT 
WIOI = T 0 P(t)Q(t) dt, [1] 

where T is the duration of the cardiac cycle. Steady power 
(W std [ m W]) was calculated from mean aortic pressure and 
flow: 

W"d =MAP X Q. [2] 

Oscillatory power (W osc [ m W]) was calculated as 

[3] 

Left ventricular end-diastolic (Yed) and end-systolic vol­
umes (Yes) were calculated from two-dimensional echocardio­
grams according to the following general formula (15,20): 

[4] 

where Y is left ventricular volume, A2 is the endocardial 
short-axis area, and L is the long-axis dimension in end­
diastole and in end-systole, respectively. 

Left ventricular mass was calculated according to an ex­
tended version of equation 4 (21-23): 

LVM20 = 1.05 X{~ X A1ed X (Led+ hed)- ~X A2ed X Led}. [5] 

where L YM20 = left ventricular mass by two-dimensional echo­
cardiography, 1.05 is the density of the myocardium, A1ed is the 
left ventricular epicardial short -axis area, Led is the long-axis 
dimension, hed is the mean wall thickness, and A2ed is the 
endocardial short-axis area, all in end-diastole. Relative wall 
thickness (RWT [%])was calculated as 200 X hed/(Ded), where 
Ded is end-diastolic short -axis diameter. Sphericity index (%) was 
calculated as 100 x Ded!Led (24). Left ventricular mass was also 
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calculated from M-mode echocardiograms according to the fol­
lowing formula (25): 

LVMM-mooe ~ 1.04{(LVIDd + IVSd + PWfd? - LV!Dd3
} 

- 13.6, (6] 

where LVMM-mode = left ventricular mass by M-mode echo­
cardiography. 

Heart rate was determined from ECG recordings during 
the echocardiographic investigation. Left ventricular ejection 
time (L VET [ ms]) was determined from the beginning of 
blood flow to the valve closure click on the aortic Doppler 
velocity trace and rate corrected (L VETc [ms]) by dividing with 
the square root of cardiac cycle length. Left ventricular stroke 
volume (SV) was calculated as Ved- Ves, where Ved and Yes= 
left ventricular volumes in end-diastole and end-systole, respec­
tively. Left ventricular ejection fraction (EF [%]) was calculated 
as 100 X SVNed. Left ventricular fractional shortening (FS [%]) 
was calculated as 100 X (Ded - Des)/Ded, where Des = the 
short-axis end-systolic diameter. Left ventricular velocity of cir­
cumferential fiber shortening was calculated as 10 X FS/L VET. 
Rate-corrected velocity of circumferential fiber shortening was 
calculated as 10 X FS/L VETc (26,27). Left ventricular meridional 
( O'm [kdyn·cm - 2

]) and circumferential ( 0'0 [kdyn·cm - 2
]) end­

systolic wall stresses were calculated, respectively, as (28,29): 

[ 
Des l 

O'm = 1.33 Pes ( hes) , 
4hes 1 +Des 

(7] 

Des 8a2 
- Des2 

0', = 1.33 Pes 4 hes X 4a2 + hes Des· (8] 

Indexed variables were obtained by dividing with the re­
spective body surface area calculated according to the method 
of Du Bois and Du Bois (30). 

Statistical analysis. Statistical analysis was carried out by 
using StatView 4.1 software (Abacus Concepts). Continuous 
variables are expressed as mean value ± SD. Comparisons 
between groups were performed with one-way analysis of vari­
ance. Frequencies were analyzed by Kruskal-Wallis test. When 
the overall comparison of groups in the analysis of variance 
indicated significant differences (p < 0.05), post hoc comparisons 
were performed with the Scheffe test. Relations between variables 
were tested with Pearsons coefficient of correlation. The coeffi­
cient of variation (%)was calculated as the standard deviation of 
the differences divided by the mean of the initial values. The 95% 
limits of agreement were calculated as the mean difference ± the 
standard deviation of the differences X 2 (31 ). 

Reproducibility. Intraobserver reproducibility was assessed 
by comparing measurements in 16 normotensive adults on two 
occasions, 2 weeks apart. Interexaminer and interanalyzer 
reproducibility of the noninvasive method have been reported 
previously (12). 

Table 2. Left Ventricular External Work 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory p 
(n = 32) (n = 26) (n = 22) Value 

Pressures ( mm Hg) 
Oscillometric SP 108:!: 12 137:!: 19' 140:!: II' 0.0001 
Oscillometric DP 61 :!:7 75:!: 11' 82:!: 9't 0.0001 
MAP 82:!: 8 103:!: 14' 108:!: 9' 0.0001 
Pes 92:!: 10 117:!: 17' 122:!: 10' 0.0001 

LVOT(cm) 2.34:!: 0.19 2.30:!: 0.21 2.34:!: 0.16 0.8 
Aortic Vl1 (em) 23:!: 4 24:!: 4 24:!: 4 0.4 
Power(mW) 

Total 1,360:!: 436 1,858:!: 580' 1,974:!: 377' 0.0001 
Steady 1,147:!: 351 1,570:!: 498' 1,677:!: 319' 0.0001 
Oscillatory 213:!: 107 288:!: 100' 296:!: 81' 0.004 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper­
tensive group. Data presented are mean value :!: SD. LVOT = aortic annulus 
diameter; MAP = mean aortic pressure; VTI = Doppler velocity-time integral; 
other abbreviations as in Table 1. 

Results 
In the white coat group the clinic systolic and diastolic 

pressures and the oscillometric systolic pressure were signifi­
cantly higher than the respective ambulatory daytime pres­
sures. These findings indicate that these subjects had a pres­
sure response during measurements of arterial pressures by a 
nurse and during the echocardiographic examination (Tables 1 
and 2). Additional support for a pressure response during 
echocardiography was provided by the increased left ventricu­
lar external work in this group (Table 2). 

Left ventricular systolic function evaluated by stroke volume, 
ejection fraction and fractional shortening did not differ signifi-

Table 3. Left Ventricular Systolic Function 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory p 
(n = 32) (n = 26) (n = 22) Value 

EDVI (ml·m-2
) 85:!: 17 83:!:15 91:!: 16 0.2 

ESVI (ml·m-2
) 35:!: 8 32:!: 9 33:!: 9 0.4 

Stroke index (ml·m-2
) 50:!: 13 51:!: 13 58:!: 14 0.07 

Ejection fraction (%) 59 :!:7 61:!: 9 64:!: 9 0.08 
Fractional shortening (%) 27:!: 6 28:!: 7 31:!: 11 0.08 
Heart rate (beats/min) 64:!: 8 69:!: 12 68:!: 6 0.1 
LVET(ms) 310:!: 20 308 ± 24 296:!: 21 0.06 
LVETc(ms) 320:!: 20 327:!: 23 315:!: 17 0.16 
Vcf (circ·s- 1

) 0.87 ± 0.19 0.93:!: 0.21 1.06 ± 0.27' 0.01 
Vcfc (circ·s- 1

) 0.85:!: 0.18 0.88:!: 0.19 0.99:!: 0.24' 0.04 
am es (kdyn·cm -2) 65 ± 10 78:!: 23' 69:!: 20 0.02 
ac es (kdyn·cm -2) 155:!: 21 185 ± 47' 168:!: 36 0.009 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper­
tensive group. Data presented are mean value ± SD. EDVI and ESVI = 
end-diastolic and end-systolic volume index, respectively; L VET and 
LVETc =ejection time with and without rate correction, respectively; Vcf and 
Vcfc = velocity of circumferential fiber shortening with and without rate 
correction, respectively; ac es = circumferential wall stress; ames = meridional 
wall stress. 
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Table 4. Left Ventricular Dimensions 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory 
(n = 32) (n = 26) (n = 22) Value 

Ml, 2DE (g·m-2
) 102 :t 20 106 :t 21 126 :t 22't 0.0003 

Dedi (cm·m- 2
) 2.75 :t 0.35 2.73 :t 0.33 2.78 :t 0.30 0.9 

hedl (cm·m-2
) 0.53 :t O.Q7 0.56 :t 0.07 0.61 :t 0.08' 0.0008 

Led! (cm·m-2) 4.83 :t 0.47 4.73 :t 0.71 4.74 :t 0.39 0.7 
Sphericity index (%) 57 :t 7 58 :t 8 59 :t 7 0.6 
RWT(%) 39 :t 6 42 :t 7 44 :t 7' 0.05 
Ml, M-mode (g·m - 2)t 90 :t 20 97 :t 25 121 :t 24't 0.0001 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper­
tensive group. tM-mode echocardiograms were analyzed in 29 subjects in the 
normotensive group, 23 in the white coat hypertensive group, 21 in the 
ambulatory hypertensive group. Data presented are mean value :t SD. Dedi = 
end-diastolic short-axis inner diameter index; hedl = end-diastolic mean wall 
thickness index; Led! = end-diastolic long-axis index; MI, M-mode and Ml, 
2DE = mass index determined by M-mode and two-dimensional echocardiog­
raphy, respectively. 

cantly among study groups (Table 3). The velocity of circumfer­
ential fiber shortening was significantly higher in the ambulatory 
hypertensive than in the normotensive group, but it did not differ 
significantly between the white coat and normotensive groups. 
However, end-systolic wall stress was significantly higher in the 
white coat than in the normotensive group. 

Left ventricular mass was significantly higher in the ambu­
latory hypertensive group than in the other two groups (Table 
4). Sphericity index did not differ among groups. 

The mitral flow pattem was not significantly different among 
groups (Table 5) except for a shortened deceleration time of 
early flow in the white coat group and a high peak velocity of 
late flow in the ambulatory hypertensive group. The peak 
velocity of diastolic pulmonary venous flow was higher in the 
white coat than in the ambulatory hypertensive group (Table 
6), and the velocity-time integral of diastolic pulmonary venous 
flow was significantly lower in the ambulatory hypertensive 
than in the normotensive group. The peak velocity and the 
velocity-time integral of the flow reversion during atrial systole 
were significantly higher in the white coat than in the normo­
tensive group. Variables of flow reversion during atrial systole 
in the ambulatory hypertensive group were intermediate be­
tween those in the other two groups. 

Table 5. Left Ventricular Filling Variables: Mitral Flow 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory p 
(n = 31) (n = 24) (n = 20) Value 

E (cm·s- 1) 64 :t 13 68 :t 14 71 :t 12 0.18 
E-dec (ms) 201 :t 38 169 :t 28' 195 :t 49 0.01 
A (cm·s- 1) 55 :t 11 62 :t 16 65 :t 10' 0.03 
E/A 1.19 :t 0.27 1.16 :t 0.32 1.12 :t 0.25 0.7 
A-d (ms) 122 :t 29 117 :t 20 114 :t 23 0.5 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper­
tensive group. Data presented are mean value :t SD. A = late mitral flow peak 
velocity; A-d = late mitral flow duration; E = early mitral flow peak velocity; 
E-dec = early mitral flow deceleration time. 

Table 6. Left Ventricular Filling Variables: Pulmonary Venous Flow 

Normotensive 
Hypertensive Groups 

Group White Coat Ambulatory p 
(n = 30) (n = 23) (n = 19) Value 

S (cm·s- 1
) 51 :t 11 59 :t 14 52 :t 9 0.05 

S-vti (em) 14 :t 4 16 :t 5 16 :t 4 0.2 
D (cm·s- 1) 47 :t 12 49 :t 10 40 :t lOt 0.01 
SID 1.17 :t 0.41 1.22 :t 0.29 1.34 :t 0.34 0.3 
D-vti (em) 11.2 :t 3.2 9.7 :t 2.8 8.3 :t 2.5' 0.004 
PYa (cm·s- 1

) 21 :t 5 28 :t 6' 25 :t 6 0.0001 
PVa-vti (em) 1.79 :t 0.58 2.58 :t 0.94' 2.04 :t 0.92 0.003 
PVa-d (ms) 101 :t 26 117 :t 32 100 :t 30 0.08 

'p < 0.05 versus normotensive group. tp < 0.05 versus white coat hyper­
tensive group. Data presented are mean value :t SD. D = peak velocity of 
diastolic pulmonary venous How; D-vti = velocity-time integral of diastolic 
pulmonary venous flow; PVa = peak velocity of the flow reversion during atrial 
systole; PVa-d = duration of the How reversion during atrial systole; PVa-vti = 
velocity-time integral of the flow reversion during atrial systole; S = peak velocity 
of systolic pulmonary venous flow; S-vti = velocity-time integral of systolic 
pulmonary venous flow. 

