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PULMONARY HYPERTENSION IS A PATHOLOGICAL

condition associated with increased resistance
in the pulmonary microvessels, mainly the small

arteries.1–3 In pulmonary hypertension associated
with chronic hypoxemia, significant erythrocytosis
is frequently present.4–7 Increased blood viscosity as
a result of the erythrocytosis then accounts for a fur-
ther increase in the resistance through the damaged

pulmonary microcirculation.8,9 Furthermore, the
hyperviscosity syndrome is frequently associated with
systemic manifestations, such as headache, dizziness,
arthralgia, paresthesia and progressive worsening in
physical capacity.5,10 In some patients with hypox-
emic pulmonary hypertension, periodic hemo-
dilution is sometimes used to relieve the symptoms
related to the hyperviscosity, although the procedure
is not indicated for correction of deviations in the
hematocrit.5,10–12

Although erythrocytosis is expected to result in
an increased red cell mass,13–15 the extent to which
this occurs, and the final results in terms of changes
in plasma volume and total blood volume, may be
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difficult to predict in specific clinical conditions. This
may present real problems in patients with pulmonary
hypertension associated with congenital cardiac mal-
formations, chronic hypoxemia and erythrocyto-
sis.5,12,16 In such patients, an increase in total blood
volume may result in an additional and detrimental
overload on the right ventricle in the presence of pre-
existing abnormalities of afterload.17–20 On the other
hand, since these patients are frequently subjected 
to therapeutic hemodilution, knowledge of baseline
blood volumes, and how these volumes might be
changed by treatment, may be important when plan-
ning hemodilution on an individual basis. An exag-
gerated reduction in the total blood volume would
be deleterious, since poorly functioning right ventri-
cles need to be adequately preloaded.

Our present study, therefore, was designed to
evaluate circulating blood volumes in patients with
pulmonary hypertension, chronic hypoxemia and
erythrocytosis associated with congenital cardiac
malformations – the so-called Eisenmenger syn-
drome,1,5 and to examine the impact of routine ther-
apeutic hemodilution on red cell mass, plasma volume
and total blood volume. We hypothesized that esti-
mation of blood volumes based on body weight and
the peripheral venous hematocrit could lead to inac-
curate results. We therefore compared data obtained
by direct measurements performed with radioactive
tracers with those estimated on basis of body weight
and the hematocrit.

Patients and methods

Adolescents and adults with pulmonary hypertension
associated with peripheral oxygen desaturation and
erythrocytosis were entered into our study if they had
a mean pulmonary arterial pressure above 35 mmHg
at rest as measured at cardiac catheterization. All
patients were under ambulatory care at the Heart
Institute, São Paulo, Brazil, and were evaluated in
steady conditions. We excluded all patients requiring
emergency or hospital care, and those with clinical
evidence of overt cardiac failure, venous congestion
or oedema. Most patients were receiving aspirin and
cardiac glycosides, and some were taking low-dose
diuretics. We made no changes in medications during
the study. Since radioactive material was an integral
part of the study protocol, the possibilities of ongoing
pregnancy and thyroid disease were carefully consid-
ered for all patients entering the study.

Preliminary observations had already indicated that
the size of our cohort of patients should be sufficient to
demonstrate differences of 0.8 standard deviation, with
80% power, at a one-sided significance level of 0.05.
Accordingly, 12 patients were considered adequate for
pairwise comparisons before and after treatment.

Assuming that not all such patients would require
therapeutic hemodilution for relief of symptoms, 
we estimated that we would need to enroll at least
15 subjects.

The patients, or their parents in case of adolescents,
were fully informed about the research purpose of the
laboratory determinations, and all consented to take
part in the study. A small group of five subjects with
minimal cardiac lesions, who also gave their consent
for measurements of blood volumes, was included in
the study as a control group. Based on clinical and
echocardiographic evaluation, they were assumed to
have normal hemodynamics. Their ages, from 14 to
42 years, and their body weight, were similar to those
of the patients in our study group. The cardiac lesions
were: corrected atrial and ventricular septal defects
in 2 cases, small uncorrected ventricular septal defects
in a further 2 cases, and pulmonary valvar stenosis
with a systolic gradient of 20 mmHg in the final case.
These subjects were enrolled as a control group, and
their results presented as reference, although not used
for purpose of comparisons with patients. The overall
protocol of the study was analyzed and approved by
the Scientific Committee of the Heart Institute.

Data recorded age, gender, body weight, resting
peripheral oxygen saturation, and hematocrit as
determined using an automatic hemocytometre. The
increased pulmonary arterial pressure was confirmed
in all cases during routine cardiac catheterization,
which had been no longer than 6 months prior to the
determination of blood volumes.

Blood volumes, specifically the total blood volume,
the red cell mass and the plasma volume were initially
estimated based on the body weight and hematocrit
as follows:

� Total blood volume (l) � 0.08 � body weight (kg).
� Red cell mass (l) � total blood volume �

hematocrit.
� Plasma volume (l) � total blood volume � (1 �

hematocrit).

