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Abstract

Differences in aortic impedance between normotensives and hy-
pertensives are not well characterized. We examined impedance
in 8 normotensive and 11 hypertensive (mean 96.7 vs. 122.2
mmHg) age-matched, Chinese patients undergoing cardiac cath-
eterization at rest, during nitroprusside, and handgrip exercise
before and after beta blockade (propranolol). Hypertensives had
higher resistance (2,295 vs. 1713 dyn-s/cm®), characteristic
impedance (145.7 vs. 93.9 dyn-s/cm®), total external power (1,579
vs. 1174 mW), peripheral reflections (ratio of backward to for-
ward wave components of 0.54 vs. 0.44), and first zero crossing
of impedance phase angle (4.15 vs. 2.97 Hz). These abnormalities
were eliminated with vasodilatation. Differences between groups
were not further exacerbated when pressure was increased during
handgrip exercise. Beta blockade further increased resistance
and reflections. Thus, hemodynamic abnormalities of essential
hypertension (increased resistance, reflections, and pulse wave
velocity, and decreased compliance) are compatible with an in-
creased vasomotor tone that is further unmasked during gen-
eralized beta blockade.

Introduction

Arterial hypertension affects millions of people throughout the
world. Vast amounts of time and money have been spent and
thousands of papers have been written on better diagnosing,
categorizing, and treating this affliction. In contrast, surprisingly
few studies have examined in detail the hemodynamic alterations
accompanying hypertension (1-4). Consequently, there are many
unanswered questions regarding the relationship between car-
diovascular abnormalities and hypertension, in particular: (a)
Why do hypertrophy and eventual cardiomyopathy often result
despite seemingly adequate treatment of the elevated blood
pressure? (b) Are there more subtle vascular abnormalities than
elevated resistance that accompany the various types of hyper-
tension? (c) If so, what role, if any, do these abnormalities have
“in the natural history of the disease process? (d) How are these
abnormalities affected by the various classes of antihypertensive
agents? (¢) What is the temporal sequence of the vascular ab-
normalities in relation to the duration, extent, or type of hy-
pertension?
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Many studies have demonstrated that the very early phase
of primary or essential hypertension is characterized by a hy-
perdynamic state with increased cardiac output and normal pe-
ripheral resistance (5-7). Later one finds an elevated peripheral
resistance and normal or low cardiac output (8-10). The cardiac
sequelae of hypertension are generally attributed to this increased
load imposed on the heart. Peripheral resistance, however, is an
incomplete description of the vascular properties; it describes
only the nonpulsatile component of the load. Because blood
flow is pulsatile, the total load comprises both pulsatile and non-
pulsatile components. These load components are accounted
for when the impedance concept is used to describe the arterial
system (11, 12). Aortic impedance embodies, in addition to re-
sistance, the summated effects of peripheral wave reflections,
pulse wave velocity, and aortic stiffness and compliance. Aortic
impedance thus has been found to be abnormal when vascular
properties in humans are altered by aging (13), heart failure (14—
17), coronary artery disease (3), and some physiological maneu-
vers (18, 19).

Consequently, if there are significant vascular abnormalities
associated with hypertension, aortic impedance in hypertensive
subjects should also be abnormal. The few studies describing
the alterations in aortic impedance with hypertension, however,
have produced conflicting results. O’Rourke (1, 2) suggested that
hypertension would increase peripheral resistance, characteristic
impedance, and wave reflections, and cause a shift to the right
of the impedance spectrum, changes that increase both the steady
and pulsatile components of the external work. However, very
little data from hypertensive animals or humans were presented
to substantiate these predictions. Merillon et al. (4) found that
compared with normal subjects those with hypertension had
greater resistance, wave reflections, and fraction of pulsatile
power, and an impedance spectrum further to the right but no
difference in characteristic impedance. In contrast, Nichols et
al. (3) found that characteristic impedance also was greater in
hypertensive as compared with normotensive patients with cor-
onary artery disease. In both of these studies the hypertensive
patients were significantly older than the control group and pa-
tients in the latter study may also have had peripheral athero-
sclerotic disease. Consequently, the independent effect of hy-
pertension on aortic impedance cannot be assessed from existing
studies.

The purpose of this study was to characterize differences in
aortic impedance accompanying essential hypertension without
the confounding factors of different ethnic backgrounds, age, or
the presence or absence of atherosclerosis. We thus compared
the resting aortic impedances in age-matched normotensive and
hypertensive Chinese patients, all of whom were likely to be free
of atherosclerosis. Moreover, to see if the differences in resting
hemodynamics would be exaggerated during acute elevation in
blood pressure, we compared the acute response to isometric
handgrip exercise. To investigate the influence of smooth muscle



tone on resting hemodynamics, we also measured the impedance
in the hypertensive group after vasodilatation with nitroprusside.
Finally, to test the hypothesis that beta adrenergic blockade re-
sults in further exacerbation of the hemodynamic responses we
administered propranolol and repeated the resting and isometric
exercise in the hypertensive group.

Methods

Patient selection. Candidates for the study were ethnic Chinese who were
undergoing diagnostic cardiac catheterization for chest pain syndrome,
evaluation of a systolic murmur, or electrophysiologic study for parox-
ysmal supraventricular tachycardia. The normotensive group was selected
from those patients who had no prior history of symptoms related to
hypertension, who had normal physical examinations, and who had
multiple outpatient blood pressures that were consistently in the normal
range (systolic < 140 and diastolic < 90 mmHg, respectively). The hy-
pertensive group was selected from a population with recently diagnosed
hypertension (multiple measurements of systolic and diastolic pressures
> 140 and 90, respectively). To avoid including patients with secondary
hypertension, the hypertensive group included only those patients who
had a normal rapid sequence intravenous pyelogram, adrenal echogram,
and renal arteriogram. In addition all subjects had normal serum levels
of electrolytes, creatinine, urea nitrogen, aldosterone, triiodothyronine
(T5), and thyroxine (T,); normal creatinine clearance; and normal urinary
excretion levels of electrolytes, vanillylmandelic acid, 17-hydroxycorti-
costerone, and 17-ketosteroids. All patients gave informed consent for
the investigative portion of the study.