Left ventricular filling variables were not significantly associ­
ated with left ventricular mass, velocity of fiber shortening and 
ambulatory daytime systolic pressure. The peak velocity of flow 
reversion during atrial systole correlated with heart rate (r = 

0.34, p < 0.01) and the peak velocity of diastolic pulmonary 
venous flow correlated with ambulatory daytime diastolic 
pressure (r = 0.53, p < 0.01). Several variables of left 
ventricular filling were significantly related to arterial pressures 
recorded during the echocardiographic examination ( oscillo­
metric arterial pressures); however, although these correla­
tions were pronounced in the white coat group and to some 
degree significant in the normotensive group, they were not 
significant in the ambulatory hypertensive group (Table 7). 

Reproducibility. The coefficient of variability and the 95% 
limits of agreement for the following variables comprise vari­
ability due to recording analysis as well as biologic variability: 

Table 7. Matrix of Correlation Coefficients (r) Between 
Oscillometric Arterial Pressures and Variables of Left Ventricular 
Filling in Subjects With White Coat Hypertension 

OscSP OscDP 
(r) (r) 

E (cm·s- 1) 0.06 -0.31 
E-dec (ms) 0.31 0.04 
A (cm·s- 1

) 0.67t 0.43' 
E/A -0.72t -0.79t 
A-d(ms) 0.21 0.18 
S (cm·s- 1

) 0.40' 0.45' 
S-vti (em) 0.33 0.39 
D (cm·s- 1

) -0.29 -0.49' 
SID O.Slt 0.68t 
D-vti (em) -0.53t -0.71t 
PYa (cm·s- 1

) 0.40 0.45' 
PVa-vti (em) 0.13 0.31 
PVa-d (ms) -0.37 -0.33 

'p < 0.05. tp < 0.01. Osc DP and Osc SP = oscillometric diastolic and 
systolic arterial pressure, respectively; other abbreviations as in Tables 5 and 6. 
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oscillometric systolic pressure (6; 5 ± 14 [coefficient of varia­
tion; 95 limits of agreement]), oscillometric diastolic pressure 
(7; 3 ± 9), Doppler velocity-time integral of aortic root flow 
(10; 0.6 ± 5), aortic annulus diameter (2.5; 0.02 ± 0.1), left 
ventricular total power (17%; 170 ± 480), steady power (17%, 
128 ± 393), oscillatory power (24%; 42 ± 116), left ventricular 
end-diastolic long-axis (7%; -0.4 ± 1.3), short-axis diameter 
(5%; 0.12 ± 0.5), wall thickness (14%; 0.07 ± 0.27). Left 
ventricular end-diastolic volume (21 %; 0.65 ± 64), end-systolic 
volume (21%; -2.5 ± 24), stroke volume (16%; 4 ± 29), 
ejection fraction (8%; 3 ± 10) and left ventricular mass 
(18%; 15 ± 63) all determined according to the cylinder­
hemiellipsoid formula (Formulas 4 and 5). 

Discussion 
A definition of white coat hypertension that assumes a 

completely normal cardiovascular status during everyday life 
may implicate a lower ambulatory blood pressure cutoff point 
than that used in this study (10). However, because there is no 
general agreement on the definition of white coat hyperten­
sion, we used procedures current in this hospital to select 
subjects with white coat hypertension, even though this defi­
nition may include subjects with mild hypertension. 

Our subjects with hypertension in the general practitioner's 
office but "normal" ambulatory daytime pressures had an 
arterial pressure increase during the measurement of arterial 
pressures by a nurse and during the echocardiographic exam­
ination. The pressure response during echocardiography was 
associated with increased left ventricular external work and left 
ventricular wall stress and alterations of left ventricular filling; 
however, left ventricular stroke volume, ejection fraction and 
velocity of circumferential fiber shortening were not different 
from values in a normotensive and an ambulatory hypertensive 
control group. 

Left ventricular systolic function, whose final goal is the 
delivery of cardiac output, is determined by myocardial con­
tractility, afterload, preload and heart rate (32). Variables like 
ejection fraction and velocity of circumferential fiber shorten­
ing, commonly used to evaluate left ventricular systolic func­
tion, are influenced by several of these determinants. When the 
aim is to evaluate myocardial contractility specifically, it has 
been recommended that these variables be related to end­
systolic wall stress (33). Analyzed in this way, subjects with 
borderline and mild hypertension may have supernormal myo­
cardial contractility (34,35). However, a thorough theoretic 
analysis of left ventricular mechanics showed that these results 
may be erroneous because left ventricular wall thickness differs 
between hypertensive and normotensive subjects (36-38). It 
has therefore been recommended that midwall instead of 
endocardial mechanics be used in such analyses. With this 
approach it was shown that subjects with apparently increased 
myocardial contractility had normal or depressed contractility, 
a finding more in accordance with results from studies on 
isolated myofibers from hypertrophic ventricles (39). This 
observation may have consequences for the interpretation of 
systolic function in the subjects with ambulatory hypertension 

in the present study, who had increased left ventricular wall 
thickness. However, because left ventricular mass and wall 
thickness in the white coat hypertensive group were not 
significantly different from values in the normotensive group, 
increased left ventricular mechanics in this group may be 
interpreted as an expression of increased myocardial contrac­
tility. The most plausible explanation for this increased myo­
cardial contractility is neuroendocrine stimulation to support 
the delivery of an adequate stroke volume against an increased 
external work load. It may also be important that the subjects 
with white coat hypertension had evidence of increased left 
ventricular end-diastolic pressure, as discussed later. However, 
their normal left ventricular end-diastolic volume indicates 
that the Frank-Starling principle was not an important regu­
lating mechanism in this situation ( 40,41 ). 

Previous studies ( 42) have obtained different results regard­
ing factors related to alterations of left ventricular filling. The 
present study does not support the view that heart rate, 
ambulatory arterial pressures, left ventricular mass and veloc­
ity of circumferential fiber shortening are important in this 
regard. Arterial pressures recorded during echocardiography 
were correlated with the ratio of systolic to diastolic pulmonary 
venous flow peak velocities and inversely related to the ratio of 
early to late mitral flow peak velocities; however, these corre­
lations were pronounced in the white coat hypertensive group, 
but were not significant in the ambulatory hypertensive group. 
These findings are in accordance with previous studies in which 
similar changes of filling patterns were observed after an acute 
increase in left ventricular afterload ( 43,44) and may be due to 
a slowing of myocardial relaxation ( 45,46). 

The increased pulmonary venous flow reversal in the white 
coat group could be an indication of decreased ventricular 
compliance ( 43,44,47). However, because late mitral flow veloci­
ties also increased in these subjects, the findings might indicate 
increased atrial emptying during atrial systole. Increased left atrial 
pressure generation during atrial contraction due to neuroendo­
crine activation may have contributed to this change, but in­
creased atrial preload due to redistribution of blood volume from 
early to late diastole may have played an additional role. 

Methodologic considerations. All variables representing 
pressure-flow relations in this study were calculated by use of 
arterial pressures measured during the echocardiographic ex­
amination with the oscillometric technique. These pressures 
tended to be lower than the respective clinic arterial pressures 
because the former were measured with the subject in the left 
lateral decubitus position and the latter with the subject in the 
sitting position. Because all subjects were examined in the 
same position, we did not correct for the hydrostatic effect 
between cuff and aortic root. 

Clinical implications and conclusions. This study empha­
sizes the potential confounding effect of the white coat arterial 
pressure response in studies on heart disease. It may also 
indicate the potential adverse effects of an acute elevation of 
arterial pressure in subjects with coronary heart disease. We 
believe that the arterial pressure response in subjects with 
white coat hypertension is associated with increased left ven­
tricular external work, increased end-systolic wall stress, in-
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creased myocardial contractility and alterations of left ventric­
ular filling. 
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Influence of Body Size and Left Ventricular Ejection Dynamics on Total 
Arterial Compliance Determined Using Doppler Echocardiography and 
Subclavian Artery Pulse Tracings in Healthy Humans 

JOHANNES SOMA, 1 SVEND AAKHUS, 1 BJ0RN A. J. ANGELSEN2 AND TERJE SKJiERPE 1 

From 1 Departmellf of Medicine, Section of Cardiology, University Hospital of Trondheim and 2Department of Physiology and Biomedical 
Engineering, Nonvegian University of Science and Technology, Trondheim, Norway 

Soma J, Aakhus S, Angelsen BAJ, Skjrerpe T. Influence of body size and left ventricular ejection 
dynamics on total arterial compliance determined using Doppler echocardiography and subclavian 
artety pulse tracings in healthy humans. Blood Pressure 1998; 7: 239-246. 

The aim was to investigate determinants of total arterial compliance in healthy humans. Estimates of 
aortic root pressures and flow were obtained non-invasively with the calibrated subclavian artery pulse 
tracing and Doppler echocardiography in 37 males (27-76 years) and 45 females (20-77 years). Total 
arterial compliance, estimated using a three-element vascular model, con-elated positively with body 
height (r = 0.45,p < 0.01) and acceleration time of aortic root flow (r= 0.32,p < 0.01) and inversely with 
age (r= -0.34, p < 0.05), heart rate (r= -0.33, p < 0.01), and mean arterial pressure (r= -0.51, 
p < 0.01). Multivariate analysis indicated that height and heart rate contributed most to the prediction of 
total arterial compliance. The inclusion of mean arterial pressure within the model significantly reduced 
the contribution of age, but not that of body height and heart rate. After adjustment for height and heart 
rate, total arterial compliance did not differ significantly between gender. Thus, total arterial compliance, 
as assessed in this study, seems to reflect both arterial capacity and viscoelastic properties of the artetial 
wall. Differences in body size, heart rate and mean arterial pressure should be considered when 
comparing total arterial compliance in different groups. Key words: age, arterial compliance, body size, 
heart rate. 

INTRODUCTION 

The arterial blood pressure is determined by the 
interaction between left ventricular contraction and 
arterial mechanics [1]. Although arterial mechanics have 
been most extensively studied using analysis of pressure 
and flow relationships in the frequency domain [2], 
description in the time domain using electric analogue 
models of the circulation [3] may be more suitable for 
analysis of the coupling between the left ventricle and the 
arterial circulation [ 4]. Such vascular models provide 
access to total arterial compliance [5] defined as a change 
in volume due to a given change in pressure. 

We have recently gained experience with a three­
element electric analogue model of the arterial tree [3] by 
studying subjects with coronary artery disease [6, 7], and 
subjects with hypertension [8]. These studies indicated 
that total artetial compliance was determined by body size 
and left ventricular ejection dynamics in addition to the 
better known influence of the arterial distending pressure 
[9] and age [10], but the number of subjects was relatively 
small and the age range narrow. Thus, the purpose of the 
present study was to evaluate the influence of body size 
and left ventticular ejection dynamics on total arterial 
compliance in healthy humans over a wide age range. 

METHODS 

Subjects 

The subjects were recruited from hospital staff and their 
ftiends and relatives. They were considered healthy on the 
basis of medical history, clinical examination, 12-lead 
ECG and echocardiographic examination. None of the 
subjects used any drugs. Ninety subjects were included. 
Three were excluded because of a poor echocardiographic 
window. In addition, four females in the age range 10-17 
were excluded in order to limit the study population to 
adult subjects. One male was excluded because he 
represented an extreme outlier as regards body size and 
body shape. The study population thus consisted of 37 
males (52± 14 years, range 27-76 years) and 45 females 
(48 ± 18 years, range 20-77 years) (Table I). All subjects 
gave written informed consent to the investigation, which 
was approved by the regional ethics committee. 

Non-invasive data recording 

All echocardiographic recordings and analyses were 
performed by the same investigator. The recordings were 
obtained with the patient in the left lateral decubitus 
position, and started after the patient had been at rest for at 
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Table I. Characteristics of the study subjects according to age (n = 82) 

Age Groups (years) 

:::;30 31-40 41-50 

n 14 10 20 
Males(%) 3 (21) 4 (40) 10 (50) 
Height (em) 172±7 177 ±7 172± 11 
Weight (kg) 65 ± 8 74± ll 75 ± 14 
BSA (m2

) 1.77 ± 0.13 1.90±0.18 1.87 ± 0.21 
LVOT (em) 2.19±0.23 2.24 ± 0.22 2.35 ± 0.15 

51-60 61 -70 

9 15 
7 (78) 7 (47) 

174±10 168 ± 10 
77± 12 71 ± 11 

1.92 ± 0.19 1.80 ± 0.19 
2.40 ± 0.26 2.25±0.19 

>70 

14 
6 (43) 

165 ± 6 
66 ± 9 

1.72 ± 0.12 
2.17±0.15 

p-ANOVA 

0.03 
0.03 
0.03 
0.03 

Values are mean± SO; post hoc comparisons did not reveal significant differences between the groups; BSA: body surface area; 
LVOT: aortic valve annulus diameter 

least 10 min. An ultrasound scanner (Vingmed CFM 750, 
Vingmed Sound, Harten, Norway) with a duplex probe 
(3.25-MHz imaging/2.5-MHz Doppler) was used. 

