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Summary. Hypertension is due to disturbance of the complex 
interplay between numerous known and unknown mecha- 
nisms that normally control blood pressure. Antihypertensive 
agents may, therefore, reduce blood pressure through widely 
different actions and, at the same time, elicit counterregula- 
tory responses. This is a review of the tong-term hemody- 
namic effects at rest as well as during" exercise of nine rela- 
tively new antihypertensive compounds: a beta-blocker 
(epanolol), an alpha-receptor blocker (doxazosin), two dou- 
ble-acting compounds (dilevalol and carvedilol), three cal- 
cium antagonists (amlodipine, felodipine, and diltiazem), an 
angiotensin-converting enzyme inhibitor (lisinopril), a sero- 
tonin antagonist (ketanserin), and low-salt diet as a nonphar- 
maeological treatment in 171 patients with mild to moderate 
essential hypertension. The results in the treatment groups 
are compared to the hemodynamic changes seen in 28 hyper- 
tensive patients left untreated for 10 years. The patient popu- 
lations of the different groups were comparable. The invasive 
hemodynamic technique, including intraarterial blood pres- 
sure recording and measurements of cardiac output by 
Cardigreen, was the same in all studies. While blood pressure 
remained nearly unchanged in the untreated group, all anti- 
hypertensive compounds induced significant and sustained 
blood pressure reduction both at rest and during exercise. 
The modest reduction (3-5%) in blood pressure during a low. 
salt diet was also statistically significant. This review shows 
the multiplicity of the long-term hemodynamie changes, 
ranging from a reduction in cardiac output to peripheral va- 
sodilatation, during chronic anithypertensive therapy. In un- 
treated hypertensives, the cardiac output is reduced by 1-2% 
per year and total peripheral resistance is increased by 2-3% 
per year. The review also focuses on counterregulatory re- 
sponses that modify the initial reduction in blood pressure 
after drug treatment for hypertension. It is concluded that 
proper understanding of the hemodynamie effects of antihy- 
pertensive agents is useful in the selection of the right treat- 
ment for specific groups of hypertensive patients. 
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Development of hypertension is characterized by an 
increase in total peripheral resistance and impairment 
of cardiac pump function, as shown by a slight reduc- 
tion in stroke volume, especially during exercise, and 
reduced left ventricular relaxation and contraction [1]. 
Some of these changes are related to left ventricular 
hypertrophy, the cardiac structural abnormality of hy- 
pertension [2]. 

While untreated severe hypertension ultimately 
m a y  lead to congestive heart failure, the significance 
of minor functional changes seen in mild and moderate 
hypertension are not known [3,4]. The previous fatal 
course of malignant hypertension has been improved 
dramatically by antihypertensive therapy, and left 
ventricular hypertrophy has also been shown to be 
reversed [5-7]. Less is known about the effect on car- 
diac pump function, particularly during exercise, of 
such treatment in mild and moderate hypertension. 

This is a review of the long-term hemodynamic ef- 
fect at rest as well as during exercise of nine relatively 
newer antihypertensive agents, based on our studies 
in 171 patients with mild to moderate essential hyper- 
tension studied by the same invasive methods [1]: epa- 
nolol, a betal-receptor blocker vAth slight intrinsic 
s}Inpathomimetic activity (ISA) [8]; doxazosin, a se- 
lective alpharreceptor blocker [9]; two double-action 
drugs, carvedilot, a nonselective beta-receptor and 
alphas-receptor blocker, and dilevalol, a nonselective 
beta-receptor blocker with vasodilating effect through 
beta2-agonist activity [10,11]; three calcium antago- 
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nists, amlodipine and felodipine (dihydropyridines), 
and diltiazem (benzothiazepine) [12-14]; lisinopril, an 
angiotensin converting enzyme (ACE) inhibitor [15]; 
and ketanserin, a serotonin antagonist [16]. 

Since it has been claimed that  nonpharmacological 
therapy may be as effective as drug therapy for hy- 
pertension, we have compared the drug studies with 
the hemodynamic responses to a moderate reduction 
in salt intake [17]. To our knowledge this is the only 
study on salt restriction in which blood pressure and 
exercise hemodynamics have been studied by accurate 
invasive methods. 

To serve as background for the hemodynamic ef- 
fects seen in the t rea tment  groups, the hemodynamic 
changes in a group of 28 patients followed for 10 years 
without antihypertensive t rea tment  are also reviewed 
[18]. 

M e t h o d s  

Patients 
All patients gave their informed consent to participate 
and the studies were approved by the Norwegian 
State Drug Control and the Regional Ethical Commit- 
tee. One hundred and ninety-nine patients (189 men, 
10 women) with mild or moderate hypertension (WHO 
I-II)  were included in the studies. The mean age 
ranged between 29 and 52 years (Table 1). The pa- 
tients were either previously untreated or had been 
off other antihypertensive medication for 6-8 weeks. 
In the t rea tment  groups the diastolic blood pressure 
was ->100 m m H g  at three separate outpatient visits 
before the patients entered the study. In the un- 
treated group the diastolic blood pressure was >90 
mmHg. The mean body weight ranged between 73 
and 88 kg, and the mean body surface area ranged 
between 1.86 and 2.08 m 2. 

Hemodynamics 
In the run-in phase, secondary hypertension and car- 
diovascular complications were excluded by conven- 

Table 1. Patient characteristics 

Patients Sex Age Weight BSA 
Treatment (n) (m/f) (years) (kg) (m 2) 

Low-salt diet 19 m 33 84.4 2.06 
Epanolol 12 m 46 88.0 2.08 
Doxazosin 14 10 m/4 f 42 72.7 1.86 
Dilevalol 17 m 51 79.2 1.96 
Carvedilol 19 m 44 87.0 2.07 
Amlodipine 19 18 m/1 f 45 84.5 2.04 
Felodipine 16 m 45 78.5 1.97 
Diltiazem 16 m 52 80.9 1.99 
Lisinopril 25 m 51 84.8 2.03 
Ketanserin 14 9 m/5 f 43 76.9 1.89 
Untreated 28 m 29 75.2 1.94 

BSA ~ body surface area; f = women; m = men. 

tional diagnostic workup (including laboratory tests, 
chest x-ray, ECG, and in some cases renogram or iso- 
tope renography). A hemodynamic study was per- 
formed in a quiet laboratory on an outpatient basis 
between 9 a.m. and noon. Before the study the pa- 
tients had a light breakfast  (two pieces of bread and 
a glass of juice or milk). Intraarterial  pressures (sys- 
tolic, diastolic, and mean) were recorded continuously 
through a catheter  in the brachial artery.  Cardiac out- 
put was measured in duplicate in each situation by 
Cardigreen (dye dilution), and heart  rate (HR) was 
measured by electrocardiogram. Oxygen consumption 
was measured by the Douglas bag technique (only at 
rest, sitting and during exercise). For  reason of com- 
parison, cardiac index, stroke index, and total periph- 
eral resistance index were calculated using convert- 
tional formulae. Hemodynamic measurements were 
made at rest,  supine and sitting and during steady- 
state 100 watt  (after 6-8 minutes) bicycle exercise. 
The hemodynamic technique has been previously de- 
scribed in full detail [1]. 

