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Elevated blood pressure can only be caused by an inter-
play between vascular volume and vascular tone or con-
striction. The vascular space in humans is not only variable
in overall size but can also be segmentally altered within the
body in response to varying physiologic needs. Vasocon-
striction or vasomotor tone controls the capacitance of the
vascular bed. An exquisite elasticity of the vasomotor re-
sponse is required in order to maintain relatively stable
blood pressure in the face of fluctuating metabolic and
biomechanical changes. It is clear that to maintain uniform
blood pressure the vasomotor tone must be able to adjust to
the size of the vascular bed at any given moment, because
the vascular volume is, in effect, noncompressible. Changes
in vasomotor tone, however, may secondarily result in
small changes in the size of the vascular volume itself via
fluid shifts between the vascular and extravascular space,
resulting in a new equilibrium between volume and vaso-
constriction: In hypertension there is, by definition, a mis-
match in the dynamic equilibrium between the total vascu-
lar space (or whole blood volume, WBV) and the total
vasomotor tone (or total vascular resistance). The sources
of this mismatch are the basis for the multiple theories of
the causes and varieties of hypertension which have an
elevated blood pressure as their common end point.

Laragh et al. (1) have advocated a major subdivision of
hypertension based on measurements of the renin-angio-
tensin system. They postulated that a spectrum of hyper-
tensive disease exists in which low-renin hypertensives are
volume-expanded with normal or even reduced vasocon-
striction. This combination occupies one end of the hyper-
tensive spectrum. The opposite end of the spectrum is
high-renin disease, where vasoconstriction is increased and
volume is normal or decreased. Laragh’s group suggested
that hypertension represented a continuous spectrum with

an interplay of the two prime factors of vascular space and
vasomotor tone. Theoretically, multiple combinations of
+volume and *vasoconstriction can exist, which result in
an elevated blood pressure. To obtain an indirect assess-
ment of the blood volume or vascular space and its role in
specific cases of hypertension, they advocated the concept
of “renin profiling.” Measurements of renin, in conjunc-
tion with measurements of 24-hr sodium intake, were uti-
lized to obtain the “renin profile” for categorization into
high- and low-renin hypertension (2).

Despite the current widespread use of angiotensin-con-
verting enzyme (ACE) inhibitors and their proven benefit,
renin profiling is uncommon in the analysis and treatment
of hypertension. Some studies have not found a uniform
relationship between renin and the response to therapeutic
agents selected on the basis of a renin-volume concept.
Nevertheless, the dramatic response in some cases to ACE
inhibitors is clear evidence that in those cases the renin-
angiotensin pathway was the predominant factor in main-
taining the disequilibrium between vascular space and va-
somotor tone. The concept that hypertension cannot be
evaluated by monodimensional analysis based solely on
manometric readings would appear to be self-evident. It is
clear that the discovery of the renin-angiotensin axis con-
tributed greatly to the understanding of the mechanisms of
hypertension. There are, however, some questions as to
whether renin profiling is, inffact, a substitute or proxy for
an actual blood volume measurement. Despite the obvious
fact that hypertension is an interplay between vascular vol-
ume and vascular tone, neither of these two factors is, ex-
cept in rare circumstances, actually directly measured.
Many research studies use indirect measurement of these
two key variables, and these measurements or estimates, in
turn, rest on assumptions which may be only partially true
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or even misleading. Some of the conflicting findings with
respect to renin profiling in the evaluation of hypertension
may stem from the fact that renin profiling measurement,
in fact, is not a substitute or proxy for an actual blood
volume measurement, and using it as a proxy for a direct
blood volume measurement may actually be misleading.
Renin release itself leads to a twofold response. One is an
increase in angiotensin, which has an immediate effect of
increasing vasomotor tone and causes a variable decrease
in blood volume. Increasing only vasomotor tone, with
other variables remaining constant, results in diminution
of blood volume because of the increased hydrostatic pres-
sure. The second major effect of renin is to increase aldoste-
rone production, a slow response mechanism which results
in sodium retention and blood volume expansion. There is
very likely a spectrum of renin responders ranging from (a)
those in whom the angiotensin response predominates in
both the short and long term to (b) those in whom aldoste-
rone and long-term blood volume expansion is the more
predominant response. It is, therefore, theoretically possi-
ble to have individuals with identical renin profiles and
dissimilar volume/vasoconstriction profiles as the cause of
their hypertension. Mechanisms underlying short-term
transient elevations in blood pressure may be very different
from long-term sustained forms of hypertension. Evidence
that renin may not be used as a pure proxy for blood vol-
ume was shown by analyzing a key study by Bull et al. (3),
which will be discussed later in the chapter. It is quite likely
that there are unrecognized subsets in the renin-angioten-
sin spectrum whose mechanism of action would be clari-
fied by direct whole blood volume measurement.