The aortic valve annulus diameter was measured in the 
parasternal long-axis view between the insertion points of 
the valve leaflets by use of the trailing-to-leading edge 
method [11]. The aortic root flow velocities were 
recorded by pulsed Doppler technique from the apical 

position with the sample volume positioned in the centre 
of the outflow tract just at the aortic valve annulus, 
obtaining an optimal flow velocity spectral profile and a 
distinct valve closure signal (Fig. 1). The subclavian 
artery pulse tracings were obtained with a capillary 
damped funnel [12] (Siemens-Elema AB, Solna, Sweden) 
positioned over the right subclavian artery and connected 
to a strain-gauge transducer (model 120-0123, Irex 

Fig. 1. Example of simultaneous recording of aortic root flow with pulsed-wave Doppler, subclavian artery pulse tracing (red trace). 
and ECG (green trace) in a 47-year-old female. 
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Fig. 2. Box plots show distribution of peripheral resistance (R), 
total m1erial compliance (aC) and aortic characteristic impe­
dance (Z) according to age groups. The boxes indicate the lower 
and upper quartiles, the centre line represents the median value. 
The bars below and above the boxes indicate the I 0% and 90% 
values, respectively. Outliers are indicated as points. 

Medical Systems, Ramsey, New Jersey, USA), and 
displayed simultaneously with the Doppler velocity 
spectre on the monitor [6] (Fig. 1). Only pulse traces 
with a consistent wave morphology, a sharp deflection in 
early systole, and a minimal linear drift were used. 
Doppler recordings and pulse traces were obtained during 
a short period of apnea close to end-expiration. Data from 
at least three consecutive cardiac cycles were transfen·ed, 
together with pulse and electrocardiogram traces, to a 
computer for analysis (Macintosh II CI, Apple Computers 
Inc., Cupertino, California, USA). Right brachial artery 
systolic and diastolic pressures were recorded with the 
oscillometric technique (Dinamap 1846 SXP, Criticon 
Inc, Tampa, Florida, USA) every minute during the 
Doppler ultrasound study. The two blood pressure 
measurements obtained immediately before the Doppler 
recordings were averaged and used for subsequent 
analysis. 

Analysis of echocardiographic recordings and 
subclavian artery pulse tracings 

The maximal aortic root flow velocities (i.e. outer 
envelope of the Doppler spectre) of at least three cardiac 
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cycles were traced manually and averaged according to 
the previously described computerized procedure [6]. 
Peak and mean velocities were determined from the aortic 
Doppler velocity trace. Ejection time was determined 
from the beginning of blood flow to the valve closure 
click. Acceleration of aortic root flow was determined 
from the beginning of blood flow to the peak velocity. 
Acceleration time was determined as the duration of 
aortic flow acceleration. The subclavian artery pulse trace 
was calibrated with oscillometrically obtained systolic 
and diastolic pressures [6, 13, 14] and the pulse transmis­
sion delay coiTected by alignment of the pulse trace 
incisura to the end-systole of the Doppler flow trace . 

Analysis of data 

The flow and pressure traces were processed using 
specially designed computer software where the proper­
ties of the systemic arteries were evaluated by use of a 
refined estimation procedure [6] for solution of the three­
element windkessel model [3]. In this model there is an 
element representing the aortic characteristic impedance 
(Z) in series with two elements in parallel, the peripheral 
resistance (R) and the total arterial compliance (aC) [3]. 

The governing equations for this model are as follows 
[3]: 

aC dPa(t) + Pa(t) = Q(t) 
dt R 

(I) 

P(t) = Pa(t) + ZQ(t) (2) 

where P(t) is aortic pressure, Q(t) is aortic flow and Pa(t) 
is the pressure reduction over R and aC. 

The general solution to these equations is: 

P(t) = e-t/RC{ Pd +a~ l er/RCQ(T)dT} + ZQ(t) 

(3) 

where Pd is aortic pressure at end-diastole (t = 0). The 
model variables were first determined by use of a non­
linear optimization algorithm using the least square 
method and then further refined by minimising the 
difference between the estimated and the measured 
pressure trace [ 15]. In this scheme the characteristic 
impedance was determined as: 

(4) 

where RR is the total cardiac cycle and S the systole. 
Thus, total arterial compliance represents the volume 
compliance of the arteries, aortic characteristic impe­
dance is an expression of the resistance to pulsatile flow in 
the proximal aorta, and peripheral resistance represents 
the arteriolar resistance. 
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Mean arterial pressure was calculated as the pressure 
integral over the total cardiac cycle. End-systolic pressure 
was determined at the incisura of the calibrated pulse 
tracing. Pulse pressure was calculated as the difference 
between the systolic and diastolic blood pressure. Stroke 
volume was calculated as the product of the Doppler 
velocity-time integral of aortic root flow and the cross 
sectional area of the aortic valve annulus, assuming a 
circular annulus. Cardiac outpnt was calculated as the 
product of stroke volume and heart rate. CotTesponding 
indexes were obtained by dividing with body surface area. 

Statistical analysis 

Continuous vmiables are expressed as means ± standard 
deviation (SO). Analysis of variance was used to test the 
difference between age groups. If the overall difference 
between groups was significant (p < 0.05), post hoc 
comparisons were performed with a Scheffe test. The 
Fischer exact test was used to analyse the age distlibution 
between gender. Simple linear and multiple regression 
analyses were performed to identify relations between 
age, body size, and haemodynamic variables. An analysis 
of covariance (ANCOV A) was used to test the impact of 
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Fig. 3. Plots show the relationship between total arterial 
compliance (aC) and body height, heart rate (HR), and mean 
arterial pressure (MAP). 
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gender on total arterial compliance. The level of 
significance was set at 0.05. Reproducibility of the 
haemodynamic variables has been reported previously 
[6]. 

RESULTS 

The study population was divided into six categories 
according to age (Table I). Body height, weight, body 
surface area and aortic valve annulus diameter tended to 
be smaller in the youngest and the two oldest age groups 
compared with the groups in between. There was no 
significant difference in age distribution between genders. 

Arterial systolic, diastolic, mean, and end-systolic 
pressures increased in the two oldest age groups (Table 
II). In these groups the velocity-time integral, the peak 
and the mean velocity and the acceleration of aortic root 
flow tended to increase, and the acceleration time of aortic 
root flow tended to decrease (Table III). Cardiac index 
tended to increase because of a slightly higher heart rate 
as well as stroke index in the two oldest age groups. 
Peripheral resistance did not differ statistically between 
the age groups (Table IV). 

Total arterial compliance was significantly lower in the 
oldest age group compared to the groups between 30 and 
70 years, but not significantly different from the youngest 
age group (Table IV and Fig. 2). A similm·, but inverse age 
distribution was seen for aortic characteristic impedance. 

Although age, body height, heatt rate, acceleration time 
of aortic root flow and mean arterial pressure all 
con·elated significantly with total arterial compliance 
(Table V and Fig. 3), multiple regression analysis 
indicated that height and heart rate contributed most to 
the prediction of total arterial compliance (Table VI). The 
inclusion of mean mterial pressure into the multiple 
regression model significantly reduced the contribution of 
age to total arterial compliance, but not that of body 
height and heart rate . 

In females, age and height, but not heart rate (r = 0.26, 
p = 0.09) cmTelated significantly with total arterial 
compliance. Multiple regression analysis in females 
showed that when age and height were in the model 
together, neither variable seemed to contribute signifi­
cantly. This may reflect the high inverse cmTelation 
between age and height in females (r = -0.57, 
p < 0.0001) which was stronger than the conesponding 
in males (r = -0.38, p = 0.02). In males, the addition of 
heart rate to the model increased the adjusted R2 from 
0.20 to 0.31, underscoring the contribution of hemt rate to 
total arterial compliance in males. 

Total arterial compliance was significantly higher in 
males than in females, but males were significantly taller 
than females (Table VII). After adjusting for height and 
heart rate in an analysis of covariance, total arterial 
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Table II. Arterial blood pressures (mm Hg) according to age (n = 82) 

Age Groups (years) 

:0:30 31-40 41-50 51-60 61 -70 >70 p-ANOVA 

n 14 10 20 9 15 14 
SP 103 ±9 102 ±7 106 ± 14 118 ± 15 128 ±!I'll 139 ± 23'11' 0.0001 
DP 56 ±7 58± 8 60± 7 67 ±9 69 ±7* 71 ±!I'll 0.0001 
MAP 79 ±7 79 ±7 81 ±9 90± II 95 ± 8'~< 102 ± !7'H 0.0001 
ESP 89 ± 8 87 ±7 92± 10 103 ± 13 109 ± 10'~< 117 ±2l'H 0.0001 
pp 47 ±7 44±9 46± II 51± II 58± II 69 ± !4'H# 0.0001 

Values are mean± SD; *p < 0.05 vs::; 30; tp < 0.05 vs 31 - 40; :j:p < 0.05 vs 41- 50; #p < 0.05 vs 51- 60; §p < 0.05 vs 61- 70; SP: 
systolic pressure; DP: diastolic pressure; MAP: mean arterial pressure; ESP: end-systolic pressure; PP: pulse pressure. 

compliance was not statistically different between males 
and females (p = 0.61). 

DISCUSSION 

The present study reveals the complex relationship 
between age, body size, heart rate, left ventricular 
ejection dynamics, mean arterial pressure, and total 
arterial compliance in healthy humans. Total arterial 
compliance differs between males and females at least 
partly because of differences in body size. 

Arterial stiffening causes an increase in the peak­
systolic and a decrease in the end-diastolic blood pressure 
[!], as indicated in the present study by the increased 
pulse pressure in the oldest age groups. Although the 
disproportionate increase in the systolic compared to the 
diastolic blood pressure with aging in the industrialized 
countries [16, 17] is commonly attributed to degenerative 
alterations of the arterial wall with consequent stiffening 
of the large arteries, the present study may indicate that 
increased adrenergic drive contributes to the increased 
pulse pressure in elderly subjects. It should also be 
considered whether differences in body size can explain 

some of the variance in pulse pressure between young and 
old subjects. 

The relationship between systemic arterial haemody­
namics and body size is as controversial as that between 
haemodynamics and age [18]. Although body smface area 
is accepted as a valid approximation of body size, body 
height may be more closely related to dimensions of the 
cardiovascular system [19, 20]. Since total arterial 
compliance is not solely determined by the properties of 
the arterial wall, but also by the arterial volume, an 
influence of body size on total arterial compliance was not 
unexpected. 

The three-element electric analogue model of the 
arterial circulation used in this study was chosen because 
it has been well described previously, and has proved 
useful in experimental and clinical studies [3, 21, 22]. An 
important deficiency of this model is that it does not take 
into account the effect of propagation and reflection of 
pressure and flow waves [23]. It is, however, interesting 
that an influence of body size on the phenomenon of 
arterial wave reflection has been reported in several recent 
studies [24-26], indicating a possible relationship be­
tween wave propagation and total arterial compliance 
[27]. 

Table III. Doppler echocardiographic recordings of aortic root flow according to age (n = 82) 

Age Groups (years) 

::;30 31-40 41-50 51-60 61 -70 >70 p-ANOVA 

11 14 10 20 9 15 14 
VTI (em) 22 ±3 22 ± 3 22± 3 22±4 25 ± 5 25 ± 3 0.06 
LVET (ms) 305 ± 18 304 ± 20 310±21 313 ± 18 310 ± 22 315 ± 21 0.7 
Vmax (em s- 1) 104 ± 12 106±9 106± 12 100 ± 24 116 ± 24 116± 17 0.1 
Vmean (em s- 1

) 71 ±8 72±6 71 ± 8 67 ±II 79± 14 81 ± 12 0.008 
Ace (em s-2

) 1286 ± 335 1330 ± 206 1320 ± 328 1200 ± 403 !667 ± 481 1729 ± 389 0.0009 
Acc-t (ms) 84 ± 14 81 ±II 83 ± 16 87 ± 12 71 ± 12 69 ± 12 0.002 

Values are mean± SD; post hoc comparisons did not reveal significant differences between the groups; VTI: velocity time integral of 
aortic root flow; LVET: left ventricular ejection time; Vmax: peak velocity of aortic root flow; Vmean: mean velocity of aortic root 
flow; Ace: acceleration of aortic root flow; Acc-t: acceleration time of aortic root flow 
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Table IV. Systemic arterial hemodynamics in healthy subjects according to age (n = 82) 

Age Groups (years) 

:S30 31-40 41-50 51-60 61 -70 >70 p-ANOVA 

n 14 10 20 9 15 14 
HR(beatsmin- 1

) 62±10 66±9 65±8 62±8 68±8 68±9 0.3 
SI(mlm-2

) 48±10 46±5 51±8 52±13 54±11 54±8 0.2 
CI (1 min-' m-2

) 2.9 ± 0.5 3.0 ± 0.8 3.3 ± 0.8 3.2 ± 0.8 3.6 ± 0.7 3.7 ± 0.8 0.04 
R(dynscm-5

) 1180±226 1042±223 1024±229 1139±194 1133±292 1210±214 0.3 
aC (ml mm Hf 1) 1.57 ± 0.33 1.82 ± 0.31 1.80 ± 0.47 1.81 ± 0.68 1.44 ± 0.21 1.20 ± 0.3ott• 0.0002 
Z(dynscm-) 84±21 79±23 66±20 80±41 91±20 120±40t:j: 0.0001 

Values are mean± SO; *p < 0.05 vs :S 30; tp < 0.05 vs 31 - 40; :j:p < 0.05 vs 41 -50; #p < 0.05 vs 51 - 60; §p < 0.05 vs 61 - 70; 
HR: heart rate; Sl: stroke index; CI: cardiac index; R: peripheral resistance; aC: total arterial compliance; Z: aortic characteristic 
impedance. 