S t udy  protocol 
After the hemodynamic assessment the patients re- 
ceived antihypertensive drugs in tablet formulation. 
Initially the patients were seen every 14 days for dose 
adjustments until the t rea tment  goal (causal blood 
pressure at rest  sitting -<140/90 mmHg) or the maxi- 
mal drug dose (set by the manufacturer) had been 
reached. Table 2 shows dosing intervals and average 
maintenance doses used in the different t reatment  
groups. Following drug titration, the patients were 
seen in the Hypertension Outpatient Clinic for casual 
blood pressure measurements  (cuff technique; Korot- 
koff fifth phase for diastolic blood pressure) at 4- to 
8-week intervals for 6-12 months. Then a second he- 
modynamic assessment, similar to the control study, 
was performed. The ordinary morning drug dose was 
taken at 7 a.m. on the day of the study. 

One group of patients was treated nonpharmaco- 
logically with sodium restriction [17]. After the con- 
trol hemodynamic measurement,  the patients were in- 
structed to reduce dietary sodium intake by removing 
table salt, avoiding presalted and canned foods, and 
stopping adding salt during cooking. To assess daily 
sodium intake, 24 hour urine samples were collected in 
the run-in period and throughout the t rea tment  period 
(Table 2). 

In the untreated group, the second hemodynamic 
study was performed after 10 years. In the follow-up 
period between the two invasive studies, the patients 
were seen by their  own physician or by one of the 
authors (P.L.-J.) at yearly intervals [18]. No dietary 
or other lifestyle advice was given. 

Statistics 
Results are presented as mean values -- SD, and the 
effects of t rea tment  are shown as changes in percent 
from control. The statistical significance of differences 
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Table 2. Treatment groups, drugs, and dose 

Treatment group Drug Daily dose Dose range 

Nonpharmacological Low-salt diet Na $ 75 retool/24 h (33%) 
Beta-receptor [31 + ISA Epanolol 300 mg (o.d.) 200-400 
Alphal-receptor blocker Doxazosin 6.5 mg (o.d.) 2-16 
Multiple action B1÷2 + ~2 agonist Dilevalol 518 mg (b.i.d.) 400-800 
~1+2 + % Carvedilol 52 mg o.d. (b.i.d.) 25-100 
Calcium antagonists 

Dihydropyridine Amlodipine 9 mg (o.d.) 5-10 
Dihydropyridine Felodipine 15 mg (b.i.d.) 10-20 
Benzothiazepine Diltiazem 278 mg (b.i.d.) 240-360 

ACE-inhibitor Lisinopril 25 mg (o.d.) 10-40 
Serotonin antagonist Ketanserin 84 mg (b.i.d.) 20-160 
Untreated No drug - -  - -  

Daily dose = mean dose per 24 hours. Dosing intervals are shown in parentheses. 

between mean values was tes ted  by Student ' s  t - test  
for paired samples. 

Results 

Before t r ea tmen t  all patients had mild or moderate  
hypertension (WHO I or II). In the drug t r ea tment  
groups, the average  intraarterial ly recorded systolic 
arterial pressure  at res t  sitt ing ranged from 167 to 
183 mmHg,  and diastolic arterial  pressure ranged 
from 101 to 111 mmHg.  In the un t rea ted  and the low- 
salt diet groups, the systolic and diastolic arterial  
pressures averaged 154/95 and 146/93 mmHg,  respec- 
tively. In  the rest  supine situation, the average car- 
diac index ranged be tween 2.9 and 3.4 1/min/m 2, total 
peripheral resistance index between 2450 and 3450 
dyn s cm-~m 2, and mean arterial  pressure  between 
112 and 128 mmHg.  The slightly reduced cardiac in- 
dex (compared to normotensive subjects of the same 
age) was mainly due to a reduction in stroke index, 
which ranged be tween 43.2 and 49.0 ml /s t roke/m 2 [1]. 
During 100 W bicycle exercise the mean arterial  pres- 
sure averaged 147 to 156 m m H g  in the drug t r ea tment  
groups, and 129 and 118 m m H g  in the un t rea ted  and 
the low-salt groups, respectively.  Stroke index varied 
between 49.1 and 66.5 ml /s t roke /m 2, and cardiac in- 
dex varied between 6.5 and 8.7 1/min/m z. Total pc- 
ripheral resistance index ranged be tween 1190 and 
1970 dyn s cm-Sm 2. The mean p re t rea tment  hemody- 
namic parameters  at res t  sitt ing are shown for each 
group in Table 4. 

Af ter  ant ihyper tensive t r ea tment  had been 
started,  blood pressure  fell during the first 4 -8  weeks 
when dose t i t rat ion was performed.  Thereaf ter  blood 
pressure usually remained stable for the rest  of the 
t rea tment  period, al though dose adjustments  had to 
be done in some patients.  This is exemplified for epan- 
olol in Figure  1, but  a similar pa t te rn  of blood pres- 
sure changes was seen in the other  t r ea tmen t  groups, 

Table 3. Casual blood pressure: Rest sitting 

Treatment 

SBP DBP 
(mmHg) (mmHg) 

Before After A% Before After A% 

Low-salt diet 153 141 - 8 96 89 
Epanolol 166 146 - 12 114 97 
Doxazosin 174 141 - 19 107 87 
Dilevalol 169 138 - 18 106 86 
Carvedilol 171 144 - 16 108 94 
Amlodipine 172 143 - 17 108 89 
Felodipine 166 139 - 16 105 86 
Diltiazem 174 136 - 22 108 86 
Lisinopril 174 144 - 17 106 86 
Ketanserin 167 152 - 9 109 91 

- 7  
-15 
-19 
-19 
- 13 
- 18 
-18 
-20 
-19 
-17 

SBP = systolic blood pressure; DBP = diastolic blood pressure; 
h = percent change. 

including the low-salt group. A summary  of changes 
in casual blood pressure  is shown in Table 3. 

