
Transition from high cardiac output to elevated 

vascular resistance in hypertension 

The early phase of hypertension (borderline hypertension) is characterized by a hyperkinetic 
circulation caused by excessive sympathetic drive and decreased parasympathetic inhibition to 
the heart. In later phases the cardiac output becomes normal, but the hypertension is still 
neurogenic, as demonstrated by the fact that continued pharmacologic parasympathetic, B- and 
a-adrenergic Inhibition normalizes the blood pressure. In both of these phases of the process, 
plasma norepinephrine values are elevated. These patients also show characteristic behavioral 
patterns; they are outward oriented, submissive, but experience unexpressed anger and 
frequently harbor hostile feelings. In late phases of hypertension the cardiac output is normal 
and the total peripheral resistance is elevated. This hemodynamic transition can be explained by 
a secondary response to elevated blood pressure. The heart becomes less responsive as a result 
of altered receptor responsiveness and decreased cardiac compliance, whereas the 
responsiveness of arterioles increases because of vascular hypertrophy, which leads to changes 
in the wall-to-lumen ratio. However, one observation eludes explanation: the absence of plasma 
norepinephrine elevation in later phases of hypertension. We propose a new conceptual 
framework to explain the disappearance of elevated plasma norepinephrine in the course of 
hypertension. The concept is based on a wide range of observatfons with the use of various 
receptor-blocking agents during neurogenic pressor responses. Invariably, the blood pressure 
response is preserved, but the hemodynamic pattern can be altered from a high cardiac output 
to high total peripheral resistance or vice versa. The “blood pressure-seeking behavior” of the 
central nervous system suggests that the negative feedback to the central nervous system is 
pressure and not flow related. If  the central nervous system indeed seeks to obtain a certain 
pressure and maintains the high blood pressure in early phases by an elevation in cardiac output, 
later as structural arteriolar changes evolve and the arterioles become hyperresponslve, the 
same blood pressure elevation could be achieved with less sympathetic drive, and the plasma 
noreplnephrine values return to the normal range. (AM HEART J fggg;llg:qgg.) 
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Those of us who strongly believe in the role of the 
nervous system in hypertension are faced with a 
major dilemma. It is rather easy to demonstrate a 
strong neurogenic component in borderline hyper- 
tension, particularly in patients whose cardiac out- 
put is high. The evidence for the neurogenic origin of 
the circulatory abnormality at that stage is over- 
whelming. High cardiac output falls into the normal 
range after cardiac autonomic blockade with atro- 
pine and propranolol.’ Such patients also show 
characteristic behavioral patterns, which suggest 
that their enhanced cardiac autonomic drive may 
reflect a constant activation of the “defense reac- 
tion.“2-4 The defense response is characterized by an 
increase in cardiac output and a general increase in 
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sympathetic tone.5 Finally, a subset of patients with 
borderline hypertension, those exhibiting high rest- 
ing plasma-renin activity values, clearly have neuro- 
genie hypertension. Their cardiac neurogenic drive 
is increased, plasma norepinephrine values are ele- 
vated, and the cr-adrenergic drive to the vasculature 
is also enhanced.3 Consequently, a complete auto- 
nomic blockade with atropine, propranolol, and 
regitine normalizes their blood pressure, thereby 
proving the prime importance of the autonomic 
nervous system in the genesis of blood pressure 
elevation. 

Contrary to the good evidence for a neurogenic 
component in borderline hypertension, in the estab- 
lished phase of essential hypertension, there is very 
little to support a neurogenic mechanism. Instead of 
elevation of cardiac output, these patients show a 
high total peripheral resistance, their plasma nor- 
epinephrine values are not elevated,* and there is 
good evidence of a structural, nonneurogenic compo- 
nent in the elevation of their vascular resistance.7~8 
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This apparently significant difference in the 
underlying mechanism of blood pressure elevation 
between borderline hypertension and essential 
hypertension is at the core of the dilemma. Are 
borderline hypertension and essential hypertension 
two different conditions, or is hypertension a pro- 
cess starting with borderline hypertension and later 
evolving into established hypertension, a process 
during which there is a change in the pathophysiol- 
ogy of the blood pressure elevation? 