Although the association between heart rate and total 
arterial compliance could be due to concomitant changes 
in the arterial distending pressure [28], it was recently 
shown in an animal study [29] that hemt rate may 
influence arterial compliance independently of the mte1ial 
pressure. Stiffening of the arterial wall due to shortening 
of the time available for recoil during increasing heart 
rates was suggested as an explanation [29]. A similar 
mechanism may be the reason for the inverse correlation 
between heart rate and arterial compliance found in the 
present study. It is, however, possible that increased rate 
of delivery of the stroke volume may contribute to 
reduced total arterial compliance during increased heart 
rates [28]. A potential difference between males and 
females in this regard needs further investigation. 

A somewhat higher heart rate may thus have con­
tributed to decrease total arterial compliance in the oldest 
age groups, underscoring the point that functional 
mechanisms may be involved in reducing arterial 
compliance in the elderly. It is also interesting that the 
rate of delivery of the stroke volume tended to be 
increased and that stroke volume was not reduced in these 
groups, despite the increased external load on the left 
ventricle. This may be in accordance with observations of 
increased plasma catecholamine levels [30] and a high 
prevalence of "white coat" hypertension in elderly 

subjects [31-36]. Although the slight increase in cardiac 
index in the oldest age groups combined with a lack of 
increase in peripheral resistance is not in accordance with 
previous studies [37], the associated rise in mean arterial 
pressure may indicate a deficient vasodilating capacity in 
the elderly. 

The modest contribution of age per se to the variation 
in total arterial compliance, i.e. after con-ection for body 
size, heart rate and mean arterial pressure, is intriguing 
since it contrasts with increased elastic modulus of the 
aortic wall in elderly subjects as found in several autopsy 
studies [38]. The explanation could be that age-related 
aortic dilatation tends to neutralize the effect of stiffening 
of the aortic wall. Hence, a large part of the age-related 
decrease in total arterial compliance could be due to 
functional mechanisms. 

Since the multivariate model explained only 30% of the 
variation in total arterial compliance, explanatory factors 
other than those investigated in this study should be 
considered. Potential confounding effects of variables 
like smoking habits, physical activity, alcohol consump­
tion, cholesterol level and hormonal changes [39] should 
be assessed in future studies, but it is underscored that a 
methodology different from that used in the present study 
is needed to investigate changes specific to the arterial 
wall [40--42]. 

Table V. Correlation between total arterial compliance (aC) and six potential exp!anat01y variables 

Variable 

aC 
Gender 
Age 
Height 
HR 
MAP 
Acc-t 

aC 

l.OO 

Gender Age 

0.23* -0.34* 
1.00 0.14 

1.00 

Height HR MAP 

0.45** -0.33** -0.51** 
0.59** -0.03 0.00 

-0.30** 0.23* 0.61** 
1.00 -0.11 -0.29** 

1.00 0.31 ** 
l.OO 

* p < .05; **p < .01; HR: heart rate; MAP: mean arterial pressure; Acc-t: acceleration time of aortic root flow 
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Acc-t 

0.32''* 
0.02 

-0.35** 
0.19 

-0.23* 
-0.20 

1.00 



Table VI. Multiple regression of four variables on total 
arterial compliance (n = 82) 

Units Coefficient Standard 
(SEE) coefficient 

Height II 0 em 0.17 (0.05) 0.36 
HR /10 beats min- 1 -0.12 (0.05) -0.23 
Acct-t /10 ms 0.05 (0.03) 0.14 
Age /10 years -0.04 (0.03) -0.13 

p-value 

3.6 0.0005 
-2.3 0.02 

1.4 0.17 
-1.2 0.24 

Overall R = 0.57; R- = 0.32; adjusted R- = 0.29; RMS resi­
dual= 0.38; F-test 9.2; p = 0.0001; HR, Heart rate; Acc-t: 
acceleration time of aortic root flow 

Standard coefficient is an estimate of the relative contribution 
of the predictors to the model. 

Additional potential limitations of the present study 
should be considered. The echocardiographic examina­
tion, the recording of the subclavian pulse trace, and the 
recording of right brachial artery pressures were 
performed with the subjects in the left lateral decubitus 
position. Right brachial artery pressures were subse­
quently used for calibration of the subclavian pulse 
trace. Although this technique could underestimate 
aortic pressure because of the pressure amplification 
from aorta to the peripheral arteries [43], previous 
validation studies [14, 44] showed that the brachial 
artery pressures obtained with the oscillometric techni­
que [ 45] gave a fair approximation of the pressures in 
the proximal aorta in adult subjects. All study subjects in 
the present study were examined in the same position 
and it is not likely that the position of the subjects 
accounts for the variance in blood pressures between 

Table VII. Hemodynamics in males and females 

Males Females 

n 37 45 
Age (yrs) 52± 14 48 ± 18 
Height (em) 177 ± 8 166 ± 7** 
SP (mmHg) 117 ± 18 115 ±21 
DP (mmHg) 63 ±9 64± II 
MAP (mm Hg) 88 ± 13 87 ± 14 
ESP (mm Hg) 99 ± 15 99 ± 18 
LVET (ms) 304 ± 21 313 ± 18* 
Vmax (em s- 1

) 105 ± 17 Ill± 17 
Ace time (ms) 79 ± 15 79± 14 
HR (beats min- 1

) 65 ± 8 66 ± 10 
SV(ml) 98 ± 19 88 ± 19* 
CO (I min- 1) 6.4 ± 1.4 5.8 ± 1.4* 
R (dyn s cm-5) 1046 ± 204 1172 ± 262* 
C (ml mmHg- 1

) 1.71 ± 0.49 1.51 ± 0.40'' 
Z (dyn s cm-5

) 86 ± 33 86 ± 37 

Values are mean± SD; *p < 0.05; **p < 0.01 see Table 2. 
Table 3, and Table 4 for abbreviations; SV: stroke volume; CO 
cardiac output 
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subjects. It could also be of concern that the pulse 
pressure measured with the oscillometric technique was 
large. However, the same device was used in all 
examinations, which should warrant a high degree of 
repeatability. 

CONCLUSION 

Small body size and increased heart rate are predictors of 
a low total arterial compliance. This should be considered 
when comparing total arterial compliance in different 

groups. 
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Total Arterial Compliance in Ambulatory Hypertension During 
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Summary: Aortic root flow and pressure estimates were ob­
tained noninvasively with Doppler echocardiography and cal­
ibrated subclavian artery pulse tracing in 30 subjects with am­
bulatory hypertension in a randomized, crossover study with 
4 weeks' treatment and washout periods. Total arterial com­
pliance, assessed by use of a three-element Windkessel model 
of the arterial tree, increased 42% with atenolol (50-100 mg 
once daily), and 7% (p = NS) with captopril (25-50 mg twice 
daily). Atenolol reduced mean arterial pressure by 15%, heart 
rate by 22%, and cardiac output by 14%, and increased accel­
eration time of aortic root flow by 17% and stroke volume and 
ejection time each by II%. Captopril reduced mean arterial 
pressure and total peripheral resistance each by 7%. Acceler­
ation time of aortic root flow, ejection time, heart rate, stroke 

The hemodynamic profiles of angiotensin-converting 
enzyme inhibitors, and of ~-adrenergic receptor blockers, 
both commonly used in the treatment of mterial hyperten­
sion, are well documented (1), but less is known about the 
effect on large artery mechanics. This information is, 
however, important because the aorta and the large m·ter­
ies serve not only to transport blood from the heatt to the 
periphery, but also to convert pulsatile into steady flow 
(2). During left ventricular ejection, energy is stored in the 
m·terial wall and is subsequently used to propel blood to­
ward the periphery during diastole. Whereas little energy 
is lost in converting pulsatile to steady flow in compliant 
atteries, a large amount of energy is wasted in overcom­
ing frequency-dependent impedance to flow in stiff arter­
ies. Thus an increase in arterial compliance (3) may im­
prove left ventriculm· function and energetics ( 4,5). 

In this study we used a recently validated noninvasive 
method (6,7) to investigate the effects of a selective ~~­
adrenergic receptor blocker (atenolol) and an an­
giotensin-converting enzyme inhibitor ( captopril) on to­
tal arterial compliance in subjects with ambulatory 
hypertension. 
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volume, and cardiac output were not significantly changed by 
captopril. We conclude that total arterial compliance, at the 
operational blood pressure, increases during selective ~~­
adrenergic receptor blockade in subjects with ambulatory hy­
pertension. Although the main mechanism may be a reduction 
in mean arterial pressure, it should be considered whether re­
duced heart rate may play an additional role. The nonsignifi­
cant increase in total arterial compliance during angiotensin­
converting enzyme inhibition may primarily be a consequence 
of a modest reduction of the mean arterial pressure. Key 
Words: Hypertension-Ambulatory blood pressures-Arter­
ial compliance-Ventricular vascular coupling-~ 1 -Adrener­
gic receptor blockade-Angiotensin-converting enzyme inhi­
bition. 

METHODS 

Study subjects 
General practitioners were requested in a letter and by a sub­

sequent visit to refer subjects with recently diagnosed arterial 
hypertension in the age range 30-60 years to participate in a 
study of hemodynamics in hypertension assessed with noninva­
sive methods. Study subjects (n = 66) were referred for regis­
tration in the ambulatory ward for hypettension in our hospital. 
Subjects who were willing to participate in the study after a 
thorough introduction to the protocol (n = 50) were examined 
with ambulatory and clinic blood pressure measurements and 
echocardiography. Subjects with a diastolic pressure 290 and 
<115 mm Hg, as measured by the general practitioner (office 
diastolic pressure), a diastolic pressure 290 mm Hg measured 
by a nurse in the clinic (clinic diastolic pressure), and an ambu­
latory daytime diastolic pressure 290 mm Hg, were considered 
for inclusion in the study (n = 37). Subjects who used antihy­
pertensive drugs (n = 14) before evaluation for inclusion in the 
study discontinued treatment 24 weeks before the measurement 
of the blood pressures by the general practitioners. Subjects 
with evidence of coronary heart disease, congestive heart fail­
ure, valvular heart disease, atrial fibrillation, chronic obstruc­
tive pulmonary disease, secondary hypertension, other major 
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diseases, inappropriate echocardiographic window, or inability 
to obtain a subclavian pulse trace (or a combination of these) 
were not considered eligible for randomization (n = 4). Of the 
33 subjects who met the inclusion criteria, three subjects were 
excluded after randomization: one because the echocardio­
graphic recordings were damaged, another because of a clinic 
diastolic pressure <90 mm Hg at the start of the second half of 
the study (Baseline 2), and one subject because of side effects 
of atenolol. The analysis was based on 17 men and 13 women, 
aged 49 ± 6 years (Table 1). Subjects randomized to captopril 
(n = 16) and atenolol (n = 17) did not differ concerning baseline 
characteristics. Two of the excluded subjects were randomized 
to captopril, and one was randomized to atenolol. 

All subjects gave written informed consent to the investiga­
tion, which was approved by the regional ethical committee. 

Arterial blood pressure measurements 
Clinic m1erial pressures were measured in the clinic with a 

mercury sphygmomanometer by an experienced nurse. Ko­
rotkoff phase V was used to determine the diastolic pressure. 
These measurements were obtained with the subject in the sit­
ting position after resting for ~15 min. The two lowest of three 
readings were averaged. Clinic arterial pressures were mea­
sured at each baseline examination, at day 14 of each treatment 
period and at the end of each treatment period. The clinic arte­
rial pressure measured at Baseline 1 was an average of pres­
sures obtained on three different days. 

An ambulatory 24-h arterial blood pressure recording (Ox­
ford Medilog ABP, Oxford Medical, Inc., Clearwater, FL, or 
Suntech Accutracker II, Suntec Medical Instruments, Inc., 
Raleigh, NC, U.S.A.) was performed on a normal work day at 
the time of inclusion into the study. Ambulatory daytime arter­
ial pressures were defined as the mean of half-hourly record­
ings from 7 a.m. to 11 p.m. The recording of ambulatory blood 
pressures was only performed at Baseline !. 