At  the second hemodynamic assessment,  intraarte-  
rially recorded blood pressure  was significantly re- 
duced compared to control values in all t r ea tment  
groups, including the low-salt group, in which the re- 
duction was modest  (3-5%). The changes in the other  
hemodynamic parameters  varied considerably be- 
tween the groups. In  the un t rea ted  group, significant 
changes occurred in cardiac index and total peripheral  
resistance index, while intraarterial  pressure re- 
mained almost unchanged.  The mean changes in mean 
arterial pressure,  HR,  stroke index, cardic index, and 
total peripheral  resistance index at res t  supine and 
sitting, and during bicycle exercise, are shown for all 
groups in Tables 5-7,  respectively.  In  nearly all t reat-  
ment  groups the reduct ion in blood pressure  was 
about 15-18%. Oxygen consumption did not change 
significantly in any of the groups. 
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Table 4. Basal  hemodynami c s  at rest si t t ing 

HR SI CI MAP TPRI 
Treatment (beat /rain)  (ml/stroke/m 2) (1/min/m 2 ) (mmHg) (dyn s cm-Sm 2 ) 

L o w - s a l t  d ie t  70 41.1 2.9 112 3205 

Epanolo l  75 35.8 2.7 129 3982 

Doxazos in  76 37.3 2.8 134 3853 

Dilevalol  71 33.2 2.3 132 4595 

Carved i lo l  70 35.3 2.5 134 4401 

Amlod ip ine  75 34.8 2.6 138 4414 

Fe lod ip ine  69 36.6 2.4 129 4305 

Di l t i azem 69 36.6 2.4 137 4613 

Lis inopr i l  71 35.0 2.5 133 4372 

K e t a n s e r i n  75 38.9 2.9 127 3591 

U n t r e a t e d  80 45.7 3.6 117 2624 

CI = cardiac index; H R  = he a r t  ra te ;  MAP = mean  ar ter ia l  pressure;  SI  = stroke index; T P R I  = total  per ipheral  res is tance  index. 

L o w - s a l t  d i e t  
Daily sodium excretion (assessed in 24 hour urine 
samples at each control visit during the treatment pe- 
riod) was reduced from 207 mmol/24 hours to 134 
retool/24 hours (33%). Thus the reduction in sodium 
excretion was moderate. However, this was aimed in- 
tentionally to ensure adherence to the diet, since a 
more rigorous dietary regime is less likely to be fol- 
lowed on a long-term basis (e.g., >6 months). Fur- 
thermore, it was thought to be of interest to study 
the effect of dietary changes that might be applicable 

EPANOLOL : 
Fell in blood pressure during long-term treatment 
in essential hypertension 
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Fig. 1. Time course of casual blood pressure (rest sitting) dur- 
ing epanolol t reatment  in  essential  hypertensive patients .  
Points  indicate m e a n  values  (n  = 12) wi th  s tandard  error. 
S A P  = systolic arterial  pressure;  D A P  = diastolic arterial 
pressure.  

Table 5. Relative hemodynamic changes at rest supine 
compared to predrug values 

H R  SI  C I  M A P  T P R I  

T r e a t m e n t  A% A% A% A% h %  

Low-sa l t  d ie t  - 5 - 6 - 12" - 4 10 

Epanolo l  - 12"* - 1 - 14"** - 6* 9 

Doxazos in  0 9 8* - 13"** - 19"** 

Dilevalol  - 14"** 0 - 14"* - 14"** 0 

Carved i lo l  - 1 2 ' * *  0 - 12" - 17"** - 6 

Amlod ip ine  0 2 2 - 16"** - 18"** 

Fe lod ip ine  2 1 1 - 15"** - 15"** 

Di l t i azem - 9** 5 - 4 - 14"** - 10"** 

Lis inopr i l  - 4 - 3 - 7* - 19"** - 13"** 

K e t a n s e r i n  - 6* - 3 - 9* - 7** 3 

Abbreviat ions  as in Table 4. Statistical significant difference from 

p red rug  studies: *p < 0.05; **p < 0.01; ***p < 0.001. 

to a larger population and not just a small study group 
that could be monitored carefully by regular 24 hour 
urine samples [17]. 

The reduction in intraarterial blood pressure was 
modest, generally on the order of 3-7 mmHg (3-5%) 
(Figure 2). The reduction in blood pressure was asso- 
ciated with a decrease in cardiac index, ranging be- 
tween 7% and 12% in the different situations. This 
was due to a slight reduction in HR (1-6 beats/rain) 
and also in stroke index (3-7 ml/stroke/m2). Disap- 
pointingly, total peripheral resistance index was not 
reduced by the low-salt diet. On the contrary, when 
all situations were considered together, analysis of 
variance (ANOVA) showed an overall higher total pc- 
ripheral resistance index after long-term sodium re- 
striction (p < O.Ol). There were no significant changes 
in plasma volume (determined by radioiodinated hu- 
man serum albumine) or body weight. 

It  could be argued that since this group of patients 
had only mild hypertension (mean sitting systolic/dia- 
stolic arterial pressure 146/93 mmHg), treatment 
could not be expected to induce large reductions in 
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Table 6. Relative hemodynamic changes at rest sitting 
compared to predrug values 

HR SI CI MAP TPRI 
Treatment A% A% A% A% A% 

Low-salt diet - 3 - 10" - 12" - 5** 4 
Epanolol -15"** - 1  -15"** -6"  10"* 
Doxazosin - 1 5 4 - 16"** -20"** 
Dilevalol -11"** - 6  -17"** -16"** 0 
Carvedilol -12"** - 7  -17"** -18"** 3 
Amlodipine - 1 7* 6 - 15"** - 19"** 
Felodipine 0 1 3 -14"** -16"** 
Diltiazem - 4  6 5 -16"** -19"** 
Lisinopril - 6* - 3 - 6* - 17"** - 12"* 
Ketanserin - 7* - 1 - 8* - 9*** 1 
Untreated -8"* - 11"* - 17"* - 1 22** 

Abbreviations as in Tables 4 and 5. 

Table 7. Relative hemodynamic changes at 100 bicycle 
exercise compared to predrug values 

HR SI CI MAP TPRI 
Treatment A% A% A% A% A% 

Low-salt diet - 3* - 4 - 7 - 5* 4 
Epanolol - 21"** 9 - 14"* - 10"** 2 
Doxazosin - 1  2 2 -17'** -18"** 
Dilevalol -22"** 8 -15"** -16'** 1 
Carvedilol - 17"** 5 - 12"* - 17'** - 5  
Amlodipine - 2  3 2 -15'** -17"** 
Felodipine 0 0 1 -11"** -13"** 
Diltiazem -11"** 9** - 2  -15"** -13"** 
Lisinopril - 3 - 1 - 3 - 13'** - 7* 
Ketanserin - 7* 4 - 3 - 8** - 3 
Untreated - 3  -9"* -12"* 1 15'** 

Abbreviations as in Tables 4 and 5. 

blood pressure.  Also, the sodium restr ic t ion was less 
than in most  other  tr ials  of shor ter  durat ion [19-23]. 
However,  as recent ly  discussed by  Law et al., the 
reduction in blood pressure  seen in our pat ients  was 
close to what  could be predicted from the reduct ion in 
sodium intake in similar pat ients  [24]. Fu r the rmore ,  
the initial central  hemodynamics  was abnormal,  with 
slightly increased total  per ipheral  resis tance index in 
all s i tuations and reduced stroke index, especially dur- 
ing exercise [1]. Thus,  it can be concluded that  long- 
te rm moderate  sodium res t r ic t ion did not normalize 
the basic hemodynamic dis turbance of h y p e r t e n s i o n - -  
an increase in total  per ipheral  resis tance and a slightly 
reduced cardiac pump function dur ing  exercise. Exer-  
cise blood pressure  was clearly higher than  in normo- 
tensive subjects  [1]. 