One can easily defend the latter position; that is, 
that hypertension is a process of transition from a 
high cardiac output to a high total peripheral resis- 
tance state. Longitudinal observations have shown 
normalization of the cardiac output and elevation of 
total peripheral resistance as patients with border- 
line hypertension become older.9, lo However, these 
studies have by and large failed to show a progres- 
sion of blood pressure toward higher values. The 
void has recently been filled by Dr. P. Lund- 
Johansen, who tenaciously followed a cohort of 
patients with borderline hypertension. After 10 
years, the total peripheral resistance increased and 
cardiac output fell, but only a few developed hyper- 
tension. However, after 15 to 18 years, there was a 
sharp increase in subjects with classic established 
hypertension requiring antihypertensive treat- 
ment.” In fact, only a few persons in the original 
cohort remained in the borderline hypertensive 
range. 

The question then arises regarding whether sub- 
jects chosen for hemodynamic studies are represen- 
tative of the general population. This is not an 
artificial academic question. We have repeatedly 
shown that one of the major personality characteris- 
tics of patients with borderline hypertension is 
submissiveness.” Since all studies of hemodynamics 
describing the hyperkinetic state have been inva- 
sive, submissive persons may have selectively 
accepted to partake in these procedures. In turn, 
this may have skewed the sample so that it repre- 
sents only a minor proportion of all patients with 
hypertension. If that were the case, the phenomenon 
of transition from the hyperkinetic to high-resis- 
tance hypertension would be of scientific interest 
but of little clinical importance. Luckily for those in 
our field, there is reasonable evidence that the 
hyperkinetic state may be a precursor of hyperten- 
sion in the population at large. In the laboratory, a 
high cardiac output is invariably associated with a 
faster heart rate. If one then takes a faster heart rate 
to be the hallmark of the hyperkinetic state in the 
population at large, one gains a new perspective. A 
number of epidemiologic studies showed that a fast 
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REST AFTER PROPRANOLOL 
PLUS ATROPINE 

Fig. 1. Cardiac index at rest and after autonomic block- 
ade with propranolol and atropine in 50 control subjects 
and 64 patients. Only patients with normal cardiac output 
are presented. Triangles = patients; circles = controls; 
*** = p < 0.001. 

heart rate is an independent predictor of future 
hypertension.13r l4 Particularly impressive is the 
study by Levy et al.,16 which shows that heart rate 
and blood pressure are independent risks for the 
development of future hypertension. Persons with a 
fast heart rate but normal blood pressure have 
threefold the chance of developing hypertension 
than their counterparts who have both a normal 
blood pressure and a normal heart rate. This then 
suggests that in the general population, the hyperki- 
netic state may well precede the development of 
hypertension. 

Since everything points to a transition from a 
neurogenic high cardiac output state to a nonneu- 
rogenic high-resistance state, one must try to 
explain the mechanisms by which the transition 
occurs. 

Transition from high cardiac output to a high total 
peripheral resistance state. Many years ago Borst and 
Borst-de Geus16 described the autoregulatory nature 
of hypertension that develops after licorice inges- 
tion. Licorice metabolizes into an aldosterone-like 
substance, which causes large fluid retention. In the 
early phase there is an elevation in cardiac output, 
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Fig. 2. The forearm vascular resistance (FAVR) to norepinephrine and mean arterial pressure (MAP) 
(mm Hg) at baseline and in response to a sequential intra-arterial norepinephrine infusion is shown 
separately for hypertensives (open circles, dashed lines) and normotensives (solid circles and lines). The 
FAVR response curves comparing hypertensives vs normotensives were different at p < 0.001 by analysis 
of variance. Although the MAP increased slightly at the higher dose, the overall MAP during the infusion 
was parallel in the two groups. Numbers adjacent to dose-response line represent mean differences in 
FAVR between the two groups. 

but later the blood volume normalizes and the total 
peripheral resistance increases. These observations 
were the basis for ingenious experimentation and 
the development of a comprehensive theory of circu- 
lation control by Guy-ton and Coleman.17 The basic 
tenet of this theory is that elevation in cardiac 
output above the metabolic demands of the whole 
body .eventually triggers an autoregulatory response 
of higher vascular resistance and higher blood pres- 
sure. This in turn leads to pressure diuresis, which 
leads to a new state of high pressure and high 
resistance but normal flow and volume. Autoregula- 
tion is a process whereby various tissues are capable 
of maintaining a constant (and optimai, in relation- 
ship to oxygen consumption) flow by adjusting the 
vascular resistance. An inadequate blood flow (un- 
derperfusion) will cause vasodilation, whereas over- 
perfusion will elicit vasoconstriction. Both of these 
responses aim at maintaining a steady flow at the 
price of a variable pressure and resistance. There is 
good experimental evidence that such autoregula- 
tion occurs in the course of volume expansion. 
Despite some dissension, this is taken as evidence of 
total body autoregulation, that is, the ability of the 
whole organism to act as the sum of all local vascular 
beds. For the whole body, the flow is represented by 
the cardiac output, the resistance by total peripheral 
resistance, and the metabolic demands by oxygen 