Oscillometric arterial pressures were measurements of 
brachial arterial pressures recorded during the echocardio­
graphic examination as described later. 

Study design 
The study was a crossover study with two treatment periods 

of 4 weeks, and a 4-week washout period in between (Fig. 1 ). 
An echocardiographic examination was performed immediately 
before each treatment period (Baseline 1 and Baseline 2) and at 
the end of each treatment period. 

TABLE 1. Characteristics of the subjects 

Age (yr) 
Males(%) 
Weight (kg) 
Height (em) 
BSA(m2) 

LVOT(cm) 
LVMI (g/m2) 

Pressures (mm Hg) 
Office SP 
Office DP 
Ambd SP 
Ambd DP 

Values expressed as mean± SD (range). 

49 ± 6 (37-63) 
57 
79 ± 11 (62-120) 

172 ± 7 (160-192) 
1.92 ± 0.15 (1.67-2.34) 
2.34 ± 0.16 ( 1.96-2.68) 
117 ± 37 (57-195) 

157 ± 19 (120-200) 
104 ± 7 (90-115) 
147 ± 12 (130-174) 
102 ± 8 (90-118) 

BSA, body surface area; LVOT, aortic valve annulus diameter; 
LVMl, left ventricular mass index: SP, systolic pressure: DP, diastolic 
pressure; Ambd, ambulatory daytime blood pressure. 

1 Cardiol'asc Pharmacoln\ Vol. 33, No. 2, 1999 

Run In 
>4wecks 

FIG. 1. Flow chart of the study design. The subjects were ran­
domized to either atenolol (A), 50 mg once daily, or captopril (C), 
25 mg twice daily, at Baseline 1 (BL 1 ). The drug dosages were 
increased to 100 mg once daily and 50 mg twice daily for atenolol 
and captopril, respectively, after 14 days of treatment if the dias­
tolic pressure was ;o,go mm Hg (not indicated on the chart). Drug 
treatment was discontinued after additional 14 days of treatment. 
After a 4-week washout period, drug treatment was crossed over 
(BL 2) and the procedures for treatment period 1 were repeated. 
Arrows, data-acquisition times. 

Drug treatment 
The subjects were randomized to atenolol, 50 mg once daily 

(n = 17), or captopril, 25 mg twice daily (n = 16), at the start of 
treatment period 1 (Baseline 1 ). The treatment was crossed over 
in treatment period 2 (Baseline 2). After 14 days on treatment, 
the dosages were doubled if the diastolic pressure was ~90 mm 
Hg. The maximal daily drug dosage was administered to 10 
subjects during treatment with atenolol and to 16 subjects dur­
ing treatment with captopril. The captopril dosage was not in­
creased according to the protocol in an additional three sub­
jects. Study drugs were provided by Zeneca and Bristol-Myers 
Squibb and stored in the hospital pharmacy. The personnel in 
the ambulatory ward for hypertension delivered the appropriate 
amount and type of drugs to each study subject and monitored 
patient compliance with the drug regimen throughout the study. 

Noninvasive data recording 
All echocardiographic recordings and analysis were per­

formed by the same investigator who was blinded to the drug 
treatment. The recordings were obtained with the patient in the 
left lateral decubitus position and started after the patient had 
been at rest for~lO min. An ultrasound scanner (Vingmed CFM 
750; Vingmed Sound, Harten, Norway) with a duplex probe 
(3.25-MHz imaging/2.5-MHz Doppler) was used. 

The aortic valve annulus diameter was measured in the 
parasternal long-axis view between the insertion points of the 
valve leaflets by use of the trailing-to-leading-edge method (8). 
The measurement of aortic valve annulus diameter at Baseline 
1 was used in all subsequent analysis. The ao11ic valve annulus 
flow velocities were recorded by pulsed Doppler technique 
from the apical position with the sample volume positioned in 
the center of the outflow tract just at the annulus, obtaining an 
optimal now-velocity spectral profile and a distinct valve-clo­
sure signal. The subclavian artery pulse tracings were obtained 
with a capillary damped funnel (9; Siemens-Elema AB, Solna, 
Sweden) positioned over the right subclavian artery and con­
nected to a strain-gauge transducer (model 120-0123; !rex 
Medical Systems, Ramsey, NJ, U.S.A.) and displayed simulta­
neously with the Doppler velocity spectrum on the monitor 
(Fig. 2). (6). Only pulse traces with a consistent wave form, a 
sharp det1ection in early systole, and a minimal linear drift were 
used. Doppler recordings and pulse traces were obtained during 
a short period of apnea close to end-expiration. Data from at 
least three consecutive cardiac cycles were transfered, together 
with pulse and electrocardiogram traces, to a computer for 



ARTERIAL COMPLIANCE IN AMBULATORY HYPERTENSION 275 

FIG. 2. Example of simultaneous recording of 
aortic root flow with pulsed-wave Doppler, sub­
clavian artery pulse tracing, and ECG (bottom 
trace). 

analysis (Macintosh II CI; Apple Computers, Cupertino, CA, 
U.S.A.). Right brachial artery systolic and diastolic pressures 
were recorded with the oscillometric technique (Dinamap 1846 
SXP; Criticon, Tampa, FL, U.S.A.) every minute during the 
Doppler ultrasound study. The two measurements obtained im­
mediately before the Doppler recordings were averaged and 
used for subsequent analysis. 

Analysis of echocardiographic recordings and 
subclavian artery pulse tracings 

The maximal flow velocities (i.e., outer envelope of the 
Doppler spectrum) of at least three cardiac cycles were traced 
manually and averaged according to the previously described 
computerized procedure (6). From the aortic Doppler velocity 
trace, peak and mean velocities were determined. Ejection time 
was determined from the beginning of blood flow to the valve­
closure click. Acceleration of aortic root flow was determined 
from the beginning of blood flow to the peak velocity. Acceler­
ation time aortic root flow was determined as the duration of ac­
celeration. 

The subclavian artery pulse trace was calibrated with oscil­
lometrically obtained systolic and diastolic pressures (6,7,10) 
and the pulse transmission delay corrected by alignment of the 
pulse trace incisura to the end systole of the Doppler flow trace. 

M-Mode echocardiography 
M-Mode echocardiograms of the left ventricle were obtained 

from the parasternal window, guided by 2-D echocardiography. 
Tracings from the level of the tip of the papillary muscles were 
transferred to the computer. It was required that the echoes of 
the right and left endocardium of the septum and the endocar­
dial and epicardial surfaces of the posterior left ventricular 
walls were recorded continuously in at least three cardiac cy­
cles. The left ventricular internal diameter, the intraventricular 
septal thickness, and the posterior wall thicknesses were deter­
mined in end diastole and in end systole according to the Penn 
convention (II) on M-mode echocardiograms. 

Analysis of data 
The flow and pressure traces were processed in a specially 

designed computer software where systemic arterial properties 
were estimated by use of an iteration procedure (6) for solution 
of the three-element Windkessel model (12). This model con­
sists of an element representing the aortic characteristic imped­
ance (Z) in series with two elements in parallel, the peripheral 
resistance (R), and the total arterial compliance (C) (12). The 
governing equations for this model are as follows (6,12): 

C[dPa(t)/dt] + [Pa(t)/R] = Q(t) 

P(t) = Pa(t) + ZQ(t) 

(I) 

(2) 

where P(t) is aortic pressure, Q(t) is aortic flow, and Pa(t) is the 
pressure reduction over R and C. 

The general solution to these equations is 

P(t) = e-t/RC { Pd + ~ l e'/RCQ('t)d1:} + ZQ(t) (3) 

where Pd is aortic pressure at end diastole (t = 0). The model 
variables were !1rst determined by use of a nonlinear optimiza­
tion algorithm by use of the least-square method and then fur­
ther refined by minimizing the difference between the esti­
mated and the measured pressure trace (6). In this scheme, the 
characteristic impedance was determined as 

z = JRRP(1:)d1: - R 
f5Q(1:)d1: (4) 

where RR is the total cardiac cycle and S the systole. In this 
model, total arterial compliance represents the volume compli­
ance of the systemic arteries, aortic characteristic impedance is 
an expression of the resistance to pulsatile flow in the proximal 
aorta, and peripheral resistance represents the arteriolar resis­
tance. Mean arterial pressure was calculated as the pressure inte­
gral over the total cardiac cycle. End-systolic pressure was deter­
mined at the incisura of the calibrated pulse tracing. Pulse 
pressure was dell ned as the difference between systolic and dias­
tolic pressure. Stroke volume was calculated as the product of the 
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Doppler velocity-time integral of aortic root flow and the aortic 
valve annulus cross-sectional area assuming a circular annulus. 
Cardiac output was calculated as the product of stroke volume 
and heart rate. Total peripheral resistance was calculated as the 
mean arterial pressure over cardiac output, multiplied by 80 for 
unit conversion. Left ventricular mass was calculated from M­
mode echocardiograms by using the formula according to the 
Penn convention (II): 

1.04{ (IVSd + LVIDd + PWTd)3 -
(LVIDd)3}- 13.6 (5) 

where LV!Dd is the end-diastolic left ventricular internal diam­
eter, IVSd is the end-diastolic intraventricular septal diameter 
and PWTd is the end-diastolic posterior wall thickness. The 
corresponding index was obtained by dividing with the body 
surface area. 

Statistical analysis 
Continuous variables were expressed as means ± standard 

deviation (SO). Within-group comparisons were performed 
with an analysis of variance for repeated measurements. If the 
overall difference between groups was significant (p < 0.05), 
post hoc comparisons were performed with a Scheffe test. Per­
centage treatment effect was calculated with respect to an aver­
age of results at Baseline I and Baseline 2. The relation be­
tween variables was tested with linear regression analysis and 
Pearson's coefficient of correlation. Reproducibility of the 
method has been reported previously (6). 

RESULTS 

Atenolol reduced clinic and oscillometric systolic and 
diastolic pressures by 13-14% and the respective pulse 
pressures by 10 and 14% (Table 2). Captopril reduced 
clinic and oscillometric systolic and diastolic pressures 
by 7-8% and the respective pulse pressures by 3 and 6% 
(Table 2). Atenolol and captopril reduced the mean arte­
rial pressure by 15 and 7%, respectively. 

Atenolol, but not captopril, significantly increased the 
velocity-time integral and left ventricular ejection time 
(Table 3). Atenolol reduced the acceleration and in­
creased the acceleration time of aortic root flow with re­
spect to Baseline I, but not with respect to Baseline 2. 
Neither atenolol nor captopril changed the peak and the 
mean velocity of aortic root flow. 

Atenolol increased stroke volume by 11% and total ar­
terial compliance by 42%, and reduced heart rate and car­
diac output by 22 and 14%, respectively (Table 4). Fig­
ure 3 shows the relation between change in total arterial 
compliance and change in heart rate during treatment 
with atenolol. Peripheral resistance was not significantly 
changed by atenolol. 

Captopril significantly reduced total peripheral resis­
tance by 7% (Table 4). Total arterial compliance, heart 
rate, stroke volume, and cardiac output were not signifi­
cantly changed by captopril. 

Aortic characteristic impedance did not differ during 
treatment with atenolol and captopril, but there was a sig­
nificant difference between baseline values (Table 4). 

DISCUSSION 

The study shows that, in subjects with ambulatory hy­
pertension, total arterial compliance increases signifi­
cantly during a 4-week treatment period with atenolol in 
daily dosages of 50-100 mg, but not during treatment 
with captopril (50-100 mg daily). 

The marked effect of atenolol on total arterial compli­
ance was surprising because it does not agree with some 
earlier studies (13-15). This may partly be due to 
methodologic differences. It is not unlikely that the arte­
rial compliance of peripheral arteries, like arteries in the 
forearm ( 13) and the carotid artery ( 15) differs from the 
volume compliance estimated in the lumped model of the 
arterial circulation as used in our study (3,6,12,16). Thus 
total arterial compliance seems to reflect the properties of 
large, mainly elastic arteries ( 17), which may differ from 
peripheral arteries with predominantly muscle structure, 
possibly because mechanical influences on peripheral ar­
teries are counterbalanced by vascular smooth-muscle 
constriction or dilatation. 