Catheterization. All studies were performed after premedication with
Benadryl, 50 mg i.m. Both right- and left-heart catheterizations were
performed using the percutaneous approach via a femoral vein and artery,
respectively. The diagnostic catheterization was completed first, and only
those patients with no evidence of hemodynamically significant coronary
heart disease (<50% narrowing of any major coronary artery), congenital
heart disease, or valvular heart disease were entered into the study.

The methodology for the catheterization and data acquisition was
identical to that reported earlier (16) and will be briefly summarized
here. After completion of the diagnostic portion of the study, the standard
left-heart catheter was replaced by a specially designed high-fidelity
transducer catheter (model VPC 673-D, Millar Instruments Co., Houston,
TX). This 7F arterial catheter had two pressure transducers located at 6
cm from the tip. In addition there was an electromagnetic flow velocity
sensor located another 3 cm distal to the second pressure sensor. The
velocity sensor was connected to a flowmeter (model BL-613 or
model BL 610, Biotronex Laboratories, Kensington, MD). The flow sys-
tem had a frequency response that was decreased by 3 db at ~75 Hz.
The catheter tip was advanced retrograde across the aortic valve to help
stabilize the catheter and to keep the sensors in the center of the stream
while allowing simultaneous measurement of left ventricular pressure
and ascending aortic pressure and flow velocity. After crossing the valve,
the catheter was manipulated to obtain an optimal flow velocity signal
characterized by a steady diastolic level with maximal systolic amplitude
and minimal late systolic negative flow (16).

The pressure and flow velocity signals during each experimental con-
dition were recorded on analogue tape (3968-A, Hewlett-Packard Co.,
Waltham, MA) for later offline analysis. The signals were also monitored
during the study with both a six-channel monitor (Hewlett-Packard Co.)
and a strip-chart recorder. An estimation of ascending aortic cross-sec-
tional area during each stage of the study was obtained from two-di-
mensional echocardiograms. To minimize drift, before inserting each
catheter we soaked and prewarmed the sensors for at least 3 h in saline
at 37°C. After withdrawing the catheters from each patient they were
reimmersed in the bath to check for baseline drift. The pressure reading
at the completion of the study, with the pressure sensor barely submerged

in the fluid at atmospheric pressure was used as the zero pressure reference
signal.

Protocol. Baseline, resting hemodynamics were first recorded in both
groups. This measurement was taken at least 30 min after the last injection
of contrast medium. To see if the differences in the baseline hemody-
namics between the two groups could be exacerbated by a rapidly re-
versible increase in blood pressure we asked the subjects in both groups
to perform isometric handgrip exercise. Pressure, flow, and electrocar-
diogram (ECG) signals were recorded during a 50% maximal voluntary
contraction (MVC)' for 1 min. The MVC was determined by taking the
average of the tensions obtained by three brief maximal contractions
prior to beginning the investigative phase of the study. This level of
handgrip has been previously shown to produce an increase in blood
pressure and heart rate in both normal and hypertensive individuals
without increasing peripheral resistance (20, 21).

To assess the role of vasomotor tone on impedance in the hypertensive
group we used two interventions, first to decrease and then to increase
vasomotor tone. We first examined the response during generalized va-
sodilatation produced by nitroprusside. Sodium nitroprusside was infused
intravenously beginning at a dose of 0.25 ug/kg per min. After 3 min at
each infusion level, the hemodynamic response was recorded. The dose
was then doubled and recordings made after another 3 min. The infusion
was increased until the peak systolic blood pressure was consistently
below 140 mmHg.

After all pressures had returned to the original levels or after 30 min,
we examined the response to an increased vasomotor tone. Previous
studies have indicated that some patients with essential hypertension
have an apparently increased vasomotor tone (22-27). In the final phase
of the study, we thus tested the hypothesis that nonspecific beta adrenergic
blockade might produce a deleterious hemodynamic effect by unmasking
an increased underlying level of vasoconstriction. Propranolol was ad-
ministered to the hypertensive group at a rate of 1 mg/min until a full
blocking dose of 0.15 mg/kg had been delivered. Resting hemodynamic
measurements were made during beta blockade. Finally, handgrip exercise
was repeated to examine the pattern and the extent of the hydraulic load
imposed in the setting of beta blockade in these subjects.

Calculations and data analysis. Details of the data analysis have
been reported previously (16) and will only be summarized here. The
analogue records were digitized at a rate of 250 Hz using a 12-bit analogue-
to-digital converter (Tecmar Labmaster, Scientific Solutions, Inc., Solon,
OH) interfaced to a microcomputer (IBM/PC, IBM Corp., Danbury,
CT). The digitized signals were analyzed on a minicomputer (MV/8000,
Data General Corp., Westboro, MA) using software we developed pre-
viously. The digitized flow velocity signals were displayed on the terminal
screen and only beats that had no significant baseline drift and no sig-
nificant negative dip or secondary rise in diastole were considered ac-
ceptable for analysis. Zero flow was assumed to be that in late diastole.
The calibration of the flow velocity probe was performed in the majority
of patients by the Fick method based on the oxygen consumption mea-
sured in the resting state immediately prior to catheterization. From the
digitized flow velocity signal we determined a time-averaged flow velocity
for at least three separate beats. This mean velocity was converted to
volume flow by multiplying by the resting aortic cross-sectional area.
The appropriate calibration factor for each probe was then determined
by matching the cardiac outputs obtained from the Fick method with
the mean output calculated from the digitized flow signals. In a few
patients in whom the cardiac outputs were not available, a calibration
factor obtained by averaging the data for that particular probe was used.

The noise level of the flow signal was determined for each patient
by performing Fourier analysis on the diastolic portions of the flow signal.
Only flow harmonics with moduli greater than twice the maximum noise
level were included in the subsequent calculations. For acceptable beats,
the pressure and flow signals were resolved into their Fourier harmonics,
and the input impedance modulus and phase angle for each harmonic
were calculated as the ratio of the pressure to flow moduli and the dif-
ference of the pressure and flow phase angles, respectively. We had pre-
viously determined that the combined flow-sensor flowmeter system had

1. Abbreviations used in this paper: MVC, maximal voluntary contraction.
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a phase lag of 1.3/Hz, which was accounted for in subsequent calculations.
The characteristic impedance (Zc) was estimated by averaging the suitable
impedance moduli for frequencies of 4 Hz and higher (16, 17). Total
external power, consisting of both pressure and kinetic terms for the left
ventricle, was calculated as previously reported (16). The oscillatory
power, the steady power, and the ratio of oscillatory to total power,
indicating the efficiency with which the pulsatile energy was converted
into forward flow, were also calculated.