Beta-receptor blockade 
During long- term t r e a t m e n t  with beta-receptor  block- 
ers, blood pressure  is general ly  reduced through re- 
duction in cardiac output ,  mainly  due to reduct ion in 

Central hemodynamic effects at rest and during exercise of 
low salt diet ( n = 19 ) 

Sl, m l / b e a t l m  2 CI, I/rnin/m 2 BP, mrnHg 
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Fig. 2. Central hemodynamic effect at rest and during exer- 
cise of moderate low-salt diet in essential hypertensive pa- 
tients (n = 19), BP = blood pressure; CI = cardiac index; 
HR = heart rate; SI  = stroke index; TPRI  = total periph- 
eral resistance index; ~? = rest supine;o-~ = rest sitting; 100 
W = 100 watt bicycle exercise (steady state). 

HR, while total  per ipheral  resis tance is unchanged or 
increased compared to p redrug  values [25]. The re- 
duction in pump function is most  marked dur ing exer- 
cise, when cardiac output  may be decreased by as 
much as 25-30%. The ar ter io-venous oxygen dif- 
ference is increased (17-53%; mean  31%). Common 
complaints are le thargy and fatigue, and exercise en- 
durance is reduced [25-27]. For  this reason less 
cardiodepressant  beta- receptor  blockers have been 
looked for. 

Epanolol is a selective beta l - recept0r  blocker with 
slight ISA [27,28]. As seen with most  other beta- 
blocking agents ,  the long- term hemodynamic effect of 
epanolol was a reduct ion in cardiac index that  was 
ent i rely due to a reduct ion in HR [8,25]. Probably  due 
to the ISA effect, the decrease in HR was less than  
during beta-blockade without  part ial  agonist  activity. 
The reduct ion in cardiac index was on the order  of 
14-15% (i.e., about half of what  is seen with unselec- 
tive beta-blockers without  ISA), both at res t  and dur- 
ing exercise. Hence, the therapeut ic  paradox of beta- 
receptor  blockade, a reduct ion in cardiac output  in the 
face of decreased t issue perfusion in hypertension,  is 
less bu t  is not  e l iminated by the addition of ISA [29]. 
However,  the ISA did not p reven t  an increase in total  
peripheral  resis tance index (compared to pret reat -  
ment  values). At  res t  the net  resul t  was a modest  
reduction in the mean  ar ter ial  pressure  of 6%. Only 
two pat ients  became t ru ly  normotensive,  i.e., with 
blood pressure  less than  or equal to 140/90 mmHg,  
while an additional two pat ients  achieved the 160/95 
mmHg limits of WHO for hypertension.  Dur ing  exer- 
cise epanolol was the only drug in this review to in- 
duce a larger  reduct ion in blood pressure  than  at rest:  
10% for mean  ar ter ial  pressure  as well as for systolic 
and diastolic ar ter ial  pressures  (Figs. 3a and 3b). 
Thus, it could be calculated tha t  myocardial  oxygen 
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Long-term antihypertensive treatment changes in 
SAP at rest and during exercise 
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Long-term antihypertensive treatment - changes in 
DAP at rest and during exercise 
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Fig. 3. Percent changes in systolic arterial pressure (a) and diastolic arterial pressure (b) at rest sitting (open columns) and dur- 
ing exercise (shaded columns) after long-term antihypertensive therapy. Results are shown for low-salt diet and nine antihyperten- 
sive drugs. 

consumption, as assessed from the rate-pressure 
product, was more reduced during exercise (30%) 
than at rest  (19%). 

Alpha-receptor blockade 
Selective presynaptic alphal-receptor blockers reduce 
blood pressure mainly through vasodilation [30]. The 
decrease in blood pressure seen in our study on doxa- 
zosin, on an average ranging between 13% and 17% 
in the various situations, was entirely due to a reduc- 
tion in the total peripheral resistance index. This re- 
duction, about 19%, was the most pronounced among 
the studies discussed in this review. Total peripheral 
resistance was also more reduced with doxazosin than 
with other alphal-receptor blockers, such as prazosin 
or trimazosin [31]. 

Unlike most other antihypertensive agents, doxa- 
zosin tended to improve cardiac pump function, as 
shown by an increase in cardiac index and stroke in- 
dex [9]. In spite of the vasodilating effect, HR re- 
mained almost unchanged after long-term treatment.  
This lack of reflex tachycardia has been attributed to 
the selective postsynaptic site of alphal-receptor 
blockade [32]. 

The hemodynamic changes after long-term treat- 
ment with doxazosin are slightly different from the 
acute responses [9]. After the first dose of doxazosin, 
the reduction in total peripheral resistance index was 
less, and stroke index tended to fall. Hence, the acute 
reduction in blood pressure was also less than on 
chronic therapy. On the other hand, the hypotensive 
reactions seen after intravenous injection of the first 
dose of doxazosin (1 mg) did not occur on long-term 
oral therapy (dose range 2-16 mg per day). 

Double-action drugs 
By combining the effects of a beta-blocking and a va- 
sodilating component in one agent, it has been hoped 

that some of the unwanted cardiodepressant effects of 
beta-receptor blockade could be avoided. Two such 
double-action drugs have been studied: Dilevalol* 
combines nonselective beta-receptor blockade with 
vasodilatation through beta2-receptor agonist activ- 
ity [11], and carvedilol combines nonselective beta- 
receptor and alphal-receptor blockade [10]. 

The hemodynamic effects of long-term treatment 
were quite similar for dilevalol and carvedilol. Both 
compounds reduced mean arterial pressure by 14- 
18% at rest  and during exercise due to a reduction 
in cardiac index (12-17%). Cardiac output decreased 
because of a reduction in HR that tended to be greater 
during exercise (17-22%) than at rest  (11-14%). Only 
minor changes were seen in stroke index and total 
peripheral resistance index. This hemodynamic profile 
is different from that of "pure" beta-blockers, which 
induce an increase in total peripheral resistance and a 
more marked reduction in HR and cardiac output. 
From a hemodynamic point of view, the double-action 
compounds are more similar to beta-receptor blockers 
with ISA, but the compound studied in our labora- 
tory, epanolol, had a less potent antihypertensive ef- 
fect [8]. 

Calcium antagonists 
Calcium antagonists have been available as antihyper- 
tensive agents for more than two decades, but it was 
only after development of the "second generation" 
drugs that first-line antihypertensive treatment with 
calcium antagonists became generally accepted [33]. 
Recently there has been concern about their negative 
inotropic effect causing worsening of heart  failure 
[34,35]. 