Although contrasting effects of drugs on arterial me­
chanics may be due to different sites of action, specific 
drug actions and duration of treatment may play a role. 
Thus it should be recognized that the assessment of arte­
rial mechanics during acute ~-receptor blockade with a 
nonselective ~-blocker (14) may differ from hemody-

TABLE 2. Arterial blood pressures (mm Hg) at baseline and during treatment 

Baseline I Baseline 2 Atenolol Captopril p(ANOVA) 

Clinic SP 147 ± 12 (130-178) 150 ± 13 (127-175) 130 ± 16 (124-136)''·" 139 ± 19 ( 132-146)"·"·'' 0.0001 
Clinic DP 100 ± 6 (92-115) 104 ± 7 (90-120) 88 ± 9 (85-91 )".I' 94 ± 10 (91-98)"·"·'· 0.0001 
Clinic PP 47 ± II (33-80) 46 ± 12 (25-73) 42 ± 12 (37-46)" 45 ± 13 (40-49) 0.02 
Osc SP 147 ± 13 (115-175) 144 ± 15 (116-182) 125 ± 15 (120-131)"·" 135 ± 17 (129-142)"·"·' 0.0001 
OscDP 86 ± 9 (65-102) 86 ± 7 (72-98) 74 ± 8 (71-77)"·" 79 ± 9 (76-83)"·b·' 0.0001 
Osc PP 61 ± 9 (38-77) 58± IO (41-88) 52± 12 (47-56)" 56± 13 (51-61) 0.0009 
Osc MAP 113 ±II (94-139) 113 ± 10 (92-135) 96 ± I 0 (92-99)"·" 105 ± 12 (IOI-110)".1'·'· 0.0001 
Osc ESP 129 ± 13 (102-159) 128 ± 12 (105-151) 112 ± 13 (107-117)"·" 121 ± 14 (116-126)"·"·'' 0.0001 

Values expressed as mean ± SD; range is in parenthesis for baseline values and 95% confidence interval is in parenthesis for outcome values. 
Osc, oscillometric; SP, systolic pressure; DP, diastolic pressure; PP, pulse pressure; MAP, mean arterial pressure; ESP, end-systolic pressure. 
"p < 0.05 vs baseline I. 
"P < 0.05 vs baseline 2. 
'p < 0.05 vs atenolol. 
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TABLE 3. Doppler echocardiographic recordings of aortic flow at baseline and during treatment 

VTI(cm) 
LVET(ms) 
vllHIX (crn/S) 
vmcan (crnfs) 
Ace (crn!s') 
Ace time (ms) 

Baseline I 

24 ± 4 (18-32) 
296 ± 24 (250-350) 
116± 16(85-159) 
80 ± 10 (57-98) 

1,901 ± 487 (1,300-3,120) 
63 ± 11 (41-85) 

Baseline 2 

25 ± 4 (18-33) 
293 ± 25 (240-345) 
118 ± 15 (91-144) 
83 ± 10 (65-111) 

1,748 ± 375 (1,120-2,470) 
69 ± 11 (52-91) 

Atenolol 

27 ± 4 (26-28)"·b 
327 ± 37 (314-341)"·" 
117 ± 14 (112-122) 
82 ± 10 (78-86) 

1,584 ± 417 (1,428-1,739)" 
79 ± 14 (72-82)" 

Captopril 

25 ± 4 (23-26)" 
293 ± 25 (283-302)' 
118± 19(111-125) 
84 ± 12 (80-89) 

1,787 ± 353 (1,655-1,918) 
67 ± 11 (63-72)'' 

p(ANOYA) 

0.0001 
0.0001 
0.9 
0.1 
0.008 
0.0001 

Values expressed as mean ± SD; range is in parenthesis for baseline values, and 95% confidence interval is in parenthesis for outcome values. 
VTI, velocity time integral of aortic root flow; LVET, left ventricular ejection time; Vmax• peak velocity of aortic root flow; Vmcan• mean velocity 

of aortic root flow; Ace, acceleration of aortic root flow; Ace time, acceleration time of aortic root flow. 
"p < 0.05 vs baseline l. 
"P < 0.05 vs baseline 2. 
'p < 0.05 vs atenolol. 

namic changes that occur after long-term selective ~ 1 -re­
ceptor blockade. Thus although 6 weeks' treatment with 
atenolol did not increase total arterial compliance in one 
study (18), a significant increase in arterial compliance 
was demonstrated after 6 months' treatment in another 
study (19). It is possible that different effects on the arte­
rial distending pressure may account for some of the dis­
crepancy between these studies. 

Arterial mechanics determined in vivo should always 
be evaluated in relation to the concomitant changes in the 
arterial blood pressure. A change in arterial compliance 
could be a simple effect of a change in the distending 
pressure with a shift on a given pressure-volume curve, 
or it can be due to a change in the elastic modulus of the 
arterial wall, inducing an upward or downward shift of 
the curve (20). Thus, it cannot be excluded that a higher 
dosage of captopril in our study could have induced a 
more pronounced effect on the arterial blood pressure 
with an increase in total arterial compliance comparable 
to that of atenolol. It should, however, be considered 
whether additional factors may have contributed to the 
differential effects of atenolol and captopril on total arte­
rial compliance. 

Drugs may alter the elastic modulus by modulating 
structural components of the arterial wall after long-term 
(i.e., years) treatment, but it is not likely that this oc­
cun-ed in our study because of the relative short treatment 

period (21 ,22). The effect of reducing vascular smooth­
muscle tone on large artery compliance is also somewhat 
controversial because a transfer of load from elastin to 
the stiffer collagen fibers may occur during vasodilata­
tion (23). Although not a relevant mechanism during 
treatment with atenolol, it could contribute to explain the 
weak effect of captopril on total arterial compliance in 
this study. However, because vascular smooth muscle is 
relative scarce in large elastic arteries, the effect of cap­
topril on total arterial compliance may be mainly pres­
sure dependent, thereby explaining the difference be­
tween this study and studies that have shown increased 
compliance of peripheral, predominantly muscular arter­
ies in animals (24) and in humans (25) during an­
giotensin-converting enzyme inhibition. 

An influence of heart rate on arterial mechanics, with 
greater effects on elastic than on muscular arteries, was 
recently demonstrated in an animal study (26). This may 
occur because of the viscoelastic properties of the arter­
ial wall (20,27). In other words, materials with viscoelas­
tic properties may stiffen by increased rate of stretching 
and vice versa. It should be considered whether atenolol 
may influence total arterial compliance by reducing heart 
rate and rate of delivery of the stroke volume (28), as in­
dicated by the prolonged acceleration time and reduced 
acceleration of aortic root flow. However, changes in the 
time available for diastolic recoil has also been proposed 

TABLE 4. Hemodynamics at baseline and during treatment 

Baseline I Baseline 2 Atenolol Captopril p (ANOYA) 

HR (beats/min) 69 ± 10 (54-95) 70 ± 12 (49-94) 55± 10 (51-59)"·b 68 ± 12 (63-72)'' 0.0001 
SY(ml) 103 ± 14 (70-137) 106 ± 16 (84-147) 115 ± 19 (108-122)"·" 106 ± 15 (100-112)' 0.0001 
CO (Limin) 7.1 ± l.l (5.8-9.9) 7.3 ± 1.4 (5.0-11.0) 6.2 ± 1.0 (5.9-6.6)"·" 7.1 ± 1.0 (6.7-7.4)'' 0.0001 
TPR (dyn-s/cm5) 1,309 ± 175 (1,007-1,678) 1,267 ± 199 (889-1,741) 1,252 ± 190 (1,181-1,323) 1,203 ± 112 (1,161-1,245)" 0.03 
R (dyn·s/cm5) 1 ,230 ± 166 (926-1 ,586) 1,204 ± 197 (839-1,637) l,l88 ± 173 (1,124-1,253) 1,144 ± 105 (1,105-1,183) 0.05 
C(ml/mm Hg) 1.44 ± 0.36 (0.90-2.44) 1.47 ± 0.30 (0.89-1.98) 2.08 ± 0.73 (l.81-2.35)"·b 1.56 ± 0.42 (1.40-1.71)' 0.0001 
Z (dyn·s/cm5) 80 ± 30 (31-145) 65 ± 22 (26-122)" 65 ± 28 (55-76)" 61 ± 26 (51-71)" 0.03 

Values expressed as mean± SD; range is in parenthesis for baseline values, and 95% confidence interval is in parenthesis for outcome values. 
HR, heart rate; SV, stroke volume; CO, cardiac output; TPR, total peripheral resistance; R, peripheral resistance; C, total arterial compliance; Z, aor-

tic characteristic impedance. 
"p < 0.05 vs baseline l. 
"p < 0.05 vs baseline 2. 
'p < 0.05 vs atenolol. 
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FIG. 3. Plot shows the change in total arterial compliance (I'>C) 
versus the change in heart rate (i'>HR) induced by atenolol (r = 
-0.31, p = 0.09). After exclusion of the outlier, the correlation 
coefficient was r = -0.56, p = 0.002. 

as a mechanism for heart~rate dependence of arterial 
compliance (26). It is tempting to speculate that the prop­
erties of proximal large arteries are adapted to optimize 
ventricular-vascular coupling (29). 

The complex influence on total arterial compliance 
(16) may explain the contrasting effect of atenolol on to­
tal arterial compliance and on aortic characteristic im­
pedance (30), which is the impedance of the system in 
the absence of wave reflections (31). It is, however, em­
phasized that the estimation of aortic characteristic im­
pedance is difficult (30) with conflicting results in previ­
ous studies (32-34). The interpretation of this variable 
should be performed with care. 

The exact mechanism by which ~-receptor blockers 
reduce the arterial blood pressures has been poorly un­
derstood (35,36). A reduction in cardiac output that per­
sists even after long-term ~-receptor blockade is of pos­
sible significance (37). An increased total arterial 
compliance may represent an additional mechanism. Be­
cause an increased total arterial compliance may indicate 
improved ventricular-vascular coupling (29), this could 
also contribute to explain some of the remarkable hemo­
dynamic effects of ~-receptor blockers, such as an in­
creased ejection fraction and an increased stroke volume 
(38-40) that occur despite the negative inotropic effect 
on the myocardium of these drugs. 

The possibility that characteristics of the study popu­
lation may have influenced the results of the study should 
be considered. We encouraged the general practitioners 
to refer subjects with recently diagnosed arterial hyper­
tension for a thorough evaluation with ambulatory blood 
pressure recordings and an echocardiographic examina­
tion. Several of the subjects were, in fact, recently iden­
tified as hypertensives in connection with a population 
screening of cardiovascular disease in 40-year-old sub­
jects in this region (41), but it is not known if the study 
population is representative of subjects with essential hy­
pertension in this area. The remarkable effect of ~-recep­
tor blockade may indicate the involvement of an in­
creased adrenergic drive in the genesis of hypertension in 
these subjects. 

It is also possible that the use of the diastolic, and not 
the systolic blood pressure as inclusion criteria, may have 
contributed to characterize the study population. The for­
mer method may allow selection of subjects with a low 
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pulse pressure and a high arterial compliance ( 42). This 
view is supported by the fact that total arterial compli­
ance in the group of hypertensive subjects during treat­
ment with atenolol was similar compared with a group of 
normotensive subjects of similar age and body size, ear­
lier reported by us (43). The use of ambulatory blood 
pressure monitoring for the selection of study subjects 
may be an additional explanation for the contrasting re­
sults with other studies. 

In this study we measured the arterial blood pressures 
during the echocardiographic examination on the right 
upper arm with the study subject in the left lateral decu­
bitus position. All the subjects were examined in the 
same position with the same instrument. It is also under­
scored that the subclavian pulse trace calibrated with 
brachial artery pressures is accepted as a fair approxima­
tion of aortic root pressure (7,44). Because this was a 
crossover study, the subjects acted as their own controls, 
eliminating the influence of between-subjects variation. 
The four-week washout period should be sufficient to 
avoid any significant carry-over effect as indicated by 
similar arterial pressures at Baseline 1 and Baseline 2. 

We conclude that total arterial compliance, at the op­
erational blood pressure, increases during selective ~~­
adrenergic receptor blockade in subjects with ambulatory 
hypertension. Although the main mechanism may be a 
reduction in mean arterial pressure, it should be consid­
ered whether reduced heart rate may play an additional 
role. The non significant increase in total arterial compli­
ance during angiotensin-convetting enzyme inhibition 
may primarily be a consequence of a modest reduction of 
the mean arterial pressure. 
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Venodilation with consequent reduction in left ventricular filling and end-diastolic wall 

stress is an important mechanism for the beneficial effects of nitroglycerin in ischemic heart 

disease and in left ventricular failure. The effects of sublingual nitroglycerin on arterial 

pulsatile hemodynamics are less well defined. Doppler echocardiography and the calibrated 

subclavian mtery pulse tracings were used to assess atterial pulsatile hemodynamics in 

subjects with sustained arterial hypertension (n = 25) before and 5- 10 minutes after 

sublingual deposition of 0.5 mg glyceryl-trinitrate. Aortic characteristic impedance was 

calculated by averaging the modulus of the input impedance (ratio of pressure to flow) at 

high frequencies and by calculating the ratio of pressure and flow increments during 

upstroke. The pressure wave was split into forward and backward components, and the 

reflection coefficient (the ratio of backward to forward pressures) was calculated. 