We wished specifically to compare the wave reflection properties of
the hypertensive and normal groups. We have previously shown that the
reflection characteristics of the arterial tree can be adequately described
by calculating the ratio of the backward to the forward component of
the pressure wave (28). This index of reflections is easier to analyze and
compare than the more complete but cuambersome reflection spectrum.
We thus decomposed the pressure wave into its forward and backward
components as described previously (29) and used the ratio of the back-
ward to forward wave to index the magnitude of the wave reflection seen
in the ascending aorta during each condition.

Statistical analysis. Because the number of subjects was small and
there was considerable scatter in some of the derived parameters, we
wished to avoid having these “outlying” data points unduly influence
the statistical analyses. At the same time, we wanted to avoid having to
delete any of the data points based on arbitrary criterion. Rather than
using a standard ¢ test for unpaired data with the outliers excluded based
on an arbitrary criterion, we thus employed two different statistical tests
for significant differences in the resting data between the two groups. We
first employed biweight robust regression (30) to estimate and compare
the means of the two groups. Robust regression takes the scatter of the
data into account and automatically calculates a smooth weighting func-

Table I. Characteristics of the Study Population

tion that gives more weight to observations near the median and less
weight to outlying observations (it is possible for extreme outliers to
receive zero weight). This method enables one to arrive at more statis-
tically reliable estimates of the group means and significance of the dif-
ferences than with either the raw means or the means obtained with
outliers accounted for in a more arbitrary manner. We next employed
the nonparametric Mann-Whitney rank test, which does not require an
assumption about the specific distribution of the data (31). This test is
also more appropriate than the standard ¢ test when there is wide scatter
in the data (31).

Since each intervention was immediately preceded by a control state,
the effect of an intervention within each group was analyzed by using
paired ¢ tests. The effect of an intervention between the two groups was
tested by using unpaired ¢ tests on the individual changes in each group.
Differences were considered significant at the P = 0.05 level.

Results

69 patients were entered into the study (58 hypertensive and 11
normotensive). Of these, 19 patients whose data met our criteria
of suitability for analysis constituted the study groups. The nor-
motensive group consisted of seven men and one woman, aged
30 to 56 yr (mean age of 42 yr). The hypertensive group consisted
of six men and five women with essential hypertension aged 25-
53 yr (mean age of 35 yr). Most of the hypertensive patients
(9 of 11) were newly diagnosed and had never been treated with
any antihypertensive medication. The other two had stopped
using these drugs for at least 3 wk before the investigation.

Patient Age Sex Height Weight Clinical diagnosis Aortic CSA
yr cm kg o
Normal subjects
N1 30 M 180 74.5 PSVT 6.6
N2 56 M 173 71.0 Normal 7.2
N3 37 M 167 67.5 Normal 5.2
N4 39 M 172 77.0 Normal 6.8
N5 40 F 161 53.0 AVND 4.7
Né6 37 M 175 79.5 <50% RCA lesion 7.7
N7 45 M 175 89.5 Normal 12.3
N8 51 M 174 54.0 Normal 9.7
Mean 419 172.1 70.8 7.53
SD 8.4 5.8 12.5 2.46
Hypertensive subjects
HI 30 M 170 78.0 Hypertension 6.6
H2 25 M 173 68.5 Hypertension 6.3
H3 35 M 164 64.0 S/p right nephrectomy 7.0
H4 34 M 170 74.5 Hypertension 6.4
H5 35 F 163 59.0 Hypertension 6.2
H6 44 F 167 67.0 Hypertension 4.8
H7 53 M 178 89.0 Hypertension 7.6
HS8 46 F 150 76.0 Hypertension 7.7
H9 30 F 149 69.0 Hypertension 5.6
H10 25 F 146 45.5 Hypertension 4.6
HIi1 26 M 170 56.0 Hypertension 4.7
Mean 34.8 163.7 67.9 6.13
SD 9.3 10.7 11.8 1.10
P (N vs. H) NS NS NS NS

PSVT, paroxysmal supraventricular tachycardia; AVND, atrioventricular nodal dysfunction; RCA, right coronary artery.
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Some pertinent data for all of the subjects are listed in Table
1. There was no difference between the two groups in age, height,
body weight, or aortic diameter. Diagnostic cardiac catheteriza-
tion revealed that none of the patients had congenital heart dis-
ease and none had acquired valvular heart disease. One of the
normal subjects had a history of paroxysmal supraventricular
tachycardia, another had borderline atrioventricular (AV) block,
and a third had a <50% narrowing of the right coronary artery.
One of the hypertensive patients had undergone previous right
nephrectomy for renal calculi but had normal renal function.
All of the hypertensive patients were considered to have essential
hypertension on the basis of the previously described workup.

The averaged spectrum of impedance modulus and phase
angle for the groups are illustrated in Fig. 1. For clarity, only
the robust estimates of the mean data for each group in each
frequency range are shown. In the hypertensive group compared
with the normotensive group the low-frequency harmonics of
the modulus were higher and there was a rightward shift of the
impedance spectra. The resting hemodynamic data for each
subject are listed in Table II. For completeness, both the raw
mean as well as the more robust weighted group means for all
the data are shown. The statistical analysis for the weighted,
unpaired data are listed along with the results of the nonpara-
metric test for significance. In addition to the higher aortic sys-
tolic, diastolic, and mean pressures in the hypertensive as com-
pared with the normal group, there was a significantly higher
left ventricular end-diastolic pressure. There was no difference
in stroke volume between the two groups and heart rate tended
to be higher in the normals. As a consequence of the elevated
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Figure 1. Averaged resting impedance moduli and phase angle spectra
for the normal subjects (solid symbols and line); for the hypertensive
subjects (open diamond symbols and dotted line); and for the hyper-
tensive subjects during nitroprusside infusion (open squares and dash-
dot line).

pressures, the total external power tended to be greater in the
hypertensive than in the normal group but the total oscillatory
power and percentage of oscillatory power did not differ between
the two groups. Compared with the normal subjects, the hyper-
tensive group had greater total resistance, first modulus of
impedance, characteristic impedance, and a larger ratio of the
backward to forward wave. The first zero crossing of the imped-
ance phase angle f;, which is an index of the shift of the imped-
ance spectra, was higher in the hypertensive group. Along with
the higher resistance that is present with essential hypertension,
the hemodynamic picture thus is consistent with a vasculature
that has more wave reflections, a higher pulse wave velocity,
and decreased compliance.