Two classes of calcium antagonists were examined. 

*Dilevalol is no longer in use due to possible hepatotoxicity. 
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First we will discuss the dihydropyridines, repre- 
sented by amlodipine and felodipine [12,13]. Both in- 
duced blood pressure reduction (11-16%) due to a de- 
crease in total peripheral resistance index (13-19%). 
As with alphal-receptor blockers, stroke index and 
cardiac index tended to increase (1-9%), but these 
changes did not attain statistical significance. Acutely 
a slight initial reflex tachycardia was seen, but on 
long-term therapy HR remained almost unchanged. 
Both of these compounds have the advantage of once- 
daily dosing, amlodipine because of a long plasma 
elimination half-life and felodipine because of an 
extended release formulation. Ambulatory 24-hour 
blood pressure monitoring has also shown adequate 
blood pressure control throughout the day and night 
on a once-a-day dosing regimen [12,36]. 

Diltiazem, a benzothiazepine, represents another 
class of calcium antagonists [14,34]. The hemodynamic 
profile was slightly different from that of dihydropyri- 
dines, mainly because of a reduction in HR, which was 
most clearly seen during exercise. At rest sitting HR 
was reduced by 3 beats/rain and during 100-W exer- 
cise by 15 beats/min. Due to an increase in stroke 
index (5-9%), cardiac index remained almost un- 
changed. As with the dihydropyridines, the total pe- 
ripheral resistance index was reduced both at rest  su- 
pine and sitting (10% and 19%, respectively), and 
during exercise (13%). The effect on the rate • pres- 
sure product was greater  than for the dihydropyri- 
dines. Although diltiazem possesses some of the char- 
acteristics of beta-blockade, a reduction in HR, this 
reduction is far less than that seen with most beta- 
receptor blockers [26]. The hemodynamic profile is 
also quite different, with undisturbed cardiac pump 
function and reduced total peripheral resistance. He- 
modynamically diltiazem is more similar to verapamil, 
but in the doses recommended for the two drugs in 
hypertension, diltiazen seems to induce a greater  re- 
duction in blood pressure and less side effects [37]. 

Experimental studies have shown that calcium an- 
tagonists in relatively high doses have a negative iono- 
tropic effect, but this was not seen in our clinical stud- 
ies on hypertensive patients without signs of cardiac 
decompensation [12-14,34]. To further evaluate the 
possibility of a decrease in cardiac pump function, we 
examined whether central hemodynamics and endur- 
ance during heavy exercise was affected by long-term 
diltiazem treatment  [14]. After the 100 W exercise 
level, the workload was increased to 150 W and the 
patients were asked to continue bicycling until ex- 
haustion (or a maximum of 20 minutes). The mean 
exercise time (at 150 W) increased from 12.7 to 15.9 
minutes (25%) after 1 year of diltiazem treatment.  
From a peak value, mean arterial pressure fell slightly 
during continued bicycling, both at control and on dil- 
tiazem treatment  (4.9 and 7.1 mmHg, respectively). 
This decrease was due to a reduction in the total pe- 
ripheral resistance index (Fig. 4). Heart  rate in- 
creased about 6 beats/min both before and after diltia- 

Central hemodynamics and 150 watt exercise 
endurance before and after long-term Diltiazem 
therapy in hypertension 
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Fig. 4. Maintenance of cardiac pump function during 150 W 
endurance exercise before ( 0 -  0)  and after ( 0  . . . .  O) 
long-term diltiazem treatment in essential hypertension (n = 
15). Abbreviations as in Figure 2. 

zem, while stroke index and cardiac index remained 
unchanged throughout the whole exercise period. 
Thus, after long-term calcium antagonist treatment,  
we did not observe any sign of impaired exercise 
stroke index or cardiac index, even at fatigue-limiting 
exercise. Left ventricular filling pressures were not, 
however, measured. 

Angiotensin-converting e n z y m e  inhibi tors  
Angiotensin-converting enzyme inhibitors is another 
class of drugs recently accepted as first-line therapy 
for hypertension [33]. Lisinopril is a new ACE inhibi- 
tor that is directly active without prodrug metabolism 
and with a long plasma elimination half-life, allowing 
once-daily dosing [38]. To some extent the chronic he- 
modynamic effect of ACE inhibition is similar to that 
seen with alphal-receptor blockers and calcium antag- 
onists [9,12-14,30,31]. In our study on lisinopril, blood 
pressure was decreased due to a reduction in total 
peripheral resistance, but this reduction was slightly 
less (7-13%) than with the other two groups of vasodi- 
lating antihypertensives. In addition, there was a 
modest decrease in cardiac index (3-7%) associated 
with small (insignificant) reductions in HR and stroke 
index (Fig. 5). 

To augment the blood pressure lowering effect of 
the ACE inhibitor, half the patients treated with 
lisinopril (n = 25) were given an additional dose of 
hydrochlorothiazide (12.5-25 mg) and half were pre- 
scribed a moderate low-salt diet (daily sodium excre- 
tion reduced from an average of 188 mmol/24 hours to 
129 mmol/24 hours, or 31%). In the group receiving 
lisinopril plus a low-salt diet, a more complete "nor- 
malization" of central hemodynamics (i.e., more re- 
duction in total peripheral resistance index and no de- 
crease in cardiac pump function) was seen than in the 
group treated with lisinopril plus hydrochlorothiazide. 
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Central  h e m o d y n a m i c  effects at rest and during exercise 
of long-term Lisinopril  treatment ( n = 25 ) 
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Fig. 5. Central hemodynamic effects at rest and during exer- 
cise of long-term lisinopril treatment in essential hypertensive 
patients. Points indicate mean values (n = 25). • • = 
control; [ ] - - - [ ]  = long-term lisinopril therapy. Abbrevia- 
tions as in Figure 2. 

Th,exeduction in blood pressure tended to be greater  
with the combination of lisinopril plus diuretic. One 
possible mechanism for the difference in blood pres- 
sure response could be greater  body fluid volume con- 
traction when a diuretic was added to the ACE inhibi- 
tor than when moderate sodium restriction was added 
(extracellular fluid volume reduced 1.1 1 vs. 0.6 1). 
However, the hemodynamic differences were minor 
and their clinical significance is unknown. 

Serotonin antagonist 
Since a number of mechanisms may be involved in the 
development of hypertension, a new treatment princi- 
ple, such as serotonin receptor antagonism, is of great 
theoretical interest. Serotonin (5-hydroxytryptamine) 
was shown by Page to be a potent circulating vasocon- 
strictor that might increase peripheral vascular resis- 
tance and thus induce sustained hypertension [39]. 