The step treatment of hypertension (in which diuretics
play a major role as a treatment agent of first choice) ig-
nores, in effect, the high-low renin-angiotensin volume
vasoconstriction spectrum concept in hypertension. The
immediate first-step empirical use of diuretics in hyperten-
sion implies that expanded blood volume is the primary
factor in the individual hypertensive. If, in fact, a vasocon-
strictive normovolemic or hypovolemic state exists in hy-
pertension, then a diuretic might be expected to possibly
lower blood pressure, but at the potential expense of perfu-
sion of key organs. In contrast, volume-expanded hyper-
tensives would be expected to benefit from diuretics. The
common clinical observation that diuretics frequently re-
sult in marked elevations in blood urea nitrogen (BUN)
suggests that vasoconstricted hypovolemic hypertension
may be a common, separately identifiable entity whose
treatment should be different from that of hypervolemic
hypertension with normal or even possibly reduced vaso-
constriction. It is conceivable that there may be cases of
hypertension where there is localized stenosis in critical
areas such as the renal arteries, where inappropriate use of
diuretics may actively precipitate localized infarction by
reducing circulating volume below a critical level relative to
the stenosis. Diuretics lower vascular volume. Theoreti-
cally, any form of hypertension can be lowered to normal
by depletion of enough vascular volume. Diuretics may be
considered a form of internal medical phlebotomy. A key
consideration often overlooked, however, is whether the
improved manometric reading to obtain a normal blood
pressure is obtained at the expense of significant reduction

of perfusion of key areas. The missing link to evaluate the
renin-angiotensin-aldosterone axis, with respect to vol-
ume-expanded and volume-contracted hypertension, has
been the lack of a uniform accurate method for measuring
the actual blood volume and determining the predicted
normal blood volume for a specific individual. Previous
researchers on blood volume in hypertension have used a
variety of methods for both measurement of blood volume
and for predicting individual normal blood volumes. Many
reported studies are of limited value because of technical
and analytical problems in the methodology utilized.

In order to understand the blood volume studies which
have been reported by various investigators, an analysis of
blood volume methodology is essential. Considering the
importance that blood volume must play in the analysis of
hypertension, the number of studies utilizing actual blood
volume measurements in hypertension is surprisingly
small. The analysis of blood-volume-measurement meth-
odology will explain why many of the reported historical
studies are of limited value or even misleading in the analy-
sis of the relationship between blood volume and hyper-
tension. This chapter will detail some of the historical de-
velopments in the measurement of human blood volume.
The requirements and current possibilities which now exist
for obtaining highly accurate blood volume measurements
in hypertension and associated conditions will be reviewed.
The possibility of an accurate and direct measurement of
blood volume would permit a much more precise assess-
ment of the specific role played by volume and vasocon-
striction in a specific case of hypertension. Total vascular
resistance can still not be measured directly, but blood vol-
ume can now be measured directly and with a high degree
of accuracy. In addition, an accurate methodology for pre-
dicting normal blood volumes for specific individuals also
is available. If the blood volume can be measured directly
with precision, the assessment of total vascular resistance,
even if measured indirectly, would have a greater degree of
accuracy and significance. Therapeutic decisions based on
an understanding of the specific degree to which the two
primary variables of volume and vasomotor tone are inter-
acting would permit a more rational choice of therapy as
well as indicate the need and direction of additional thera-
peutic intervention in specific cases.

BLOOD VOLUME MEASUREMENT:
TECHNICAL AND CLINICAL
CONSIDERATIONS

Despite the importance of blood volume measurement
in understanding the mechanism of specific causes of hy-
pertension, such measurements are rarely performed.
Human blood volume measurements are uncommon be-
cause of a combination of technical difficulties in obtaining
an accurate measurement and also because of problems in
interpreting results in specific clinical cases even when an
accurate measurement is obtained. Historically, blood vol-
ume measurements in animals were performed by Valentin
in 1838 utilizing a water dilution method. Herbst in 1888
utilized “bleed-out” experiments with animals (4). These
results were later shown to be about 50% of true blood
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volume measurements (5). Measurement of blood volume
in humans first became possible with the development of
indicator dye-dilution techniques (6). The indicator-dilu-
tion technique is based on the concept that the concentra-
tion of the dye in the blood after mixing, when injected
intravenously, is inversely proportional to the volume of
blood into which the dye has been injected. By comparing
the concentration of the dye in the blood against a known
standard volume with an equal amount of dye, it becomes
possible to solve for the unknown blood volume.

The ideal tracer is one which has the following charac-
teristics:

It is innocuous.

It remains in the vascular space unchanged.