Table III compares the results in the hypertensive group dur-
ing nitroprusside infusion with those of the normals at rest. Note
that the data for the normals differ slightly from those presented
in Table II because the group means estimated from the biweight
regression depend upon the data for both groups. Except for the
small but significant residual elevation of the aortic and left ven-
tricular pressures, nitroprusside normalized all of the other he-
modynamic parameters in the hypertensive group. The averaged
response of this group to nitroprusside is also illustrated by the
dot-dash line in Fig. 1. These data indicate that nitroprusside
effectively normalizes the abnormal hemodynamics present in
hypertension when the blood pressure is reduced into the normal
range.

Table IV summarizes the hemodynamic findings in both
groups during handgrip exercise. The upper portion of the table
lists the averaged resting and exercise data along with the change
in each parameter between the resting and exercise conditions
for the normal subjects. The middle portion of the table lists the
same data for the hypertensive group. The lower portion of the
table summarizes the statistical analysis of the responses between
the two groups. Exercise did not produce alterations in either
group in resistance, stroke volume, percentage of oscillatory
power, fraction of backward to forward waves, or in f;. In con-
trast, in both groups exercise significantly increased heart rate,
aortic pressures, left ventricular end-diastolic pressure, the first
modulus of impedance, total and oscillatory external power, and
the magnitude of the forward pressure wave. There was an in-
crease in characteristic impedance in the normal group and in
magnitude of the backward component of the pressure wave in
the hypertensive group. Both these alterations were, however,
quite small and probably physiologically unimportant. These
data indicate that, despite the significant alteration in hemo-
dynamics produced by exercise within each group, exercise did
not exacerbate any of the hemodynamic differences between the
groups beyond those that were already present at rest.

Fig. 2 illustrates the averaged impedance spectra for the hy-
pertensive subjects before and after acute administration of in-
travenous propranolol. The complete hemodynamic responses
are summarized in Table V. Propranolol induced small but sta-
tistically significant increases in aortic systolic, diastolic, and
mean pressures. There were concomitant decreases in heart rate
and total external power. Of most interest, however, was the
finding that there were significant increases in resistance, in the
lower frequency impedance moduli, in left ventricular end-di-
astolic pressure, and in both the magnitude of the reflected wave
and the ratio of the backward to the forward wave. There were
no alterations in stroke volume, characteristic impedance, or
the magnitude or percentage of oscillatory power. Beta adrenergic
blockade in this setting thus produced a further exacerbation of
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Table II. Comparison of Resting Hemodynamics in Normal and Hypertensive Subjects before Nitroprusside Infusion

Patient HR sV PAo, PAo, PAOn LVEDP R Z, Z. W, Wo Wol/W, P P, PJ/Pc S0
Normal subjects

Ni 1022 349 1269 76.0 1007 9.2 2288.1 272.1 238.2 960.0 156.6 0.16 45.1 18.1 0.40 3.51
N2 63.5 835 139.6 73.0 100.7 17.6 1740.5 2343 67.6 15653 375.6 0.24 474 26.2 0.55 1.96
N3 89.0 569 106.1 722 88.2 15.3 13929 107.8 138.1 11590 1614 0.14 36.9 14.5 039 249
N4 103.6 956 1269 102.9 114.3 28 935.3 40.6 4.1 27756 2614 0.09 24.1 9.0 0.37 3.07
NS5 704 473 1130 69.0 90.3 9.5 2168.3 2426 147.3 805.1 1309 0.16 377 16.9 0.45 2.89
N6 96.3 553 1152 75.4 93.9 13.8 14343 1177 94.7 1356.6 2346 0.17 37.1 12.0 0.32 3.10
N7 68.8 63.0 1135 80.5 97.2 7.3 17940 1214 56.4 1067.0 127.5 0.12 40.3 26.3 0.65 2.92
N8 98.8 450 1259 71.5 100.6 8.5 18549 181.0 112.6 1215.1 2043 0.17 36.6 18.5 0.51 3.30
Mean, 86.6 60.2 120.9 78.3 98.2 10.5 1701.0  164.7 1124 1363.0 206.5 0.16 38.2 17.7 0.46 291
Mean, 97.2 531 120.2 74.8 96.7 10.5 17133 165.1 93.9 1174.1 1935 0.15 39.1 16.5 0.44 297
Hypertensive subjects

HI 756 98.0 165.7 98.0 128.3 20.0 1379.0  160.0 1134 25450 405.8 0.16 55.4 30.5 0.55 4.05
H2 830 553 1428 93.6 118.8 14.6 2067.9 1945 120.7 13690 1499 0.11 37.6 21.5 0.57 4.89
H3 750 629 211.6 123.0 159.8 20.1 27214 376.7 154.2 1958.5 2794 0.14 58.7 38.0 0.65 441
H4 80.6 81.8 151.8 923 122.1 11.0 1481.1  164.7 125.7 2141.3 3431 0.16 52.8 243 0.46 2.26
H5 89.6 356 1534 87.1 118.2 13.6 2968.1 425.1 172.5 1006.3 162.5 0.16 42.0 26.9 0.64 3.98
H6 76.7 269 160.8 90.9 121.6 14.5 4768.3  656.2 360.9 675.7 1172 0.17 533 25.0 0.47 3.47
H7 719 626 161.9 90.4 119.7 14.2 2127.1 2779 144.5 1480.0 2783 0.19 520 26.7 0.51 3.86
H8 65.7 644 167.1 92.1 123.2 233 23274 3623 184.8 14053 2422 0.17 52.8 26.9 0.51 3.69
HY 823 576 206.6 128.0 162.1 25.9 2774.1  349.1 169.4 1986.4 270.7 0.14 56.6 29.5 052 411
HI10 81.8 402 1723 95.3 129.7 17.4 3175.2 5184 147.9 1119.5 162.5 0.15 46.4 33.0 0.71 5.20
Hi11 852 65.2 1485 93.5 121.1 15.3 17969  198.7 127.8 17654 259.1 0.15 45.5 19.2 042 453
Mean, 789 59.1 167.5 98.6 129.5 17.3 25079 3349 165.6 1587.0 2428 0.16 50.3 274 0.55 4.04
Mean, 79.2 584 158.6 92.5 122.2 16.7 22949  300.7 145.7 15789 239.1 0.15 51.2 26.7 054 4.15
P, <001 NS <0001 <0001 <0.001 <0.01 <0.05 <0.025 <0.01 <0.05 NS NS <0.001 <0.001 <0.05 <0.001
P, NS NS <0.001 <0.005 <0.001 <0.01 0.025 <0.01 0.025 NS NS NS 0.001 0.001 <0.05 0.001