consumption. Therefore it is tempting to explain the 
normalization of the cardiac output in previously 
hyperkinetic, borderline hypertensive persons by 
the process of autoregulation. Conceptually, the 
autoregulation will occur only if there is a state of 
luxurious perfusion (overperfusion); that is, the 
cardiac output exceeds the metabolic demands of 
the body. However, three independent studies18-20 
have shown that together with the increased cardiac 
output, patients with hyperkinetic borderline hyper- 
tension also exhibit increased oxygen consumption. 
Since in hyperkinetic borderline hypertension both 
the oxygen consumption and cardiac output are 
elevated, the stimulus for autoregulation or overper- 
fusion is absent; therefore such an elevation in 
cardiac output will not trigger an autoregulatory 
increase in total peripheral resistance. 

Since autoregulation is not a likely explanation, 
what other mechanism could lead to conversion 
from a high cardiac output to a high resistance 
state? We believe that this occurs entirely through 
changes in structure and responsiveness of the car- 
diovascular system in the course of hypertension. 
Consequences of increased blood pressure and exag- 
gerated sympathetic drive are such that the overall 
cardiac responsiveness will decrease, whereas the 
resistance vessel responses will be enhanced. 

Lund-Johansen was the first to demonstrate that 
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despite the minimal elevation in blood pressure, 
patients with borderline hypertension are unable to 
increase stroke volume during exercise to the same 
degree as normotenaive subjects. We were later able 
to show a clear abnormality in resting stroke volume 
in borderline hypertensive patients who had normal 
cardiac output. a1 Presumably, they had at some 
earlier phase a hyperkinetic circulation. These 
patients had faster heart rates but normal cardiac 
outputs; thus their resting stroke volume was 
decreased. That this decrease was not a simple 
mathematic product of increased heart rate is shown 
in Fig. 1. After acute autonomic blockade with 
intravenous propranolol and atropine, patients had 
significantly lower cardiac output than normoten- 
sive control subjects. The difference in cardiac out- 
put values between the two groups was entirely the 
result of a significant decrease in atroke volume in 
patients with borderline hypertension. From this we 
concluded that patients with normokinetic border- 
line hypertension probably have less compliant ven- 
tricles that fail to respond with an appropriate 
stroke volume to a normal preload.21 This decreased 
cardiac compliance is caused by secondary pressure- 
related events in the heart. 

In addition to a compliance-related decrease in 
stroke volume, the decreased chronotropic respon- 
siveness to /3-adrenergic stimulation also contributes 
to the decrease in cardiac output. Our studies,2l as 
well as those of Trimarcor et a1.,22 have shown 
subnormal heart rate responses to isoproterenol 
infusion in patients with normokinetic borderline 
hypertension. Whether this represents true receptor 
downregulation in response to enhanced sympathet- 
ic stimulation or some other event distal to the 
receptors remains to be shown. 

The combination of decreased stroke volume and 
lesser (3-adrenergic responsiveness could well 
explain how the previously high cardiac output 
returns to the normal range. However, this cannot 
explain the other facet of the transition to sustained 
hypertension, the elevation in total peripheral resis- 
tance. The movement from relatively normal to high 
vascular resistance can best be understood within 
the framework of Folkow’s23 observation and his 
concept of vascular structural reinforcement. Arteri- 
oles respond to higher blood pressure with smooth 
muscle hypertrophy. Such hypertrophic muscles 
narrow the lumen of the blood vessels and thereby 
cause increased resistance to the flow. Such hyper- 
trophic vessels with an altered wall-lumen ratio 
overrespond to vasoconstrictive stimuli, more than 
do normal vessele. The physical principles for this 
enhanced vasoconstriction are well explained by 
Folkow.23 A practical demonstration of this 

Resistance = Pressure 
Flow 

FLOW 

Fig. 3. The pressure-flow-resistance relationship. The 
diagonal lines are lines of isoresistance. Lowest diagonal 
line = low resistance; highest = high resistance. Note that 
the vascular caliber at low resistance is larger and that 
small increases of pressure cause a large increase of the 
flow. At the high-resistance line the vascular caliber is 
narrow and large increase of pressure causes only small 
increases of flow. Horizontal vector = a decrease in flow 
associated with an increase in the resistance and no 
pressure change. Diagonal, downward-pointing vec- 
tor = decrease of flow with unchanged resistance and a 
fall in blood pressure. 

enhanced responsiveness can be found in Fig. 2, 
which is reproduced from one of our recent 
studies.” 