It mixes completely within the vascular space.

The concentration of the tracer can be measured pre-
cisely by the appropriate detection system,

5. It remains within the vascular space when mixing is
completed.

Although the dyes utilized did not meet all of these crite-
ria, they were able to provide the first close approximation
of the blood volume in a living human. A known quantity
of dye was injected, and the resulting dye concentration
was compared, on a ratio basis, with a blank standard pre-
pared from the patient’s blood. Early studies utilized bril-
liant vital red (7.8) and, later, Evans Blue or T-1824 (9).
Among the problems encountered with the dyes were (a)
absorption of the dyes by the liver reticuloendothelial cells
and (b) transudation of the dyes out of the circulation. The
transudation could be compensated for by utilizing multi-
ple timed samples; but in the early postinjection period,
reticuloendothelial cell absorption of tracer was later
shown to result in artifactually raising the measured blood
volume by about 8% (10).

The development of radioactive isotopes, which could be
tagged to red cells with *'Cr, ¥Fe, *Fe, or *P (11,12),
permitted a significant improvement in precise measure-
ment of the red cell compartment. '*'[ was utilized to mea-
sure the plasma compartment by attachment to albumin
(13). Albumin tagged with '*'l mixes unimpeded in the
circulation. In contrast to the dyes, the albumin within the
circulation is not treated as a foreign substance. It does,
however, transudate out of the circulation at a rate which is
a semilogarithmic function of its concentration within the
circulation. The problem of loss of tracer from the circula-
tion can be compensated for by performing a multipoint
blood volume analysis. It is impossible to achieve an in-
stantaneous complete mixing of the tracer within the cir-
culation after injection. A blood volume calculated from a
single sample does not permit calculation of an accurate
blood volume because neither the mixing time nor the rate
of tracer transudation can be calculated. The use of multi-
ple-point sampling permits calculation of these variables.
The minimum number of sample points required is four,
obtained at 6- to 8-min intervals beginning 10-12 min after
injection. A five-point technique is preferred. The use of
five-point measurement also permits recognition of the
point at which mixing is usually complete. Early studies
erroneously thought that mixing was complete in 4-5 min.
In certain instances, such as severe heart failure, up to 20
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min may be required for effective mixing (14). In normal
individuals, mixing is usually complete within 812 min.
Not only does a five-point technique establish that mixing
is complete, but it also permits calculation of the rate of
transudation of the albumin tracer and may provide a mea-
surement of capillary permeability. In effect, each sample
point is a separate blood volume determination obtained
after injection. By extrapolating to zero time (utilizing
semilogarithmic paper or its equivalent), a true instanta-
neous or zero-time blood volume can be calculated. A five-
point, rather than a four-point, blood volume is preferred
because it permits easy identification of any single-point
sample which has a technical problem. Blood volumes
which are performed with three or fewer points do not
permit recognition of technical or sampling errors in any of
their points. Grossly inaccurate measurements may result
from an error in a single point. Some blood studies in the
literature were performed utilizing only a single-point de-
termination (15). Under these circumstances, the potential
for erroneous measurement is particularly high.

There are additional considerations which are required
for an accurate blood volume measurement. Calculation of
a blood volume requires an accurate determination of
mean body hematocrit. Mean body hematocrit has been
shown by Chaplin et al. (16) to be approximately 91% of
peripheral venous hematocrit. Failure to recognize this fact
will lead to a significant overestimation of blood volume. A
small error will result from failure to correct for plasma
packing of heparin used in the collection of samples (17).
Utilization of indirectly calculated hematocrits such as
those obtained from instruments such as the Coulter S (or
similar instruments) may result in errors as large as 3% (J.
Feldschuh, unpublished observations). Hematocrits ob-
tained directly from centrifuged blood can be read to an
accuracy of 0.2% on instruments such as an IEC 2201
reader. The cumulative effect of not taking these factors
into account can be significant. For example, heparin used
in filling the dead space of the syringe will result in a false
increase in the measured blood volume of 2-3% if not
taken into account.

To ensure accurate measurements, all samples should
be pipetted in duplicate and counted in duplicate. In a
five-point blood volume performed in this manner, there
are a total of 40 separate measurements made. They are as
follows: 12 separate hematocrits; eight standards (two sam-
ples from each of two standards counted twice); 20 sam-
ple counts (five separate samples pipetted twice, two
separate counts on each). Utilizing these techniques, it is
possible to obtain volume measurements with an accuracy
of +2% (18).

Because of a lack of uniformity among different investi-
gators with respect to tracer use, method of sampling, and
method of calculation, it is often difficult to compare re-
sults between different investigators.