Parameters of the arterial bed were estimated using a two- and a three-element Windkessel 

model. Nitroglycerin delayed the return of arterial wave reflections (17%, p = 0.02), and 

increased aortic characteristic impedance (20%, p = 0.01), but did not influence total arterial 

compliance. Mean arterial pressure decreased 7%, p = 0.0001, but pulse pressure did not 

change. Stroke volume and acceleration time of aortic root flow decreased by 13%, p = 

0.0001 and 8%, p = 0.01, respectively. Cardiac output decreased (7%, p = 0.01), despite 

an increase in heart rate (10%, p = 0.0001). Peripheral resistance tended to decrease (4%, p 

= 0.06). Thus, in subjects with sustained hypertension, sublingual nitroglycerin dilate 

peripheral, predominantly muscular atteries with subsequent delayed return of reflected 

pressure waves. Reflex activation of the sympathetic nervous system with consequent 

increased rate of left ventricular ejection seems to counteract the effect of reduced mean 

arterial pressure with respect to aortic compliance. 

KEY WORDS: Arterial viscoelasticity, heart rate, pulse pressure, vasodilatation, ventricular­

vascular coupling. 
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Venodilation with consequent reduction in left ventricular filling and end-diastolic wall 

stress is an important mechanism for the beneficial effects of nitroglycerin in ischemic heart 

disease and in left ventricular failure. 1 The effects of nitroglycerin on the systemic arterial 

circulation are less well defined.2-4 These effects are, however, important because the 

stiffness of the proximal elastic arteries is a determinant of resistance to pulsatile flow and 

contributes to determine the rise of the systolic blood pressure during left ventricular 

ejection and accordingly the load on the left ventricle.5· 6 Peripheral, predominantly 

muscular arteries may influence the systolic blood pressure by attenuating the amplitude and 

the timing of arterial wave reflections.?· 8 Hence, an increase in aortic compliance, reduced 

amplitude, and delayed timing of arterial wave reflections may improve left ventricular 

function and energetics.6 Although nitroglycerin seems to have a favourable effect on large 

artery function in coronary artery disease3 and in heart failure,4 few have studied the 

hemodynamic effects of nitroglycerin in subjects with arterial hypertension.9• 10 To our 

knowledge no studies have been performed in sustained hypertension as defined by 

ambulatory blood pressure recordings. 

Thus, using noninvasive methodology 11 • 12 the present study investigates the acute 

effects of sublingual nitroglycerin on systemic hemodynamics in subjects with sustained 

hypertension. Since it has been suggested that choice of algorithm may influence the 

estimation of systemic hemodynamics, 13 different models were used. 

MATERIALS AND METHODS 

Subjects were recruited as part of a study of hemodynamics in hypertension reported 

previously.l4 Inclusion criterias were diastolic blood pressure 2: 90 mm Hg as measured by 

the general practitioner (office diastolic pressure), diastolic blood pressure 2: 90 mm Hg 

measured by a nurse in the clinic (clinic diastolic pressure), and ambulatory daytime 

diastolic pressure 2: 90 mmHg, as well as willingness to participate in the study. Exclusion 

criterias were evidence of ischemic heart disease, congestive heart failure, valvular heart 

disease, atrial fibrillation, chronic obstructive pulmonary disease, secondary hypertension, 
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other major diseases, inappropriate echocardiographic window and/or poor quality of the 

subclavian pulse tracing. Characteristics of the study subjects are given in Table 1. All 

subjects were off antihypertensive medication and other drugs at least four weeks before the 

investigation. All subjects gave written informed consent to the investigation, which was 

approved by the regional ethical committee. 

Noninvasive Data Recordings All echocardiographic recordings were performed by 

the same investigator just before and 5- 10 minutes after sublingual deposition of 0.5 mg 

glyceryl-trinitrate. The recordings were obtained with the patient in the left lateral decubitus 

position, and started after the patient had been at rest for at least 10 minutes. An ultrasound 

scanner (CFM 750, GE Vingmed Ultrasound, Horten, Norway) with a duplex probe (3.25-

MHz imaging/2.5-MHz Doppler) was used. The aortic valve annulus diameter was 

measured at baseline in the parasternal long axis view between the insertion points of the 

valve leaflets by use of the trailing-to-leading edge method. 15 The aortic valve annulus flow 

velocities were recorded from the apical position using high repetition frequency pulsed 

Doppler technique. The subclavian artery pulse tracings were obtained with a capilla1y 

damped funnel 16 (Siemens-Elema AB, Solna, Sweden) positioned over the right subclavian 

artery and connected to a strain-gauge transducer (model120-0123, Irex Medical Systems, 

Ramsey, NJ, USA) and displayed simultaneously with the Doppler velocity spectrum on 

the monitor. Only pulse traces with a consistent wave morphology, a sharp deflection in 

early systole, and a minimal drift were used. Doppler recordings and pulse traces were 

obtained during a shmt period of apnea close to end-expiration. Data from at least three 

consecutive cardiac cycles were transferred, together with pulse and electrocardiogram 

traces, to a computer for analysis (Macintosh II CI, Apple computers Inc., Cupertino, CA, 

USA). Right brachial artery systolic and diastolic pressures were recorded with the 

oscillometric technique (Dinamap 1846 SXP, Criticon Inc, Tampa, FL, USA) every minute 

during the Doppler ultrasound study. The two measurements obtained immediately before 

the Doppler recordings were averaged and used for subsequent analysis. M-mode 
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echocardiograms of the left ventricle were obtained from the parasternal window, guided by 

2-D echocardiography. Left ventricular mass was calculated from M-mode echocardiograms 

using the formula according to the Penn convention. 17 

Analysis of Doppler-Echocardiographic Recordings and Subclavian Artery 

Pulse Tracings All analysis were performed by the same investigator. The subclavian 

artery pulse trace was calibrated with oscillometrically obtained systolic and diastolic 

pressures 11 , 12• 18 and the pulse transmission delay was corrected by alignment of the 

upstroke of the pressure trace and the Doppler flow trace. The maximal flow velocities (i.e. 

outer envelope of the Doppler spectrum) of at least three cardiac cycles were traced 

manually and averaged according to the previously described computerized procedure. 11 

Ejection time (L VET) was determined from the beginning of blood flow to the valve closure 

click. The time to peak aortic root flow (Acc-t) was determined from beginning of flow to 

peak aortic flow by use of an automatic, computerized procedure. Mean arterial pressure 

(MAP) was calculated as the pressure integral over the total cardiac cycle. End-systolic 

pressure (ESP) was determined at the incisura of the calibrated pulse tracing. Pulse pressure 

(PP) was defined as the difference between systolic and diastolic pressure. Stroke volume 

(SV) was calculated as the product of the Doppler velocity-time integral of aortic root flow 

and the amtic valve annulus cross-sectional area assuming a circular annulus. Cardiac 

output (CO) was calculated as the product of stroke volume and heart rate. Total peripheral 

resistance (TPR) was computed as mean pressure over mean flow. 

The characteristic impedance (Zc) was calculated as the mean of the modulus of the 

input impedance (ratio of pressure to flow) between the second and the tenth harmonic, and 

as the ratio of the pressure and flow increments during upstroke (Zt). 19 

The pressure was split into forward and backward components by the method ofWesterhof 

et a!.? The forward wave is defined as Pf = (P + ZcQ)/2, while the backward wave is 

defined as Pb = (P- ZcQ)/2, where P and Q denote pressure and flow, respectively (Figure 

1 ). The pulse pressure of the forward (PPf) and backward wave (PPb) was calculated as 
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the difference of the peak and nadir pressures. 

The reflection coefficient r was obtained as the ratio of backward to forward 

pressure waves, i.e. r = Pb/Pf. The reflection coefficient is a complex, dimensionless 

quantity containing information about both amplitude and phase of this ratio at each 

harmonic. Note that the first harmonic corresponds to 1/heart rate, i.e. a hear·t rate of 60 

beats per minute corresponds to a first harmonic of 1 Hz. For each patient, the reflection 

coefficient for the data set with the lowest heart rate (normally the pre nitroglycerin set) was 

interpolated at a frequency corresponding to the first harmonic ( 1/heart rate) of the data set 

with the highest heart rate (normally the post nitroglycerin set). This was done to make 

allowance for compar·ison of the reflection coefficient of the two data sets at a given 

frequency, as the reflection coefficient is known to decrease in magnitude as a function of 

frequency and since intake of nitroglycerin increases hear·t rate (and thereby the first 

harmonic) significantly (Figure 2). The reflection coefficient depends on heart rate, aortic 

compliance, and peripheral impedance. By calculating a hemt rate interpolated reflection 

coefficient (Thr) it is possible to separate the effect of increased hemt rate from the other 

effects. 

Pm·ameters of the atterial bed were estimated using the two-element Windkessel 

model and the three-element Windkessel model.20 The compliance (Cwk) of the two­

element Windkessel was estimated by the pulse pressure method,21 while the parameters of 

the three-element was estimated by minimisation of the squared differences between the 

measured pressures and the pressures predicted by the models (the Nelder-Mead 

algorithm). The parameters estimated in the three-element Windkessel were total arterial 

compliance (Cwk3) and aortic characteristic impedance (Zwk3). After the model estimation, 

the peripheral resistance (Rwk3) was calculated as total peripheral resistance minus the 

characteristic impedance (TPR - Zwk3). 

Statistical Analysis Continuous variables were expressed as mean ± standard deviation 

(SD). Group differences were tested with a paired t-test. Relations between variables were 

tested with Pearson's coefficient of correlation. The coefficient of variation for noninvasive 
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estimates of aortic pressures and flow has been shown to be in the range 6- 10%.22 

RESULTS 

Nitroglycerin reduced systolic, diastolic, mean and end-systolic blood pressures by 7- 10 

%, but did not significantly reduce pulse pressure (Table 2). Heart rate increased 

significantly in response to nitroglycerin, and left ventricular ejection time, time to peak 

aortic root flow, stroke volume and cardiac output decreased (Table 3). Although arteriolar 

resistance (Rwk3) tended to decrease (p = 0.06), total peripheral resistance (TPR) was not 

significantly influenced (Table 3). 

Whereas the modulus of the reflection coefficient determined for the first harmonic 

(f-modulus) decreased significantly, the reduction of the modulus of the heart rate 

interpolated reflection coefficient (fhr-modulus) was not statistically significant (p = 0.1) 

(Table 4). The corresponding phase angles (f-phase and Thr-phase) were both more 

negative after nitroglycerin. The ratio of the pulse pressure of the backward to the pulse 

pressure of the forward pressure wave (PPb/PPf) was significantly reduced (Table 4). 

Total arterial compliance, determined by use of the three-element windkessel model 

(Cwk3) and by use of the two-element windkessel model "pulse pressure method" (Cwk) 

did not change with nitroglycerin (Table 5). 

Aortic characteristic impedance, determined by use of frequency analysis (Zc) and 

calculated as the ratio of pressure and flow increments during upstroke (Zt), increased 

significantly in response to nitroglycerin (Table 5). A similar tendency, although not 

statistically significant (p = 0.08), was shown for aortic characteristic impedance 

determined by use of the three-element windkessel model (Zwk3). The percentage change 

in heart rate induced by nitroglycerin cotrelated significantly with the corresponding 

changes in aortic characteristic impedance and total arterial compliance estimated in the two 

element windkessel model (Table 6). 
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DISCUSSION 

The study shows that, in subjects with sustained hypertension, sublingual nitroglycerin 

significantly delays the timing of reflected pressure waves. Aortic characteristic impedance 

increases, but total arterial compliance is not influenced, despite a reduction in the mean 

arterial pressure. The study shows, in addition, that subjects with sustained hypertension 

may have a tendency toward reflex sympathetic activation with increased heart rate and 

increased rate of ejection of the stroke volume after intake of sublingual nitroglycerin, 

indicating a well preserved baroreceptor function. This effect is not reported in all previous 

studies.23 The use of concomitant medication such as beta adrenergic antagonists at the time 

of the investigation may explain the absence of increased heart rate after intake of 

nitroglycerin in some earlier studies.24 It is underscored that the subjects in the present 

study where off all medications at least four weeks before the investigation. 

Effect of Nitroglycerin on Arterial Wave Reflections Modulus and phase of 

reflected pressure and flow waves depend on the frequencies of the waves. 25 Thus, 

amplitude of the reflected wave may, at least indirectly, depend on heart rate since left 

ventricular ejection time and acceleration of ejection is related to heart rate. Shmter left 

ventricular ejection time also influences how much of the reflected wave that returns in 

systole, i.e. the smaller ejection time the larger portion of the reflected wave returns in 

diastole. Delayed return of wave reflections indicates decreased pulse wave velocity. The 

mismatch between the proximal characteristic impedance and the input impedance at the 

reflection site affects the amplitude of the reflected wave. The input impedance at the 

physiological reflection site is affected by vascular parameters such as compliance and 

resistance. 