In our study on ketanserin, the first selective sero- 
tonin receptor antagonist (but with some additional 
alpha-receptor blocking activity as well [40]), mean 
arterial pressure, was significantly reduced (p < 0.01) 
in all situations. However, the decrease in intraarte- 
rial pressure was less than that seen with most other 
antihypertensive agents studied in our laboratory us- 
ing the same invasive technique for blood pressure 
recording [16]. Also in many clinical trials ketanserin 
has been found to induce a moderate blood pressure 
reduction [41]. 

The hemodynamic mechanism for the lowering of 
blood pressure was mainly a reduction (3-9%) in car- 
diac index, which again was due to a small slowing of 
HR (4-8 beats/min). Stroke volume remained un- 
changed. No significant changes were seen in total 
peripheral resistance, either at rest  or during exer- 
cise. The cellular mechanism(s) for these hemody- 
namic changes are unknown. However, as this first 
serotonin antagonist was only moderately effective as 

an antihypertensive agent, more potent compounds of 
this class of drugs should be looked for. 

No treatment 
At the first hemodynamic study, the patients in the 
untreated group had mild hypertension and none had 
any detectable sign of end-organ damage (WHO I). 
The patients were therefore not considered to need 
antihypertensive medication [18]. During the 10-year 
follow-up period, almost no changes occurred in blood 
pressure. However, a marked reduction was seen in 
cardiac index, both at rest  and during exercise. This 
was mainly due to reduction in stroke index. At the 
same time, the total peripheral resistance index was 
found to increase. The arterio-venous oxygen differ- 
ence increased from an average of 43.6 ml/1 to 50.2 
ml/1 (15%) at rest  and from 91.4 ml/1 to 104.6 ml/1 
(14%) during exercise. 

Because of longer observation time for the un- 
treated group than for the t reatment  groups, it may 
be of interest to calculate the annual hemodynamic 
changes. Thus, the annual reduction in cardiac index 
in untreated mild hypertensive patients was 1.7% at 
rest sitting and 1.2% during 100 W exercise. The 
stroke index was reduced by 1.1% per year at rest  
and 0.9% during exercise, and the annual increase in 
total peripheral resistance index was 2.2% and 1.5% 
in the two situations, respectively. These results 
agree with several longitudinal studies of shorter du- 
ration [42-45]. In carefully selected normal subjects 
without coronary heart  disease, recent noninvasive 
studies have indicated that cardiac output at rest  and 
during exercise does not decline with age [46]. 

D i s c u s s i o n  

Methods 
In each of the trials reported in this review, great 
care was taken to ensure a quiet atmosphere in the 
laboratory during the hemodynamic measurements. 
The personnel were well trained in the procedures, 
and the same equipment was used in all studies [1]. 
The hemodynamic measurements, including cardiac 
output and arterial pressure, were performed inva- 
sively. Both in our own and in other laboratories, the 
reproducibility of such measurements under con- 
trolled conditions has been shown to be high and, for 
cardiac output measurements, dye dilution is still con- 
sidered the standard [47,48]. Particularly during ex- 
ercise, the accuracy of dye dilution measurement is 
unsurpassed by other methods currently used for 
measurements of cardiac output [47]. 

The reproducibility of intraarterially recorded 
blood pressure is also high. In the studies presented 
here, no placebo groups were included and the pa- 
tients served as their own controls. The placebo ef- 
fect, which is commonly seen in studies using noninva- 
sive blood pressure measurements, has been shown to 
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Casual measurements overestimates blood pressure changes 
during antihypertensive treatment 
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Fig. 6. Relationship between effects of treatment on casual 
and intraarterial systolic and diastolic blood pressures in 10 
trials of antihype,¢ensive therapy. Each point indicates the 
mean difference in BP in percent from control between pre- 
drug and postdrug measurements in one trial. The figure 
shows an overestimation of the treatment effect by the casual 
blood pressure measurements compared to intraarterial mea- 
surements in all studies but one. 

be eliminated when the intraarterial pressure record- 
ing technique is employed [49]. In the present studies 
it was calculated that the blood pressure reduction 
induced by treatment,  if determined by the conven- 
tional cuff technique, would have been overestimated 
by an average of 2.9 mmHg for systolic and 4.4 mmHg 
for diastolic arterial pressure when compared with in- 
traarterially recorded pressures (Fig. 6). These re- 
sults are in agreement with what has been found in 
large-scale clinical trials [50,51]. Furthermore,  the ap- 
prehension and arousal reaction seen during cuff in- 
flation, which partly accounts for the "white coat" ef- 
fect, disappears when blood pressure is measured 
using continuous intraarterial recording technique 
[1,52]. 

Thus, it is reasonable to assume that the results 
reported in this review closely reflect the actual hemo- 
dynamic changes after long-term treatment with the 
various antihypertensive agents examined. This con- 
tention is supported by the findings in our group of 
untreated hypertensive patients. While the intraarte- 
rially recorded blood pressure was almost unchanged 
at the second hemodynamic study (10 years after the 
first study), marked changes were disclosed in cardiac 
output and the total peripheral resistance index. Simi- 
lar hemodynamic changes, i.e., an annual reduction in 
cardiac output of 1-2% and an increase in total periph- 
eral resistance index of 2-3%, have been shown in 
other studies of shorter duration [42-45]. In general 
the magnitude of the hemodynamic changes in our un- 
treated group was much less than that seen in the 
treatment groups. 
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Fig. 7. Relative changes in total peripheral resistance index 
and cardiac index in 10 trials of antihypertensive therapy. 
Each point indicates the mean value of one trial. Abbrevia- 
tions as in Figure 2. 

Hemodynamic changes 
The studies presented here show that long-term treat- 
ment wuith different classes of antihypertensive 
agents in appropriate doses may induce an adequate 
and sustained reduction in blood pressure in hyperten- 
sive patients. As seen during acute administration of 
these drugs, the hemodynamic mechanism ranges 
from a marked reduction in total peripheral resistance 
with the vasodilating compounds to a reduction in car- 
diac output with beta-receptor blocking drugs [8-11]. 
Some compounds also display dual hemodynamic ef- 
fects, with reduction both of total peripheral resis- 
tance index and cardiac index (Fig. 7). 

After acute administration of antihypertensive 
drugs, a series of immediate counterregulatory hemo- 
dynamic responses are often seen [53]. When the stud- 
ies discussed in this review are considered together, 
long-term counteracting hemodynamic effects are also 
evident. During antihypertensive t reatment  with the 
compounds that reduced cardiac index most promi- 
nently, the beta-blockers and a serotonin antagonist, 
total peripheral resistance index was not reduced be- 
low the pretreatment value, and sometimes it even 
tended to increase (Fig. 7). This hemodynamic resis- 
lance pattern was also seen with a low-salt diet and 
may explain why this was only poorly effective as anti- 
hypertensive therapy. 