DETERMINATION OF NORMAL
BLOOD VOLUME

The counterpart of the accurate blood volume measure-
ment is the accurate prediction of the blood volume for a
specific individual. In many studies, even when blood vol-
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TABLE 1. Summary of physical characteristics and blood volumes encountered in 160 normal subjects®®

n Mean SD Range
Women 80
Age 37 years +10.9 19-61
Weight 86.1 kg +25.4 40.1-157.6
Deviation desirable weight 58.5% +45.8 —15.9-210.8
Height 159.7 cm +7.8 138.4-177.8
Surface area 1.87 m? +0.26 1.30-2.52
Blood volume 4.57 liters +0.95 2.89-7.24
Blood volume/m? 2.44 liters/m? +0.26 2.07-3.24
Blood volume/kg 55.1 mi/kg +8.88 40.0-83.0
Men 80
Age 35 years +9.8 18-60
Weight® 77.7 kg +28.9 47.6-2211
Deviation desirable weight® 64.0% +40.3 —38.7-208.4
Height 175.5 cm +7.6 155.7-193.0
Surface area® 1.92 m? +0.28 1.52-3.01
Blood volume® 5.32 liters +0.91 3.37-9.65
Blood volume/m? ¢ 2.78 liters/m? +0.28 2.20-3.60
Blood volume/kg® 73.3 mi/kg +16.4 43.6-108.4

2 From ref. 18.
® n, number of subjects; SD, standard deviation.
€108 observations.

ume measurement was made with a technically accurate
multipoint indicator system, the measured results are of
limited value because of problems in determining “nor-
mal” values for the individual patients in the study. Multi-
ple studies by different investigators found a wide range of
normal human blood volume values expressed in either
milliliters per kilogram of body weight or in milliliters per
square meter of body surface area. A major assumption
behind these measurements was that blood volume was
related, in a constant manner, to either body weight or
surface area. Blood volume studies on obese males by
Alexander et al. (19) and by Gregersen and Nickerson (20)
cast serious doubt about the validity of the constant blood
volume ratio concept. These investigators showed that
blood volume in normal obese individuals was significantly
lower in terms of milliliter per kilogram of body weight as
compared to normal individuals. Keys et al. (21) reduced
the weight of 32 normal-to-lean male volunteers over a
6-month period of dietary restrictions until their weights
stabilized at levels 25-35% below control values. Blood
volume was determined before and after weight reduction.
Calculations based on Keys’ data indicated that blood vol-
ume was 101.3 ml/kg after weight reduction, whereas con-
trol values averaged 84.4 ml/kg. These findings strongly
suggested that the ratio of blood volume to body weight is
not a constant. Keys’ data also indicated that blood volume
expressed as a function of surface area was not a constant.

In 1977, Feldschuh and Enson (18) published a study
based on 188 measurements in 160 normal individuals
(Table 1) encompassing an extreme range of all combina-
tions of height and weight. They demonstrated that blood
volume is a continuum of milliliter/kilogram ratios which
can be expressed as function of deviation from ideal weight
(Fig. 1). In men, normal blood volume ranged from 43.6
ml/kg to 108.4 ml/kg, whereas in women it ranged from 46
to 83 ml/kg. Table 2 is a compilation of points on the curve

in Fig. 1, demonstrating the relationship between blood
volume body composition as defined by + deviation from
ideal weight. Blood volume expressed as milliliter per kilo-
gram of body weight is a continuum which relates to the
leanness or obesity of an individual. Figure 2 shows the
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FIG. 1. Graphic representation of the relationship between
the ratio of blood volume to body weight (on the ordinate, in
mi/kg) and deviation from ideal (desirable) weight (on the ab-
scissa, in %) One hundred eighty-eight observations in 80
normal women (circles) and 80 normal men (triangles) are
included. (From ref. 18.)
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TABLE 2. Corresponding values of blood volume to body weight ratios and
degree of deviation from desirable weight®

Blood-volume/ Deviation from Blood-volume/ Deviation from
body-weight ratio desirable weight body-weight ratio desirable weight
(mi/kg) (£%) (mi/kg) (£%)
99.7 -40 56.9 +34
97.1 —~37 55.0 +43
94.4 —34 53.4 +53
91.2 —30 51.7 +64
87.9 —26 50.1 +76
84.7 -22 48.7 +89
80.6 -17 47.4 +103
2 -12 46.1 +118
73.2 -6 45.0 +134
69.9 0 44.1 +151
66.6 +6 43.3 +168
63.9 +12 426 +186
61.2 +19 42.2 +205
58.9 +26 41.6 +225

2 From ref. 18.

ideal height-weight curves derived originally from the
standard Metropolitan Life Insurance Company height and
weight tables.