For each patient in the present study, the reflection coefficient for the data set with 

the lowest heart rate was interpolated at a frequency corresponding to the first harmonic of 

the data set with the highest heart rate. This was done in order to investigate whether the 

reduced amplitude of reflected pressure waves induced by sublingual nitroglycerin was due 
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to an effect on the arterial wall or if the effect could be explained by an increase in heart rate 

only. Thus, a reduced amplitude of the backward pressure wave after nitroglycerin seems 

primarily to be an effect of increased heart rate and less because of a direct effect on the 

arterial wall since the modulus of the heart rate interpolated reflection coefficient (f'hr) did 

not decrease significantly. 

Although the reduced amplitude of the reflected pressure waves seemed mainly to 

depend on increased heart rate, the more negative phase angle of the reflection coefficient 

after nitroglycerin corresponds to delayed return of wave reflections and indicates dilatation 

of peripheral arteries according to Yaginuma et al. 3 It is interesting that Y aginuma et al in 

their study, which was performed with invasive methodology, observed similar changes in 

wave reflections as well as in total arterial compliance and heart rate, i.e. no change in total 

arterial compliance associated with a slight increase in heart rate, as in the present study. 

Hence, nitroglycerin reduces the arterial systolic pressure in subjects with sustained 

hypertension because of delayed return and reduced amplitude of reflected pressure 

waves,2· 3· 24 and because of reduced stroke volume. 

Effect of Nitroglycerin on Arterial Compliance A reduction in blood pressure 

without an effect on total arterial compliance may indicate increased arterial wall stiffness or 

reduced arterial cross-sectional area, or simply that the reduction in distending pressure is to 

small to significantly influence arterial wall properties. Against the latter m·gument is the 

tendency of stiffening of the aorta after nitroglycerin as indicated by increased aottic 

characteristic impedance and a tendency to decreased total arterial compliance, suggesting 

mechanisms counteracting the effect of reduced distending pressure may play a role. This 

mechanism could be represented by an increased vascular smooth muscle tone, which is not 

likely since nitroglycerin reduces vascular smooth muscle tone and because of small amount 

of vascular smooth muscle in the aorta. It should, however, be considered that total mterial 

compliance depends on the strain that accompanies a periodic, time-varying stress, i.e. a 

dynamic compliance.26 Consequently, total arterial compliance is influenced by viscoelastic 
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properties of the arterial wall, i.e. stiffening of the arterial wall may be induced by increased 

rate of stretching secondary to increased rate of delivery of the stroke volume. 14• 27 This 

may occur due to reflex activation of the sympathetic nervous system after nitroglycerin, 

with increased inotropic support of the left ventricle. A similar effect may also occur in 

relation to changes in heart rate induced by the parasympathetic nervous system because 

increased myocardial contractility accompanies increased heart rate, and vice versa, because 

ofthe force frequency relationship (Bowditch effect or "Treppe effect").28 Other 

explanations for the association between changes in heart rate and estimates of aortic 

impedance and compliance should be sought in future studies. 

Although reduced arterial cross sectional area, because of reduced arterial distending 

pressure, could contribute to explain the lack of effect of on total arterial compliance and the 

increase in aottic characteristic impedance after administration of nitroglycerin,29 reduced 

cross-sectional area of peripheral, predominantly muscular arteries does not agree with the 

expected effect of nitroglycerin.3 The net effect of vasodilatation of muscular arteries, the 

most plausible effect of nitroglycerin, with respect to compliance of these arteries may be 

difficult to predict, 32 but increased compliance is the most likely effect. Hence, increased 

compliance of peripheral arteries is the most plausible reason for the prolonged arterial wave 

propagation time induced by nitroglycerin. 

Clinical Implications The study demonstrates that nitroglycerin may have differential 

effects on different parts of the arterial bed. The delay of reflected pressure waves because 

of dilatation of peripheral, predominantly muscular, arteries is desirable because it 

contributes to diminish left ventricular afterload. The reflex activation of the sympathetic 

nervous system after intake of nitroglycerin, which seems to counteract the effect of 

reduced distending pressure on proximal elastic arteries, is not desirable. Hence, use of a 

beta-adrenergic receptor blocker is recommended in conjunction with the need for 

sublingual nitroglycerin in subjects with sustained hypertension. 14• 30 

Another implication of the study concerns the use of nitroglycerin as long term 
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antihypertensive medication. It has been questioned whether the increased peripheral 

resistance, which is the hallmark of arterial hypertension, is a consequence of a mismatch 

between endothelial derived vasoconstricting and vasodilating factors. 31 -33 The fact that 

arteriolar resistance as well as the amplitude of reflected pressure waves both tended to 

decrease with sublingual nitroglycerin, may support this hypothesis, but higher dosages 

may be needed for a significant, direct influence on the arteriolar smooth muscle tone in 

subjects with sustained hypetiension. The concomitant reduction in left ventricular filling 

and the resultant reflex activation of the sympathetic nervous system would, however, limit 

the clinical benefit of that approach, unless the subjects have high left ventricular filling 

pressures. An additional limitation for use of nitroglycerin as long term antihypertensive 

medication is the tendency to development of tolerance. 34 

Methodological Considerations The study must be interpreted in light of the 

noninvasive methodology that was used. The subclavian artery pulse tracing calibrated with 

brachial artery pressures is, despite pressure amplification from central to the peripheral 

arteries, certainly accepted as a fair approximation of aortic root pressures, 12• 35 but it 

should be considered whether the pressure amplification could have influenced the 

results.36 Correcting pulse transmission delay by aligning upstroke of pressure and flow 

instead of aligning the incisura of the pulse trace with the aortic valve closure signal, as 

perfmmed in previous studies, 14 seems to provide more reliable estimates of aortic 

characteristic impedance. The automatic procedure for calculating time to peak flow (Acc-t) 

used in the present study may account for the slightly higher values compared to previous 

studies14• 27 where a manual procedure was used. 

The hemodynamic effects of sublingual nitroglycerin are transient and the time 

window to perform recordings is accordingly short, requiring high precision in the 

collection of data. Blood pressure lowering drugs that induce reflex activation of the 

sympathetic nervous system may, however, serve to investigate the relative influence of 

frequency and pressure on arterial mechanical properties. Thus, controlled, randomized, 



12 

blinded studies comparing adequate dosages of dmgs that reduce blood pressure, but have 

opposing effects on heart rate, such as beta-blockers versus some calcium antagonists, 

should be performed in the future to evaluate this important topic. 

Conclusion In subjects with sustained hypertension, sublingual nitroglycerin dilate 

peripheral muscular arteries with subsequent delayed return of reflected pressure waves. 

Reflex activation of the sympathetic nervous system with consequent increased rate of left 

ventricular ejection seems to counteract the effect of reduced mean arterial pressure with 

respect to the compliance of the amta and large elastic arteries. 
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TABLE 1. CHARACTERISTICS OF THE 
SUBJECTS 

Age (years) 50 ± 8 (31 - 67) 

Males(%) 66 

Weight (kg) 80 ± 11 (61- 110) 

Height (em) 172 ± 7 (161- 192) 

BSA (m2
) 1.93 ± 0.16 (1.64- 2.30) 

LVOT (em) 2.33 ± 0.16 (1.96- 2.68) 

LVMI (g m-2
) 124 ± 33 (70- 187) 

Pressures (mm Hg) 

Office SP 161 ± 17 (140- 200) 

Office DP 104 ± 8 (90- 120) 

Ambd SP 150 ± 13 (130- 174) 

AmbdDP 102 ± 8 (91- 117) 

Clinic SP 147 ± 16 (130- 191) 

Clinic DP 99 ± 6 (90- 110) 

Values are mean ±SD; (range) 
BSA, body surface area; LVOT, aortic valve 
annulus diameter; LVMI, left ventricular 
mass index; SP, systolic pressure; DP, 
diastolic pressure; Ambd, ambulatory daytime 
blood pressure 
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TABLE 2. OSCILLOMETRIC ARTERIAL BLOOD 
PRESSURES (MM HG) PRE- AND POST 
NITROGLYCERIN 

pre-nitroglycerin nitroglycerin %change p-value 

SP 149 ± 18 139 ± 19 -7 0.0001 

DP 86 ± 10 77 ± 12 -10 0.0001 

pp 62 ± 12 62 ± 14 0 0.9 

MAP 114 ± 13 106 ± 14 -7 0.0001 

ESP 129 ± 16 118 ± 17 -9 0.0001 

Values are mean ± SD 
SP, systolic pressure; DP, diastolic pressure; PP, pulse 
pressure; MAP, mean arterial pressure; ESP, end-systolic 
pressure. 
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TABLE 3. HEMODYNAMICS PRE- AND POST 
NITROGLYCERIN 

pre-nitroglycerin nitroglycerin 

HR (beats min-1
) 70 ± 10 77 ± 10 

LVET (ms) 298 ± 24 270 ± 26 

Acc-t (ms) 86 ± 13 79 ± 12 

VTI (em) 24 ±4 21 ± 3 

SV (m1) 103 ± 16 90 ± 16 

CO (1 min- 1
) 7.2 ± 1.1 6.7 ± 0.8 

TPR ( dyn s cm-5
) 1295 ± 180 1269 ± 196 

Values are mean± SD 

% change p-value 

10 0.0001 

-9 0.0001 

-8 0.01 

-13 0.0001 

-13 0.0001 

-7 0.01 

-2 0.3 

HR, heart rate; LVET, ejection time; Acc-t, time from beginning of 
aortic flow to peak flow; VTI, velocity-time integral of aortic root flow; 
SV, stroke volume; CO, cardiac output; TPR, total peripheral 
resistance. 
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TABLE 4. REFLECTION PARAMETERS PRE- AND POST 
NITROGLYCERIN 

pre-nitroglycerin nitroglycerin %change p-value 

r-modulus 0.56 ± 0.10 0.51 ± 0.10 -9 0.02 

r-phase (rad) -0.80 ± 0.29 -1.00 ± 0.36 -25 0.002 

rhr-modulus 0.54 ± 0.10 0.51 ± 0.10 -6 0.1 

rhr-phase (rad) -0.86 ± 0.30 -1.01 ± 0.36 -17 0.02 

PPb/PPf 0.66 ± 0.09 0.56 ± 0.09 -15 0.0001 
Values are mean± SD 

T, reflection coefficients determined at the frequency of the first 

harmonic; r hr, reflection coefficients determined at the frequency of 
the first harmonic interpolated for heart rate; PPb and PPf, pulse 
pressure of the backward and forward pressure waves. 
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TABLE 5. PARAMETERS OF THE ARTERIAL TREE PRE- AND 
POST NITROGLYCERIN 

pre-nitroglycerin nitroglycerin % change p-value 

Zc (dyn s cm-5
) 92 ±44 110 ± 42 20 0.01 

Zt (dyn s cm-5
) 88 ± 37 112 ± 40 27 0.001 

Zwk3 (dyn s cm-5
) 96 ±29 104 ± 30 8 0.08 

Cwk (ml mmHg-1
) 1.12 ± 0.32 1.02 ± 0.37 -9 0.08 

Cwk3 (ml mmHg-1
) 1.51 ±0.43 1.53 ± 0.60 1 0.8 

Rwk3 (dyn s cm-5
) 1193 ± 173 1147 ± 178 -4 0.06 

Values are mean± SD 
Zc, aortic characteristic impedance estimated using frequency analysis Zt, 
aortic characteristic impedance calculated as the ratio of pressure and flow 
wave during upstroke. 
Cwk, total arterial compliance according to the pulse pressure method. 
Cwk3, Zwk3, and Rwk3, total arterial compliance, aortic characteristic 
impedance and peripheral resistance according to the 3-element windkessel 
model. 
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TABLE 6. CORRELATIONS OF PERCENTAGE CHANGE 
IN HEART RATE AND MEAN ARTERIAL PRESSURE 
WITH CORRESPONDING CHANGES IN ESTIMATES OF 
AORTIC IMPEDANCE AND COMPLIANCE (n=25) 

%~HR %~MAP 

%~Zc (dyn s cm-5
) r = 0.21, p = 0.32 r=0.05,p=0.8 

%~Zt (dyn s cm-5
) r = 0.39, p = 0.05 r=0.12,p=0.6 

%~Zwk3 (dyn s cm-5
) r = 0.41, p = 0.04 r = 0.17, p = 0.4 

%~Cwk (ml mmHg-1
) r = -0.49, p = 0.01 r = -0.16, p = 0.5 

%~Cwk3 (ml mmHg-1
) r = -0.23, p = 0.28 r = -0.13, p = 0.5 

Zc, Zt, Zwk3, aortic characteristic impedance estimated using 
frequency analysis, the ratio of pressure and flow wave during 
upstroke and the 3-element windkessel model respectively. 
Cwk and Cwk3, total arterial compliance according to the pulse 
pressure method (2-element windkessel model) and the 3-element 
windkessel model. 
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