In essence, then, low-standing blood pressure and 
enhanced sympathetic stimulation have opposite 
effects on the heart and blood vessels. Structural 
changes will decrease the cardiac but enhance the 
vascular responses to sympathetic and other stimuli, 
This may well be the mechanism whereby the 
balance is shifted from a high cardiac output to a 
high total peripheral resistance in the course of 
hypertension. 

Transition from a high to a normal level of sympathet- 
ic stimulation in the course of hypertension. Whereas 
Folkow’s concept can explain the output to resis- 
tance conversion, it fails to illuminate the well- 
observed fact that in the later phases of hyperten- 
sion, plasma norepinephrine values are normal. 
That norepinephrine is elevated only in hyperkinet- 
ic borderline hypertension has been pointed out in a 
review by Goldstein6 and recently documented ele- 
gantly by Esler et a1.25 in their studies of norepi- 
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Pressure = Flow x Resistance 

Fig. 4. The general scheme of the negative feedback 
from the circulation to the central nervous system 
(CNS) . 

nephrine kinetics in young and older hypertensive 
patients. It is easy to visualize how with the Folkow 
“structural reinforcement” less sympathetic firing 
would be needed to obtain the same vasoconstriction 
and blood pressure elevation. However, we know of 
no mechanism by which the sympathetic nervous 
system senses that the structural reinforcement 
takes place. If there is a sensing mechanism, why 
would the response be a decrease in sympathetic 
activity? 

Fig. 5. Response to 60 minutes of hindquarter compres- 
sion in eight chloralose-anesthetized dogs. Broken line 
arrow indicates the response before phenoxybenzamine. 
Solid line is the response to 60 minutes of compression 
after 1 mg/kg of intravenous phenoxybenzamine. 
MBP = mean blood pressure. (Adapted with permission 
from Julius S, Sanchez R, Malayan S, et al. Sustained 
blood pressure elevation to lower body compression in pigs 
and dogs. Hypertension 1982;4:782-8.) 

There are no direct answers to this question, but 
we have developed a conceptual framework that is 
helpful. In a recent article% we pointed out a number 
of specific experimental circumstances that support 
the notion that the central nervous system regulates 
blood pressure but not flow. The concept of the 
“blood pressure-seeking” behavior of the central 
nervous system evolved from a hemodynamic analy- 
sis of acute and chronic pressor responses. The 
concept will now be briefly described and its rele- 
vance to the question of the disappearance of exces- 
sive sympathetic stimulation in the course of hyper- 
tension should become self-evident. 

depends on the length of the conduit tubes, but in 
humans this appears to be a negligible factor.) As 
can be seen in the graph, when blood vessels are 
wide open, the resistance is low and a small increase 
in pressure causes a large increase in flow (right, 
lowest isoresistance line). When the vessels are 
constricted, resistance is high, and large pressure 
increases are required to achieve small increases in 
flow (left upper line). This diagram allows one to 
follow the direction of changes in all three compo- 
nents of circulation. Pressure and flow changes can 
be read from the corresponding axis, whereas the 
direction of the arrow in relation to the isoresis- 
tance lines denotes changes in resistance. 