The discovery of this relationship explains why investi-
gators found norms ranging from 63 to 86 ml/kg as the
norm for human blood volume (5,19-22,24). Women have
significantly lower blood volumes than men at an identical
height and weight (18). This reflects the fact that lean tissue
is a greater contributor than fatty tissue to total blood vol-
ume (25). As an individual becomes more obese, the in-
crease in blood volume is disproportionately less than the
increase in fatty tissue (18). Conversely, as an individual
becomes leaner, the blood volume decreases proportion-
ately less. Calculation of the individual’s normal predicted
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FIG. 2. Graphic representation of the relationship between
ideal (desirable) weight and height, developed from the Metro-
politan Life Insurance Company desirable weight tables. The
upper curve refers to men; the lower curve refers to women.
(From ref. 18.)

blood volume is made by calculating the degree of devia-
tion from ideal weight for a specific individual. Then, de-
termining from Fig. 1 the specific milliliter/kilogram value
for that deviation from the ideal weight, this value is multi-
plied by the absolute weight of the individual to determine
the predicted blood volume (18).

What this concept states, in effect, is that only individ-
uals who are proportional to each other in degrees of lean-
ness and obesity will have the same milliliter/kilogram
blood-volume/body-weight ratios. In such individuals,
their absolute total blood volume will have the same rela-
tionship of blood volume to total body weights. For exam-
ple, a 180-Ib male who is at ideal weight will have 50%
more blood than a 120-1b male who is at ideal weight. The
same relationship would hold for a male who at 180 b is
30% overweight versus a male who at 120 1b is 30% over-
weight. Another way to visualize this relationship is to con-
sider four men, each weighing 180 Ib, in 4-in increments
from 5 ft to 6 ft 4 in. At the same identical weight, these
men would range from extremely obese to moderately un-
derweight. The tallest individual would have the largest
normal whole blood volume and the highest milliliter/kilo-
gram blood ratio, because he would be the leanest, and the
shortest man would have the lowest normal whole blood
volume at an identical weight.

In evaluating the wide range of norms reported by var-
ious investigators, who often used a small limited number
of random subjects, it becomes clear why there was such a
broad range of norms. Those investigators who randomly
had selected a disproportionate number of lean subjects
reported higher milliliter/kilogram normal values, whereas
the low norms were derived from investigator populations
with a disproportionate number of obese subjects. In some
of the studies in hypertension, instead of reporting results
as milliliter/kilogram or milliliter/square meter, results are
reported as total whole blood volume versus total whole
blood volume in a control group (26). Such reporting of
results is more likely to reflect the body composition and
total size of the individuals in each group rather than to
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unmask blood volume alterations secondary to the clinical
condition under study. The relationship between blood-
volume/body-surface-area ratios also has intrinsic system-
atic errors similar to the erroneous concept of a fixed
blood-volume/body-weight ratio (18). These relationships,
with respect to surface area, are explained in detail in ref.
18, which also provides details for constructing the appro-
priate curves and equations for predicting normal blood
volume.

Recently, a semiautomated instrument for measuring
whole blood volume, the BVA-100, has been developed
and is under final review by the FDA. This instrument
permits blood volume measurement, utilizing a semiauto-
mated system, in less than | hr and also incorporates the
appropriate computerized calculations, based on the ideal
weight concept, for prediction of normal blood volume for
the specific individual under study.'

BLOOD VOLUME STUDIES
IN HYPERTENSION

Laragh et al. (1) suggested that hypertension can most
easily be analyzed as an interplay between vasoconstriction
and vascular volume. In their key studies, they used mea-
surement of renin (measured in conjunction with sodium
balance) and aldosterone as an indirect assessment of vas-
cular volume and also as a tool for monitoring changes in
vascular volume (2). In many of these studies, absolute
blood volumes and baseline blood volume were not actu-
ally measured; instead, alterations in blood volume were
inferred from experimental alterations created by changes
in renin and aldosterone.

Utilizing renin and aldosterone profiling, Laragh et al.
(1,27) described a model which has malignant hypertension
as one polar extreme of vasoconstriction, with high renin
and low blood volume. Primary aldosteronism is at the
opposite pole (low-renin, high-volume hypertension).
Table 3 is an adaptation of their proposed spectrum. These
concepts have important clinical and therapeutic implica-
tions. Vaughn et al. (28) have shown that low-renin hyper-
tensives respond well to volume depletion and, when con-
sidered as a group, also tend to have higher blood volumes.
Conversely, renin system blocking drugs, such as ACE in-
hibitors, are relatively ineffective in the low-renin states
such as aldosteronism and in anephric humans. Malignant
hypertension is associated with hemoconcentration, vaso-
constriction, and high renin levels (1). In contrast to hyper-
aldosteronism for equal levels of hypertension, malignant
hypertension has a very poor prognosis as compared to
aldosteronism. Malignant hypertension responds well to
antirenin agents. Contrasting these two extremes, it is sug-
gested that vasoconstriction is the primary cause of hyper-
tension in malignant hypertension and that volume expan-
sion is the primary cause of hypertension in aldosteronism.
The difference in the clinical prognosis of these conditions
when untreated, however, has major implications for thera-
peutic decisions in hypertension. Using these two polar

! This instrument was partiaily developed by the author and is dis-
tributed by the Daxor Corporation.