HR, heart rate (beats/min); SV, stroke volume (ml); PAo,, PAog, PAo, systolic, diastolic, and mean aortic pressures, respectively (mmHg); LVEDP, left ventricular
end-diastolic pressure (mmHg); R, total arterial resistance (dyn-s/cm®); Z, and Z, first modulus of impedance and characteristic impedance, respectively (dyn-s/cm®);
W,, W,, total and oscillatory external power (mW); P, P,, magnitude of forward and backward components of pressure wave (mmHg); Po/P;, ratio of backward to

forward components of pressure wave; f,, first zero crossing of impedance phase angle (Hz); mean,, raw group mean; mean;, robust weighted group mean;
P,, P-statistic from comparison of the weighted means; P;, P-statistic from the Mann-Whitney rank test.

the already abnormal resting hemodynamics in the hypertensive
patients.

Table VI summarizes the response to handgrip exercise after
administration of propranolol and Table VII compares the re-
sponses to handgrip exercise before and after propranolol in the
hypertensive group. The response to exercise after propranolol
was somewhat different than the response to exercise prior to
its administration. Both before and after administration of pro-
pranolol handgrip resulted in statistically significant increases

in heart rate, aortic pressures, both forward and backward com-
ponents of pressure, left ventricular end-diastolic pressure, total
power, and the first modulus of impedance. Likewise, exercise
in both settings resulted in no changes in percentage of oscillatory
power, the ratio of backward to forward waves, or fo. As shown
in Table VII, however, compared to the prepropranolol exercise
response, handgrip after propranolol produced a decrease in
stroke volume. Moreover, exercise after beta blockade resulted
in a larger increase in peripheral resistance and a smaller increase

Table III. Comparison of Hemodynamics in Normals and in Hypertensive Subjects during Nitroprusside Infusion

Patient HR sV PAo, PAoy PAOm LVEDP R Z, yA 4 Wo Wol W, Py Py PJ/P;  fo
Normal subjects (n = 8)

Mean, 86.6 602 1209 78.3 98.2 10.5 1701.0 1647 1124 13630 206.5 0.16 382 17.7 046 291
Mean, 88.0 57.3 1198 74.8 96.7 10.0 17162 1652 1004 11703 1935 0.15 393 157 042 3.02
Hypertensives subjects during nitroprusside (n = 11)

Mean, 923 525 1352 89.3 110.5 6.9 21740 1965 1395 14121 2000 0.15 393 166 043 334
Mean, 923 51.2 1309 85.5 106.9 6.9 18939 189.7 1343 12129 1833 0.4 387 163 042 290
P NS NS <0.005 <0001 <0001 <0025 NS NS NS NS NS NS NS NS NS NS
Ps NS NS 0.01 <0.005 0.005 <0.05 NS NS NS NS NS NS NS NS NS NS

The abbreviations are the same as those used in Table II.
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Table 1V. Comparison of Resting and Exercise Hemodynamics in Normal and Hypertensive Subjects

HR SV PAo, PAo,4 PAOn LVEDP R Z, Z. W, W, WolW, P P, Py/P:  fo
Resting: normal subjects (n = 6)
Mean 88.4 58.8 116.9 79.3 97.4 9.7 1669.0 150.4 119.8 1354.0 178.7 0.15 36.9 16.1 0.43 3.00
SD 15.4 20.5 83 12.2 9.4 45 5134 884 714 720.8 56.0 0.02 7.0 60 0.12 0.33
Exercise: normal subjects
Mean 97.6 54.5 1384 92.2 113.8 12.6 18540 1914 138.6 1581.0 217.1 0.15 41.1 16.7 041 3.31
SD 17.9 142 125 14.0 11.8 5.9 540.2 1059 90.7 575.3 68.5 0.02 9.6 52  0.08 0.40
A(R-E) -93 43 -215 -129 -16.4 -30 -—1850 -41.0 -18.8 —227.3 -384 0.002 -42 -0.5 002 -0.31
SD 42 11.3 6.3 5.4 5.3 24 2428 284 20.3 214.5 34.0 0.01 34 22 005 0.48
P 0.003 NS <0.001 0.002 <0.001 0.03 NS 0.017 0.073 0.049 0.039 NS 003 NS NS NS
Resting: hypertensive subjects (n = 9)
Mean 80.7 58.1 162.6 96.6 126.8 16.3 2504.0 327.2 164.8 1565.0 238.7 0.16 49.1 263 054 3.86
SD 5.3 225 188 12.2 13.8 44 1061.0 1753 76.4 597.6 97.5 0.02 6.5 44  0.09 0.84
Exercise: hypertensive subjects
Mean 875  60.1 190.6 109.4 145.6 19.2 2564.0 389.5 178.5 2085.0 3348 0.16 57.5 308 0.54 4.04
SD 6.3 253 295 14.4 18.9 4.6 989.9 196.8 67.8 1096.0 208.4 0.02 12.1 6.5 0.08 1.22
AR-E), -68 -1.9 -28.0 -12.9 —18.7 -29 -59.7 —-62.3 -13.7 -519.6 -96.1 —0.003 -8.5 -4.5  0.0002 —0.18
SD 47 6.5 211 9.2 13.4 22 319.7  60.3 25.9 569.9 121.7 0.01 72 30 005 0.58
P 0.002 NS 0.004 0.003 0.003 0.005 NS 0.015 NS 0.026 0.045 NS 0.008 0.002 NS NS
P(A,vs A)) NS NS NS NS NS NS NS NS NS NS NS NS NS 0.015 NS NS

in total external power. Like the response to exercise prior to
administration of propranolol, exercise after propranolol thus
did not further affect the reflections, pulse wave velocity, or
compliance properties of the vasculature in the hypertensive
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Figure 2. Averaged resting impedance moduli and phase angle spectra
for the hypertensive subjects before (solid symbols and line) and after
beta blockade with propranolol (open symbols and dotted line).

group. Rather, the combined stress of exercise and beta blockade
produced enough additional increase in the steady component
of the hydraulic load to decrease forward output.