The blood pressure reduction induced by a low-salt 
diet has been found to be modest also in other studies 
[24]. However, since this is a nonpharmacological ap- 
proach to antihypertensive treatment,  it has been felt 
to be more "physiologic" than drug treatment.  This 
has been reinforced by the side effects and the un- 
wanted lipid and electrolyte disturbances commonly 
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seen with drug therapy [54]. However, as shown in 
our long-term study, moderate sodium restriction 
does not reverse the basic hemodynamic disturbance 
of hypertension--an increase in total peripheral resis- 
tance [17]. Whether a modest reduction in blood pres- 
sure by low-salt diet or a larger reduction by drug 
therapy is more beneficial in terms of reduction of 
cardiovascular risk remains to be determined. 

Clearly, the most "physiologic" antihypertensives 
are the vasodilating compounds, which reduce blood 
pressure without disturbing cardiac pump function. 
Some of these drugs may even induce a small increase 
in stroke volume and cardiac output. Why stroke vol- 
ume and cardiac output are not fully restored is not 
known. One possible mechanism could be decreased 
left ventricular compliance, in spite of reversal of left 
ventricular hypertrophy during antihypertensive 
therapy [7,55]. The double-action drugs, the "vasodi- 
lating beta-blockers," do not induce true vasodilation, 
since total peripheral resistance index is not reduced 
below the pretreatment level. However, the reduction 
in cardiac index is only about half that seen with 
"pure" beta-receptor blocking agents [25]. Thus, the 
vasodilating component of these drugs seems to atten- 
uate the vasoconstrictor effect of beta-blockade. 
While this may be a step forward, double-action com- 
pounds with even stronger vasodilating activity 
should be looked for. 

Full "normalization" of the cardinal hemodynamic 
disturbance of hypertension, increased total periph- 
eral resistance and (especially during exercise) sub- 
normal cardiac output, is not achieved by any antihy- 
pertensive agent today. Such normalization was 
certainly not achieved by the nonpharmacological 
treatment, a low-salt diet. On the contrary, this treat- 
ment seemed to accelerate the hemodynamic changes 
that are seen in untreated hypertensives, i.e., a fur- 
ther reduction in cardiac index and an increase in the 
total peripheral resistance index. Similar hemody- 
namic changes after low-salt diet have also been re- 
ported by others [56,57]. 

The aim of this review was to examine the long- 
term hemodynamic effects of newer antihypertensive 
agents and to compare the mode of action of different 
classes of these agents. Although the treatment regi- 
mens were heterogeneous, optimal doses were given 
in all studies. Since the drug dose used in clinical trials 
of antihypertensive treatment obviously strongly af- 
fects the hypotensive response, the present studies 
cannot be used to compare antihypertensive efficacy. 
For the same reason, the question of whether the 
mechanism of action of the different agents might be 
dependent on the doses has not been addressed in this 
review. However, pharmacokinetic and pharmacody- 
namic studies from other laboratories suggest a dose 
response relationship for most of these drugs, while 
the basic mechanism of action is not dose dependent 
[58]. 

Usefulness of hemodynamic measurements 
Since many of the antihypertensive agents that lower 
cardiac output have been widely used for more than 
15-20 years, it could be asked whether this reduction 
is harmful or not. Obviously, there is no simple an- 
swer to the question. While beta-receptor blockers 
have been shown to reduce cardiovascular mortality 
and morbidity after myocardial infarction, a beneficial 
effect of these drugs has been more difficult to show in 
primary preventive studies, i.e., in patients without 
known coronary disease [51,54]. Attempts have been 
made to explain the apparent discrepancy between 
these findings by unfavorable effects on lipid metabo- 
lism or by a "J-shaped" relationship between cardio- 
vascular events and blood pressure [54,59]. However, 
an alternative mechanism could be chronic underper- 
fusion of tissues, including the myocardium, due to a 
reduction in cardiac index of as much as 30% [25]. The 
underperfusion is compensated for by an increase in 
the arterio-venous oxygen extraction. In seven long- 
term trials of beta-blocker therapy in hypertensive 
patients performed by Lund-Johansen, the arterio- 
venous oxygen difference at rest sitting increased by 
an average of 31% from 50.7 ml/1 and during 100 W 
bicycle exercise by 24% from 108.2 ml/1 [25]. Since 
an increase in the arterio-venous oxygen difference 
constitutes a reduction in the cardiovascular reserve, 
it may, at least in part, explain the reduction in exer- 
cise tolerance and the fatigue that has been reported 
in many beta-blocker trials [25,27]. 

The arterio-venous difference increases most mark- 
edly after unselective beta-receptor blockade and by 
beta-blockers without ISA [25]. The beta-receptor 
blocker with ISA presented in this review, epanolol, 
and the double-action drugs induced a mean increase 
in arterio-venous difference ranging between 7% and 
20%, while the vasodilating compounds showed only 
minor changes (ranging between - 11% and 6%). For 
comparison, the arterio-venous oxygen difference in 
the group of untreated hypertensive patients in- 
creased by an average of 1.5% per year at rest sitting 
and by 1.4% per year during exercise. 

Since all compounds discussed in this review in- 
duced some reduction of blood pressure, the hemody- 
namic differences between the drugs might seem of 
little clinical relevance. However, knowledge of the 
hemodynamic changes are necessary for understand- 
ing of the mechanism behind the reduction in blood 
pressure. Because of the counterregulatory responses 
induced by the different compounds, hemodynamic 
measurements may also aid in the understanding of 
the mosaic of blood pressure control and the pathogen- 
esis of hypertension [60]. Although information on he- 
modynamic mechanisms may be obtained from experi- 
mental studies, the results need to be confirmed in 
clinical trials. For instance, as demonstrated in this 
review the double-acting antihypertensives (or "va- 
sodilating beta-blockers"), which in animal experi- 
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Table 8. Increase in intraarterial pressure induced by steady-state lOO watt bicycle exercise before and after long-term 
antihypertensive treatment 

Systolic Diastolic 

Before On treatment Before On treatment 
mmHg (%) mmHg (%) mmHg (%) mmHg (%) 

Low-salt diet 23 (16) 23 (17) -3  (-3) -2  (-2) 
Epanolol 39 (23) 28 (18)* 8 (8) 1 (1)* 
Doxazosin 36 (20) .39 (26) 6 (6) 5 (6) 
Dilevalol 37 (21) 33 (22) 10 (10) 4 (4) 
Carvedilol 35 (20) 29 (20) 6 (6) 3 (3) 
Amlodipine 32 (18) 34 (22) 4 (4) 4 (4) 
Felodipine 38 (23) 42 (29) 10 (10) 8 (9) 
Diltiazem 30 (16) 34 (22) 3 (3) 3 (3) 
Lisinopril 30 (17) 40 (27) 5 (5) 9 (10) 
Ketanserin 36 (22) 39 (26) 9 (9) 9 (10) 
Untreated a 27 (17) 30 (20) 2 (2) 4 (4) 

*p < 0.05 (difference between before and on treatment). 
~For this group "on treatment" shows results at the 10-year restudy. 

ments have shown vasodilating responses, do not in- 
duce true vasodilation in hypertensive subjects, since 
cardiac index is reduced and total peripheral resis- 
tance index remains unchanged [61,62]. This review 
also demonstrates that vasodilators are not all alike. 
While the alphal-receptor blocker and the calcium an- 
tagonists reduce blood pressure entirely by reduction 
in total peripheral resistance, the ACE-inhibitor in- 
duces a slight reduction in cardiac output as well. 