TABLE 3. Proposed spectrum of hypertension

Malignant hypertension
Pheochromocytoma
Unilateral renovascular
EHT, high renin
EHT, low renin, diuretic nonresponders
EHT, normal renin
Bilateral renovascular
EHT, low renin, diuretic responders

] Primary aldosteronism

Increase
Decrease

Vasoconstriction
Volume

Decrease

Increase

2 EHT, essential hypertension.

examples as models for understanding mechanisms causing
alterations in hypertension strongly suggests that the abso-
lute manometric level of hypertension is not nearly as im-
portant as the underlying mechanisms in the hypertension.
Specifically, vasoconstrictive hypovolemic hypertension is
very poorly tolerated in comparison to volume-expanded
hypertension (1). Vasoconstriction and hypovolemia
would result in decreased perfusion of key areas, whereas
volume-expanded hypertension would not be expected to
result in any diminished perfusion. Theoretically, in vol-
ume-expanded hypertension, the heart might be expected
to be the primary area of vulnerability.

Some low-renin subgroups, however, are resistant to di-
uretics, and their mechanisms of maintaining hypertension
are not clearly understood (28). One of the problems in
using renin levels as a proxy for vascular space is that renin
levels must be interpreted in conjunction with sodium bal-
ance. Since hypertension is basically a continuum of vary-
ing combinations of excessive volume and/or vasocon-
striction, renin profiling may be misleading when used as a
pure proxy for an actual blood volume measurement, for
various reasons. Of the many blood volume studies which
the author reviewed for this chapter, very few met the crite-
ria of having both (a) technical accuracy and (b) analysis of
the measured results in individual cases on a comparison
basis to each individual’s specific predicted normal blood
volume. Instead, overall group comparisons were made
primarily because of a lack of an adequate standard for
predicting normal blood volume in any specific individual.

A key study on the question of whether renin profiling is
a substitute for a measured blood volume was provided by
Bull et al. (3). This study, while encompassing only six
individuals, is notable for (a) the completeness of the tech-
nique and (b) the methodology of the actual blood volume
measurements. Not only were plasma volumes measured
in a multipoint method utilizing all appropriate correction
factors, but also red cell volume was measured separately
and simultaneously, instead of being calculated from
plasma volume alone. In this small but finely crafted study,
encompassing blood volumes, blood pressure, and renin
profiling, normal volunteers had control studies obtained
prior to phlebotomy. After phlebotomy, they were then
repleted, to varying degrees, with their own blood. Phlebot-
omy clearly activated with the renin-aldosterone axis.
However, after partial repletion with some of the volun-
teers still significantly hypovolemic, a return to normal
baseline renin levels was noted. This clearly demonstrated
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that renin can respond to relative changes in blood volume.
It also showed that renin does not measure, nor act as
substitute for an actual measurement of, normal blood vol-
ume and that renin could actually be normal in the face of
significant hypovolemia. In effect, while these patients’
normal predicted blood volume did not change, the renin
mechanism did react, since it was now responding 10 a new
set point for normal blood volume. This study also suggests
an explanation of why some low-renin patients do not re-
spond well to diuretics (28). These are most likely to be
hypovolemic patients with low or normal renins.

Patients who are already hypovolemic could be expected
to have a more vigorous homeostatic resistance to further
depletion of blood volume by diuretics, as compared to
patients with normal or expanded blood volumes.

The requirements for a technically accurate blood vol-
ume measurement have been described previously in this
chapter. Assuming a completely technically accurate blood
volume, it is possible to envision investigators reporting
conflicting blood volume results in hypertension. For ex-
ample, Tarazi et al. (29-31) and Messerli et al. (26) have
reported that blood volume (specifically, plasma volume) is
reduced in essential hypertension and that the lowest
plasma volumes were generally seen with the highest blood
pressure. In Tarazi et al.’s study (30), cases were not ana-
lyzed on an individual basis but, instead, on an overall
group basis. On this basis, there was a clear tendency for
higher blood pressure to be associated with lower blood
volumes. Other investigators have not found similar re-
sults (32).