\

Discussion

Comparisons with other studies. Before discussing the implica-
tions of our findings it is important to put our study into per-
spective with previous studies. First, our normal and hypertensive
groups did not differ significantly in age. If anything, the hy-
pertensive patients tended to be somewhat younger than those
with normal blood pressure. This is in contrast to the two pre-
vious studies of aortic impedance in human hypertension (3, 4)
in which the hypertensive group in each case was significantly
older than the normal or control group. This difference in study
populations is important in view of studies indicating that aging
itself may be associated with distinct alterations in the aortic
impedance spectrum (13). We feel that the likelihood of signif-
icant atherosclerotic disease in our subjects is also quite low
since the incidence of this disease process is low to begin with
in Orientals living in the Far East. Furthermore, none of our
subjects had any history of angina pectoris or other symptoms
suggestive of coronary or other peripheral vascular disease. This
is in contrast to the study of Nichols et al. (3) in which the
hypertensive patients all had angiographically documented cor-
onary artery disease. Although coronary vascular disease may
or may not reflect the status of the remainder of the vasculature,
interpretation of impedance must be qualified in a setting where
the properties of the aortic wall could be significantly altered by
a disease other than the one under study. Finally, since all of
our subjects were Chinese, the possible confounding effect of
racial heterogeneity was not a consideration.

Even though we examined a different racial group than in
previous studies, the resting aortic impedance spectrum in our
normal population was similar to those reported by others
(4, 17-19, 32). The impedance modulus fell steeply from its
value of resistance and oscillated about the characteristic
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Table V. Acute Hemodynamic Response to Intravenous Propranolol in Hypertensive Subjects

HR SV PAo, PAo, PAOn LVEDP R Z, YA W, Wo WoW, P Py Py/P; fo
Before propranolol (n = 10)
Mean 79.3 609 1560 944 1219 12.0 23700 2840 147.8 15920 243.7 0.15 453 237 0.52 429
SD 8.9 24.5 229 12.7 15.4 34 9850 1499 62.8 7919 1357 0.02 7.2 5.4 0.09 1.20
After propranolol
Mean 68.1 59.5 1660 983  126.7 16.6 28480 3584 150.6 13600 2080 0.15 468 277 0.60 3.97
SD 6.6 21.9 25.3 129 16.3 42 1056.0  187.2 67.2 597.9 1044 0.02 8.9 6.2 0.11 0.94
AB—-A) 112 1.4 -10.1 -39 —-47 46 —4784 -74.5 -2.8 232.6 357  0.00 -1.5 -40 -0.08 0.33
SD 6.8 7.0 10.7 2.8 5.2 33 280.8 52.5 20.5 276.7 66.7 0.02 5.5 42 009 0.80
P <0.001 NS 0016 0.002 0.018 0.002 <0.001 0.002 NS 0.026 NS NS NS 0014 0022 NS

A(B — A), change from before to after propranolol.

impedance Z.. Both the raw mean value for Z_ of 112 dyn-s/
cm® and the more reliable weighted mean value for Z. of 94
were close to the values ranging from 47 to 90 reported earlier
in other normal populations. This disparity of estimates of char-
acteristic impedance is not surprising in view of the potential
sources of error involved in calculation. First, harmonic analysis
yields only a limited number of harmonics to average. The low
signal-to-noise ratio, especially in the higher harmonics of the
flow signal further adds to the scatter. Finally, there is disagree-
ment as to the initial frequency from which to begin averaging.
Some authors use 2 Hz and others use 4 or 5 Hz as the initial
frequency from which to begin the averaging (3, 4, 16, 17). In
our study Z. was ~5% of resistance. This compares favorably
with values ranging from 4 to 8% found in these earlier studies.
The first zero crossing of the phase angle in our study was 3.0
Hz, which is somewhat lower than the values of 3.1 to 4.3 pre-
viously reported. Since linear extrapolation was used to estimate
the zero crossing, this small difference among the various studies
is probably not significant. We thus feel that our normal pop-
ulation was comparable to those of other laboratories.

The abnormalities in the impedance spectrum in our hy-
pertensive population, with some exceptions as denoted below,
were in general agreement with the findings of previous studies
(3, 4). These studies all demonstrated an elevated resistance, a
rightward shift of the f; and an elevation in low frequency com-
ponents of the spectrum. In very early essential hypertension,
the earliest hemodynamic abnormalities are an elevated cardiac
output with a normal resistance (5-7). The mechanism for the
elevation of cardiac output is not clearly established but appears
to be due primarily to an elevated heart rate (22), possibly on a
neurogenic basis. In chronic essential hypertension cardiac out-

put either returns to normal or falls below normal while pe-
ripheral resistance becomes elevated (8-10). Since we found that
heart rate and cardiac output were not elevated but that resistance
was increased, the patients in our hypertensive population, de-
spite their relatively young age, should properly be categorized
with chronic hypertension.

There are, however, some differences between our results
and those previously described. First, Merillon et al. (4) found
a higher than normal ratio of oscillatory to steady power in their
hypertensive population. In six of their hypertensive patients
given nitroprusside, all the impedance abnormalities normalized
except that the elevated percentage of oscillatory power persisted.
They attributed this persistent elevation in pulsatile power to
either a remaining stiffness of the aortic wall or a more pulsatile
flow wave becoming manifest after vasodilation. In contrast, we
found no difference between the groups in the fraction of oscil-
latory power either before or after nitroprusside. We have no
clear explanation for the differences in our results compared
with theirs other than the small numbers of patients examined
in that study. In fact, the ratio of oscillatory to mean power after
administration of nitroprusside decreased in five of their six pa-
tients. Had more subjects been studied, their conclusions might
have been different.