Exercise  
Hypertension may ultimately lead to congestive heart 
failure [3,4]. By exercise testing the cardiovascular 
reserve is challenged and as shown previously, early 
changes in cardiac pump function may thus be re- 
vealed [1]. Possible negative or positive effects of 
treatment on cardiac pump function are also more 
likely to be disclosed during work. As demonstrated 
for diltiazem, the observation that calcium antagonists 
may induce negative ionotropic effects in experimen- 
tal animals could not be corroborated in hypertensive 
patients without cardiac decompensation [14,34]. 

From a therapeutic point of view, hemodynamic 
classification of antihypertensive agents with respect 
to exercise performance is useful in "tailoring" treat- 
ment to individual patients [33]. Since physical exer- 
cise is beneficial, particularly in subjects with in- 
creased risk (such as hypertension) of cardiovascular 
disease, the joy of physical exercise should not be de- 
stroyed by drugs that lower cardiac output. On the 
other hand, in hypertensives with the addition of isch- 
emic heart  disease, such t reatment  might be just the 
right thing in order to reduce cardiac work and myo- 
cardial oxygen consumption [8,63]. The beta-blocker 
discussed in this review, epanolol, reduced the rate- 
pressure product (and, conceivably, the myocardial 

oxygen consumption) more during exercise than at 
rest. Hence, although this compound is not suitable 
for the treatment of hypertension because of its mod- 
est reduction in blood pressure, it might, theoreti- 
cally, be useful in normotensive patients with angina 
pectoris [8]. 

Both invasively and noninvasively, a diurnal varia- 
tion has been shown in blood pressure [49,64]. Due to 
an association between these blood pressure changes 
and the frequency of stroke, myocardial infarction, 
and sudden death, it has been thought that the early 
morning rise in blood pressure and the high levels of 
blood pressure during exercise are particularly harm- 
ful [65-67]. Consequently, antihypertensive drugs 
have been looked for that may reduce the increase in 
blood pressure associated with waking up and physical 
activity. Indeed, attenuation of the early morning rise 
in blood pressure has been reported for some com- 
pounds [68]. However, for the drugs reviewed here, 
with the exception of epanolol, the pressure response 
to a standardized steady-state 100 W bicycle exercise 
was not diminished after long-term treatment (Table 
8). Thus, although the blood pressure level may be 
reduced by a variety of antihypertensive agents, the 
goal of blunting the high peaks of blood pressure dur- 
ing exercise has generally not been achieved. 

Chronic versus acute changes 
In four of the trials (epanolol, doxazosin, dilevalol, and 
earvedilol) acute hemodynamic responses were stud- 
ied in addition to the long-term effects [8-11,53]. The 
hemodynamic changes induced immediately after the 
first dose of the antihypertensive agents used in these 
trials were clearly different from those seen after 
long-term treatment  (Table 9). While doxazosin in- 
duced a cardiodepressant effect (9% decrease in 
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Table 9. Percent changes in central hemodynamics after first dose and long-term treatment with four antihypertensive agents: Rest 
supine 

HR SI CI MAP TPRI 

ac chr ac chr ac chr ac chr ac chr 

Epanolol - 16"** 
Doxazosin 7 
Dilevalol - 2 
Carvedilol 1 

- 1 2 " *  - 9 * *  - 1 - 2 4 * * *  - 1 4 " * *  - 5 *  - 6 *  2 4 * * *  

0 -9* 9 - 3  8* -8** - 13"** - 5  
- 1 4 " * *  0 0 - 3  - 1 4 " *  - 1 6 " * *  - 1 4 " * *  - 1 4 " * *  

- 1 2 " * *  - 6  0 - 5  - 1 2 "  - 1 1 " * *  - 1 7 " * *  - 8  

9 
- 1 9 " * *  

0 
- 6  

ac = acute; chr = chronic. 
Other abbreviations as in Table 3. 

s t roke  index) a f t e r  the  f irst  dose,  long- te rm t h e r a p y  
was associa ted  with  a s l ight  improvemen t  in cardiac 
pump function. The double-act ion drugs ,  dilevalol  and 
carvedilol ,  ini t ial ly showed vasodi la t ing  effects at  r e s t  
supine, whe reas  a f t e r  long- te rm t r e a t m e n t ,  the  be ta-  
blocking component ,  inducing a reduct ion  in HR and 
cardiac index,  was  more  prominent .  This under l ines  
the  need for caut ion in ex t rapo la t ion  from acute  hemo- 
dynamic da t a  to the  long- te rm effect of an t ihype r t en -  
sive agents .  I t  also shows tha t  the  blood p re s su re  re-  
duction seen a f te r  the  first  dose of an an t ihype r t ens ive  
d rug  is not  a good index of i ts  long- te rm control  of 
blood p re s su re  [53]. 

C o n c l u s i o n s  

The widely  di f ferent  hemodynamic  profiles of the  com- 
pounds descr ibed  in this  rev iew,  which all induce re-  
duction in blood p res su re ,  under l ines  the  complexi ty  
of the  mechanisms  leading  to hyper tens ion .  The mult i -  
pl ici ty of these  mechanisms  was most  coherent ly  for- 
mula ted  by  the deceased  I rv ing  Page  in his mosaic 
theory  for hyper tens ion ,  put  fo rward  more  than  40 
yea r s  ago [60]. The  coun te r r egu la to ry  responses  de- 
scr ibed in this  r ev iew fu r the r  suppor t  the  idea  of the  
mosaic theory ,  t ha t  the  blood p re s su re  is "pro tec ted"  
from large  changes  in such a w a y  tha t  once one of the  
control  mechanisms  is chal lenged,  e .g . ,  b y  an ant ihy-  
pe r t ens ive  agent ,  the  o the r  control  mechanisms  are  
ad jus ted  in an a t t e m p t  to r e s t o r e  blood p re s su re  and 
t i ssue  perfusion.  I t  is hoped tha t  knowledge  of the  
hemodynamic  mechanisms  t ha t  a re  r evea led  dur ing  
t r e a t m e n t  wi th  d i f ferent  classes  of an t ihype r t ens ive  
agents  m a y  aid in unde r s t and ing  the  pa thogenes i s  of 
hyper t ens ion  and also in ta i lor ing  the  opt imal  t r e a t -  
men t  in specific groups  of pa t ien ts .  
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