Conflicting results on blood volume could occur in a
multitude of ways. For example, normal human blood vol-
ume has been shown to vary from 40 ml/kg to 100 mi/kg
(18). Individuals who are 22% underweight have normal
blood volume values of 85 ml/kg, whereas individuals who
are 19% overweight have blood volume values of 61 ml/kg.
Both of these values are within the range of so-called norms
reported by different investigators. It is easy to visualize
how a so-called control group, when used as a comparison
to a hypertensive group under study, might differ signifi-
cantly in its deviation from ideal weight with respect to the
other group. Under these circumstances, it is easy to see
that the investigators might not be aware that there was a
significant difference in body composition between their
respective groups under study. The variation from 22%
underweight to 19% overweight would appear as a group of
“normals” to most observers. For many physiologic stud-
ies, these types of differences might not be significant.
However, in blood volume studies, these differences are
crucial and have been partially responsible for obscuring
relationships between blood volumes and the various sub-
sets of hypertension,

Tarazi et al.’s study (30) is one of the largest in the litera-
ture and involved 135 hypertensive patients. Their stan-
dard of normal blood volume was derived from the rela-
tionship between blood volume and height, or milliliters
per centimeter. Unfortunately, this is one of the least physi-
ologic relationships which could be chosen, because body
mass increases three-dimensionally as height increases
one-dimensionally (18). Tall individuals would almost in-
variably be evaluated as hypervolemic, whereas short indi-

viduals would be regarded as hypovolemic. In their study,
55 essential hypertensive males had diastolic blood pres-
sure greater than 105: of these, 22 had plasma volume
significantly smaller than normal, and another eight had
expanded volume significantly above normal. The authors
found no relationship between diastolic pressure and
plasma volume. The authors then labeled the eight patients
with expanded blood volume as having “‘inappropriate
plasma volume expanded.” They then recalculated their
results minus the eight “inappropriate” patients and found
a highly significant correlation coefficient between diastolic
pressure and plasma volume. In the 17 essential hyperten-
sive women in their study, they reported low plasma vol-
ume. No “inappropriate plasma expanded” women were
noted, and, in contrast to males, no relationship between
plasma volume and the arterial pressure was found. In
renal artery disease, women were reported to have a signifi-
cantly lower plasma volume with no significant relation-
ship between volume and pressure. In contrast, in seven
males with renal artery disease, an inverse relationship be-
tween plasma volume and diastolic pressure was found. In
the eight males and eight females with renal parenchymal
disease and hypertension, plasma volume was reported as
normal. In this group, however, there was said to be a direct
correlation between diastolic pressure and plasma volume.
In 11 patients with pheochromocytoma, plasma volume
correlated inversely with diastolic blood pressure. Contrary
to expectation, only two of eight patients with primary
aldosteronism were reported to have an expanded blood
volume.

Unfortunately, this major study has significant defects.
Its major finding—namely, that diastolic blood pressure
(males only) varies inversely with plasma volume—de-
pended on the authors’ removal of eight patients out of 55,
whom they deemed “inappropriately expanded,” from
their study. The basis for this designation is never fully
explained; and if these patients are included, the result is
the same for both males and females—namely, no correla-
tion is found between diastolic blood pressure and plasma
volume and blood volume. Another problem is that blood
volumes were performed using only a single 10-min sam-
ple. A more serious flaw is that height is a significantly
poorer correlate with blood volume than either body
weight or surface area (18).

In the small subsets in this study, the unrecognized sys-
tematic bias contributed by height can easily become the
predominant factor in the analysis, obscuring or obliterat-
ing the underlying relationship between the various types of
hypertension and blood volume. Not surprisingly, women
in almost all categories were reported as having low plasma
volume. This would clearly fit a standard which overpre-
dicts normal blood volume for short people and underpre-
dicts normals for tall patients. It is essential to emphasize
that the prediction of the appropriate “normal” blood vol-
ume for a specific individual is just as important as the
accuracy of the actual measurement itself for correct inter-
pretation of results. Unfortunately, Tarazi et al. (30) did
not provide their raw data, so that their blood volumes
cannot be recalculated using different standards for normal
blood volume. The expected decreased blood volume was
reported in patients with pheochromocytoma. Of the 11
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patients with pheochromocytoma. however, four had nor-
mal whole blood volumes.