Second, Merillon et al. (4) did not find characteristic imped-
ance to be elevated in their hypertensive group as compared to
their normals. In contrast, Nichols et al. (3) found an elevated
characteristic impedance in both their normotensive and hy-
pertensive groups with coronary artery disease as compared with
normal subjects without coronary artery disease. The number
of subjects in this latter study, however, was small so that no
statistical analysis of the data was performed. We found, in

Table VI. Hemodynamic Response to Handgrip Exercise after Propranoiol in Hypertensive Subjects

HR sV PAo, PAos PAon LVEDP R Z. W, W WolW, P P, PJPc S
Resting (n=9) .
Mean 688 578 162.6 96.7 124.5 16.3 2882.0 364.8 157.2 13130 2003 0.15 46.3 26.7 0.59 3.90
SD 66 225 244 12.5 15.7 4.3 11150 1974 67.7 614.3 107.7  0.02 9.3 5.7 0.11 0.98
Exercise
Mean 750 52.8 183.9 106.6 1389 19.9 33500 4549 174.7 14850 2300 0.16 52.3 30.7 0.60 4.07
SD 6.1 220 29.9 15.7 19.2 49 15240  266.9 76.0 744.5 126.2  0.03 11.4 7.0 0.12 1.13
AR —-E) -6.2 5.0 -21.2 -99 -144 -3.6 -4679 -90.1 -176 -1720 -29.7 -.007 —-6.0 —4.0 -0.01 -0.16
SD 5.5 5.0 14.1 6.1 8.4 19 480.2 85.2 25.3 2423 53.1 0.02 6.3 29 0.06 0.70
P 0.009 0.017 0.002 0.001 <0.001 <0.001 0.019 0.013  0.071 0.066 NS NS 0.022 <0.003 NS NS
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Table VII. Changes from Rest to Exercise in Hypertensive Subjects before and after Propranolol

HR Sv PAo, PAoy4 PAo, LVEDP R Z. W, Wo Wo/lW, P Py Py/P; S
Before propranolol (n =9)
Mean A, -68 -19 —-280 -129 -18.7 -29 -59.7 -623 -13.7 -5196 -960 -.003 -85 —4.5 0002 -0.09
SD 4.7 6.5 21.1 9.2 134 2.2 319.7 60.3 259 569.9 121.7 0.01 7.2 3.0 0.05 0.58
After propranolol (n=9)
Mean A, -6.2 5.0 -21.2 -99 -144 -36 —4679 -90.1 -176 —-1720 -29.7 -.007 -60 —-40 —001I 0.13
SD 5.5 5.0 14.1 6.1 8.4 1.9 480.2 85.2 25.3 2423 53.1  0.02 6.3 29 0.06 0.41
AA - 4;) 06 —69 -6.7 -3.0 -44 0.7 408.2 27.8 38 -347.7 -663 0003 -25 -05 0.01 -0.21
SD 7.6 8.9 139 7.0 94 29 591.0 68.7 22.5 4599 1132 0.03 7.3 2.5 0.06 0.87
P NS 0.049 NS NS NS NS 0.072 NS 0.053 NS NS NS NS NS NS

agreement with the data of Nichols et al. (3), that the charac-
teristic impedance was higher in the group with hypertension
than in our normal group. As discussed above, this parameter
is quite difficult to determine accurately so further studies using
different techniques may be required to unequivocally delineate
how hypertension affects characteristic impedance.

Implications of our findings. In addition to confirming the
hemodynamic changes described by previous studies, we found
an increase in the ratio of backward to forward components of
the pressure wave in the hypertensive group. This indicates an
increased magnitude of peripheral reflections in hypertension.
O’Rourke (1, 2) suggested this possibility based on some animal
work, and Merillon et al. (4) interpreted their findings as indi-
cating increased reflections. As far as we know, however, ours
is the first direct evidence of increased wave reflections in human
hypertension.

While it is clear that wave reflections can affect the contour
of the pressure and flow waves (19, 33), the consequences of
increased wave reflection on the heart have not been docu-
mented. Specifically, how reflected waves affect the heart depends
upon both their amplitude and timing. Large elevated reflections
together with a low pulse wave velocity, such as found in children
or in some animals (34), may augment aortic diastolic pressure
and thereby increase diastolic coronary artery driving pressure,
which would be beneficial to the heart. In contrast, with both
increased magnitude and increased pulse wave velocity, the re-
flections are likely to be manifested during ventricular systole
and produce an additional load on the ejecting heart. How much
this small pressure effect influences ventricular ejection is not
clear. Recent simulation studies from our laboratory using data
from senescent beagle dogs, support the possibility of a delete-
rious effect of early, large reflections on stroke volume (35). In
a heart ejecting from the same end-diastolic volume to the same
mean end-systolic pressure, the stroke volume was a few percent
lower for the beat associated with increased wave reflection and
pulse wave velocity than one with less reflection. It is intriguing
to speculate that the long-term combined effect of increased re-
flections and pulse wave velocity may play a role in the cardiac
sequelae of hypertensive heart disease.

Itis generally considered that resistance and wave reflections
are associated. That is, when resistance decreases, the amount
of reflections decreases and vice versa. Our data, however, also
indicate that this relationship may not always be concordant.
After beta blockade both the resistance and wave reflections in-
creased. Adding handgrip exercise to beta blockade further in-
creased resistance but did not increase wave reflections. One
explanation for this finding is that handgrip exercise produces

a localized increase in resistance (26) that is not enough to be
manifested in the normal state by increase in either wave re-
flections or total resistance. After beta blockade, however, with
the unmasked generalized vasoconstriction, the additional re-
sistance in the upper extremities is manifested as an increase in
total peripheral resistance but there is still not enough alteration
in the vasculature to further increase wave reflections. These
findings are supportive of the concept that the design of the
human vasculature is akin to an asymmetric T-tube (36), in
which the predominant reflecting site is at the lower rather than
at the upper extremities. Without further careful localized mea-
surements, however, this concept remains speculative.

The responses to handgrip exercise and beta adrenergic
blockade indicate that the resting abnormalities in wave reflection
in the hypertensive group cannot be attributed solely to the el-
evated blood pressure. While exercise increased blood pressure
it resulted in no further alteration in wave reflection. In contrast,
compared to handgrip, beta blockade by itself resulted in much
smaller increases in aortic pressures and yet produced a signif-
icant increase in wave reflection. Moreover, when pressure was
further elevated with handgrip after beta blockade there was no
further increase in wave reflections.