Fig. 3 presents the basic hemodynamic grid relat- A scheme of how the central nervous system 
ing flow, pressure, and resistance. The flow is always controls the circulation is shown in Fig. 4. Whenever 
a linear function of the pressure head, but the degree there is a perturbance in the circulation, the central 
01 now Increase ior a given ievei of pressure depends nervous system ads as a negative feedback, which 
on resistance in the circuit. The resistance, in turn, eventually tends to limit the magnitude of the 
depends predominantly on the cross-sectional area response and establishes a new equilibrium. In 
of the vessels. (In other systems the resistance also terms of a feedback system, the variable that is most 
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highly controlled is the regulated variable. It will be 
shown that from three components of the circulation 
(resistance, flow, and pressure), the central nervous 
system invariably chooses to maintain certain pres- 
sure while allowing large variations in cardiac out- 
put (flow) and vascular resistance. We call this 
phenomenon the “blood pressure-seeking property 
of the central nervous system.” Fig. 5 illustrates one 
such instance in which the central nervous system 
appears to seek a pressure, regardless of the state of 
vascular resistance or cardiac output. When hind- 
quarters of dogs are exposed to external compres- 
sion through a pressure suit, this elicits a strong and 
long-lasting neurogenic increase in the blood pres- 
sure.n* za The usual hemodynamics of this response is 
an increase in vascular resistance (arrow). When 
these dogs were pretreated with dibenzyline to 
abolish the a-adrenergic drive to the resistance 
vessels, the blood pressure response was essentially 
the same, but now all the increase was the result of 
an elevation in the cardiac output. This plasticity, 
where the underlying hemodynamic components are 
changed but the blood pressure response is pre- 
served, has been demonstrated under a wide range 
of circumstances. Reactions to mental arithmetic, 
quiet talking, and isometric exercise are reflex 
responses in which normal hemodynamics consist of 
an increase in blood pressure associated with an 
elevation in cardiac output. @-Adrenergic block- 
adeaBm does not alter the magnitude of these blood 
pressure increases, but uniformly changes them 
from a high output to a high-resistance response. 
Obviously, when the ability to increase the cardiac 
output is abolished by @-adrenergic blockade, the 
balance of the autonomic discharge to the blood 
vessels changes, causing vasoconstriction to preserve 
the required blood pressure response. The situation 
is similar after myocardial infarction. Patients with 
poor myocardial performance respond to isometric 
exercise with a normal increase in blood pressure, 
but achieve this increase through high resistance 
without changes in cardiac output.“’ The conversion 
of primary cardiac output-mediated blood pressure 
response to a resistance blood pressure elevation has 
also been demonstrated after ganglion stellate stim- 
ulation in dogs. 32 Further evidence of the preserved 
blood pressure regulation has been shown in sub- 
j&s treated with antihypertensive drugs. &Block- 
ing agents alter the cardiac output elevation to an 
elevation in vascular resistance,33 whereas a calcium 
antagonist alters the response to a fall in vascular 
resistance with excessive increase in cardiac out- 
put.” However, both drugs do not affect the magni- 
tude of the blood pressure response. 

In a few instances neurogenic blood pressure 
increases are primarily mediated by an increase in 
vascular resistance (cold pressor and response to 
noise). The effect of antihypertensive treatment on 
the response to noise has been investigated. It was 
again shown that vasodilators will not affect the 
blood pressure response, but they convert the under- 
lying hemodynamics from a resistance to a cardiac 
output-mediated response.35 

From this one can conclude that for the central 
nervous system, pressure is the primary regulated 
variable; therefore feedback to the central nervous 
system must be related to the achieved pressure. To 
express it in vernacular terms, the central nervous 
system “desires” a certain pressure commensurate 
to a given situation and switches the autonomic tone 
from one to the other organ until it achieves the 
pressure. The mechanism by which the central 
nervous system senses the achieved pressure is not 
known. It is conceivable that some higher centers 
exert inhibitory influences on the afferent input 
from the peripheral mechanoreceptors. Alternative- 
ly, one cannot rule out the possibility that the 
central nervous system uses another yet unexplored 
set of pressure sensors. 

If one accepts the notion that in subserving the 
circulation, the central nervous system primarily 
regulates blood pressure and has sensors to assess 
whether the desired pressure has been achieved, it 
takes only a small leap of imagination to postulate 
what could happen in the course of the natural 
history of hypertension. Were this center for some 
(possibly behavior-related) reason reset to function 
at a slightly higher set point in hypertension, at the 
beginning the higher “desired” pressure could only 
be achieved by an enhanced autonomic cardiovascu- 
lar drive. In a later phase when the arteriolar 
responsiveness increases as a result of structural 
reinforcement, less sympathetic drive would be 
needed to achieve the “desired” pressure. The pres- 
sure sensor may then decrease the sympathetic 
drive. In this new state, from the standpoint of 
sympathetic firing rates, mild blood pressure eleva- 
tion may be achieved more economically, and the 
plasma norepinephrine, a rough indicator of the 
central sympathetic discharge, may indeed return to 
a normal range. What started as neurogenic hyper- 
tension may now, on the surface, appear to be 
unrelated to any sympathetic overactivity. 
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