Chau et al. (33), in an analysis of cardiac output and
blood volume in essential hypertension, reported that
blood volume was reduced or normal. Based on these con-
cepts, Chau developed a number of equations to clarify the
relationships between blood volume, heart rate, cardiac
output, and mean arterial pressures. His work derives from
the Guyton-Coleman models for circulation. His studies
did not involve specific hypertension subsets. Another,
more recent study by Messerli et al. (26) studied 60 patients
with essential hypertension. Patients were divided into one
group of 30, older than 65 years of age, and another group
of 30, younger than 42 years of age. Adrenaline, noradrena-
line, dopamine, and plasma renin were also measured.
Both groups were matched for height, weight, body surface
area, male-female sex ratios, and arterial pressure. Group,
but not individual, comparisons were made. Average blood
volume for the elderly was 4100 ml versus 4640 ml for the
younger group. Plasma renin was 0.454 for the elderly
versus 1.154 for the younger group. Noradrenaline, adrena-
line, and dopamine were not significantly different between
the two groups. Renal vascular resistance and total periph-
eral resistance units were 1691 and 25.8, respectively, in the
elderly, as compared with 1012 and 18.8, respectively, in
the younger group. The differences in renin vascular resis-
tances and blood volumes were all highly significant.
Without taking into account individual predicted normal
blood volumes, the authors found an inverse correlation
between total peripheral resistance and total blood volume
in both groups. They found a direct correlation between
cardiac output and total blood volume in both groups. The
authors concluded that hypertension in both the young and
old subjects in their groups was primarily dependent on
changes in total peripheral resistance and that volume
changes were secondary. They also found a disproportion-
ate drop in renal flow relative to the drop in cardiac output
in the elderly, which they attributed to nephrosclerosis and
the secondarily increased renovascular resistance. Of par-
ticular significance in their study is the fact that plasma
renin activity levels were more than twice as high in the
younger group, yet their blood volumes were 540 ml
higher, which is a significant difference. If plasma renin
activity were a pure proxy for blood volume measurement,
the opposite might have been expected.

Despite problems in technique and methodology with
different studies, particularly with respect to evaluating spe-
cific individual patients, a pattern does emerge. It suggests
that blood volume is normal or reduced in essential hyper-
tension and that there is an inverse correlation between
peripheral resistance and blood volume., It is also clear that
renin measurements are not a proxy for blood volume
measurements. Conflicting findings based on the use of
renin profiling may stem from the assumption that low
renin is synonymous with expanded blood volume and
high renin with low blood volume. In an overall sense, this
is clearly the correct correlation, but in individual cases, the
situation is more complex with subsets which remain to be
defined. The question of the relationship of blood volume
in essential hypertension is probably obscured by the com-
bining of several subsets under the term essential hyperten-
sion. The puzzle of the nonresponsiveness of certain groups

of low-renin hypertensives may be elucidated by further
studies, which combine renin profiling and blood volume
measurement in specific individual cases. The availability
of an accurate and easily performed blood volume provides
the key to unlocking the specific roles of volume and vaso-
constriction. To date, the blood-volume-hypertension lit-
erature suggests, at the very least, that volume expansion is
not commonly the prime factor in most forms of hyperten-
sion. Instead, vasoconstriction would appear to be the more
active process. This raises additional questions about the
empiric use of diuretics as a first-line therapy. A major
mode of action of diuretics is elimination of sodium and
reduction of blood volume. If, in fact, blood volume is
already reduced and hypertension is maintained purely by
vasoconstriction, then a further reduction in blood volume
can be expected to have a deleterious effect on perfusion,
particularly on target organs such as the kidney. This could,
theoretically, set off a cycle where reduced renal perfusion
results in increased renin production, increased vasocon-
striction, increased mean blood pressure, and a further net
reduction in perfusion. The common observation that di-
uretics not only raise serum cholesterol and uric acid but
also raise BUN suggests that decreased renal perfusion is
very common in some forms of hypertension. It raises
questions about the role of sodium in these cases. It also
raises questions about whether sodium restriction is war-
ranted or even beneficial in all cases of hypertension.

The utilization of accurate blood volume technology will
provide a major tool in selecting and monitoring a therapy
for hypertension, which, for many patients, often requires
years of treatment, if not permanent treatment. Blood vol-
ume measurement will also provide additional under-
standing of the role that sodium balance plays in individual
cases of hypertension.

CONCLUSIONS

Blood pressure can be maintained only by a combination
of vasoconstriction and volume changes. There are a lim-
ited number of blood volume studies in hypertension,
many of which have technical and methodologic defects.
These studies, combined, suggest that vasoconstriction is
the predominant factor in hypertension and that blood vol-
ume is usually normal or reduced. Studies on renin profil-
ing combined with blood volume indicate that renin pro-
filing cannot be used as a proxy or a substitute for a blood
volume measurement. A limited number of studies suggest
that there are blood volume subsets within the low-renin—
high-renin spectrum. Hypertensives with identical renin
profiles may actually be low-normal or hypovolemic. The
availability of an easy utilizable system for blood volume
measurement in conjunction with other tests should permit
categorization and identification of these hypertension
subsets as well as provide a more logical choice of therapeu-
tic modalities.
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