The fact that nitroprusside normalized all the hemodynamic
parameters except for a slight residual elevation in blood pressure
suggests that these abnormalities are related to smooth muscle-
mediated increase in vascular tone. This increased tone is further
unmasked during generalized beta adrenergic blockade but the
exact mechanisms responsible for this elevated vascular tone
cannot be determined from our results. Many previous studies
have found that beta blockade affects hemodynamics in hyper-
tension (22-27). For example, Ulrych et al. (23) found that in-
travenous beta blockade with propranolol did not acutely de-
crease blood pressure but rather increased peripheral resistance.
Similarly, Hoel et al. (21) found that intravenous propranolol
did not significantly lower blood pressure but increased resis-
tance. With chronic oral propranolol both the blood pressure
and resistance decreased. They suggested that the late decrease
of resistance was due to a resetting of the baroreceptor reflexes.
Julius et al. (27) found that elevated resting cardiac outputs and
heart rates in a group of patients with borderline hypertension
were partially normalized after propranolol infusion but were
only completely normalized when atropine was added to the
beta blockade. More recently, Levenson et al. (25) found that
intravenous propranolol increased resistance and decreased es-
timated aortic compliance in older but not younger hypertensive
patients. Finally, Levenson et al. (26) demonstrated that both
selective and nonselective (propranolol) beta blockade produced
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an increase in total peripheral resistance, whereas only selective
beta blockade produced an increase in forearm resistance and
a decrease in forearm blood flow. Because the large vessel calibers
were normal in the hypertensive group, they concluded that there
was either a higher degree of vascular tone or there was decreased
distensibility in this group.

The rightward shift of the impedance spectrum in hyperten-
sion was predicted by O’Rourke and was also found in the two
previous studies in man (1-4). This shift is a manifestation of
greater pulse wave velocity and has been observed in other in-
stances, such as aging, where arterial stiffness is presumably in-
creased (13). The increase in characteristic impedance is also
compatible with increased aortic stiffness in the hypertensive
group. This parameter is only an indirect index of aortic stiffness
because of the competing effects of arterial size and stiffness on
characteristic impedance. That is, with increasing muscle tone
the vessel wall gets stiffer but its diameter may decrease. De-
pending upon where on the nonlinear pressure-volume rela-
tionship the vascular system is operating, the net effect of an
increase in pressure could be no change, an increase, or a decrease
in the calculated characteristic impedance.

Our study, like the two earlier ones in human hypertension
(3, 4), also found an increase in the low-frequency harmonics
of the impedance spectrum. Studies in animals (37) and in the
three-element Windkessel model of the vasculature (38) show
that an increase in the low frequency harmonic of impedance
is a manifestation of either a decreased proximal aortic com-
pliance or increased wave reflections. Because Fourier series
analysis limits the amount of low frequency data to multiples
of the fundamental frequency, we used the amplitude of Z, as
an index of the low frequency portion of the impedance spec-
trum. An increase in Z, was seen in each instance that blood
pressure increased even in cases where there were no increases
in wave reflections. This suggests that the decrease in compliance
is due to moving upward on a nonlinear portion of the aortic
pressure-volume relationship. However, since we did not mea-
sure aortic compliance, we could not evaluate the separate con-
tributions of decreased compliance and increased wave reflec-
tions to this increase in Z,. Regardless, animal studies suggest
that decreased compliance alone cannot be the primary mech-
anism for diastolic hypertension since a pure decrease in com-
pliance would lower rather than increase diastolic aortic pres-
sure (39).

With regard to therapeutic implications, although the exact
mechanism by which beta blockade decreases blood pressure
remains uncertain, it is an increasingly common mode of ther-
apy. Our results show that peripheral reflections are increased
after acute beta blockade. Whether this hemodynamic alteration
occurs with chronic therapy and whether this would produce a
deleterious long-term effect are not known. We also have not
examined the detailed hemodynamic effects of other antihyper-
tensive agents. Nevertheless, our study suggests that, especially
in elderly patients in whom vascular abnormalities may already
be present, treatment of the blood pressure alone, without con-
sideration of other vascular consequences, may not be the ideal
approach.

Limitations of our study. There are some limitations of our
study that deserve further considerations. Our results pertain
only to acute alterations induced by handgrip exercise and the
pharmacological interventions employed in the catheterization
laboratory. Clearly this setting may induce some anxiety and
may not represent a true baseline condition. Further, how much
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the mild sedative affects the hemodynamic results is difficult to
assess. Most importantly, some studies suggest that the acute
and chronic effects of beta blockade on blood pressure differ
(24). We found, as have other studies, that there was a slight
increase in blood pressure after acute intravenous beta blockade
(23, 40). Thus, we cannot predict how the impedance and re-
flections would be altered after chronic treatment with beta
blockers where pressure would presumably be lowered.

From the standpoint of data analysis, use of standard Fourier
analysis methods for calculating impedance limits the available
data to discrete harmonics. This not only provides very little
data in the low frequency range of the spectrum but, as discussed
earlier, produces a certain degree of uncertainty in the calcula-
tions of characteristic impedance and the zero crossing of the
phase angle. The fact that our findings generally confirm those
of others, however, lends support to the validity of our data.

. We have purposely not estimated values of compliance from
our hemodynamic data. Many previous studies have calculated
compliance by assuming that the diastolic aortic pressure decay
is an exponential function of time (41). We recently critically
examined the assumptions for this method underlying estimating
compliance and concluded that any slight deviations from a
monoexponential function would introduce large errors in the
compliance estimates (42). We proposed a new method for es-
timating compliance but this approach depends upon the value
of a parameter(s) derived from the pressure-volume relation of
the aorta. Since we do not know how this parameter(s) is modified
with hypertension or with the different interventions employed
in the current study, we feel that further work needs to be com-
pleted before the method can be applied to data such as these.

In summary, our results demonstrate distinct differences
from normal in the arterial hemodynamics of patients with hy-
pertension. In addition to the well-documented higher arterial
resistance, the aortic impedance at rest is characterized by a
larger modulus of the first harmonic, higher characteristic
impedance, a rightward shift of the entire spectrum, and greater
wave reflections. These abnormalities are all eliminated with
nitroprusside. During generalized beta blockade there are further
increases in resistance, first modulus of impedance, and in wave
reflections. These vascular abnormalities could not all be attrib-
uted to higher blood pressure. Rather, our data suggest that some
of the altered hemodynamics in hypertensives can be attributed
to an increased smooth muscle tone that is further unmasked
during beta blockade.
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