Direct measurements were performed in the baseline
condition in all subjects, and repeated five days after
hemodilution in those patients for whom this proce-
dure was indicated. Total blood volume was calcu-
lated as the sum of red cell mass plus plasma volume.
Measurement of red cell mass was performed using
[51chromium]-sodium chromate-labeled autologous
red cells, according to previously described tech-
niques.21 Briefly, 10 ml of peripheral venous blood was
incubated in the presence of 5.5 MBq [51chromium]-
sodium chromate. Following re-infusion, blood
aliquots were collected during the first 20 min for
counting, and red cell mass was calculated as the dis-
tribution volume of [51chromium]. Plasma volume

1306-10.qxd  03/Dec/03  2:12 PM  Page 545

https://doi.org/10.1017/S1047951103001148 Published online by Cambridge University Press

https://doi.org/10.1017/S1047951103001148


was determined as the distribution volume of
[131iodine]-albumin.21 To achieve this, 0.37 MBq
[131iodine]-albumin was infused slowly in the antecu-
bital vein. After a 10 min period of equilibrium, blood
aliquots were collected and a curve was constructed,
with plasma volume being calculated as the [131iodine]
distribution volume at time zero.

As a part of the routine management of patients
with Eisenmenger syndrome in our institution,
hemodilution is indicated and performed only in the
presence of symptoms related to hyperviscosity. These
are mostly worsening of physical capacity, headache,
dizziness, arthralgia and paresthesia in the limbs.
We routinely evaluate corpuscular hemoglobin and
volume of red cells, as well as the levels of iron in the
plasma, in the intervals between the hemodilution
procedures. Patients are given iron orally whenever
necessary to avoid microcytosis-related hyperviscosity.
Hemodilution is performed with the plan to exchange
10% of the total blood volume with an equal volume
of high molecular weight dextran of molecular
weight 40,000. Drainage and infusion are performed
simultaneously at equal velocities during an approx-
imate period of one hour. Our policy of exchanging
one-tenth of the total blood volume as a reference for
fluid exchange is on our previous observations that
such an exchange is appropriate for improvement of
symptoms, without having any adverse effects on
relevant laboratory parameters.22 Importantly, since
drainage and infusion are performed simultaneously,
the real amount of blood loss is less than one-tenth of
the volume of the patient. Dextran was chosen instead
of saline solution, taking into account its potential
hemorheological benefits in terms of flow through
the damaged pulmonary microcirculation. Furthermore,
the colloidosmotic properties of 40,000 molecular
weight dextran prevent a rapid decrease in circulating
blood volumes. During hemodilution, the patients
are maintained supine, with continuous monitoring
of blood pressure, heart rate, and neurological state.

Results were expressed as mean plus or minus
standard deviation. Variables were tested for closeness
to the normal Gaussian distribution. All pairwise
comparisons were performed using Student’s t-test.
A linear regression model was adjusted for prediction
of total blood volume, calculating the coefficient of
determination R2. In all tests, a p value of 0.05 was
considered significant.

Results

We entered 17 patients, of whom 7 were female,
who met our criterions, along with our controls, 3 of
whom were female, consecutively into the study. This
number proved sufficiently large to provide our 12
candidates for therapeutic hemodilution according

to the established criterions. The results of baseline
evaluation, including the estimated values for blood
volumes, are shown in Table 1. In spite of the high
levels of pulmonary arterial pressure, suggestive of
advanced pulmonary vascular damage, all patients
were in stable clinical conditions, and in functional
class II to III of the stages of the New York Heart
Association. None were under consideration for heart
and lung transplantation at the time of the study.
Based on the body weight, the estimated total blood
volume was similar in patients and controls, with
differences in red cell mass and plasma volume as a
result of the respective hematocrits.

In the patients with pulmonary hypertension, mea-
sured red cell mass, plasma volume and total blood
volume were significantly higher, at 32%, 31% and
32%, respectively, when compared to the estimated
volumes (p � 0.002). Differences were less impressive,
and not significant, in the control group of patients
(Fig. 1). Individual values of total blood volume in
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Table 1. Baseline data from patients and controls.

Patients Controls

Number 17 (7 female) 5 (3 female)
Age (years) 15–53 (34*) 14–42 (26*)
Body weight (kg) 56.2 � 10.1 55.7 � 16.8
Peripheral oxygen saturation (%) 83 � 8 �95
Hematocrit (%) 59 � 8 40 � 3
Mean pulmonary arterial pressure 72 � 19 –

(mmHg)
Estimated volumes
• Plasma volume (l) 1.8 � 0.3 2.6 � 0.7
• Red cell mass (l) 2.7 � 0.7 1.8 � 0.7
• Total blood volume (l) 4.5 � 0.8 4.4 � 1.3

*Median values
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Figure 1.
Comparisons of estimated (open bars) with measured (closed bars)
blood volumes in patients with secondary pulmonary hypertension
associated with erythrocytosis (n � 17) and controls (n � 5). All
differences in the patients with pulmonary hypertension, but not in
the controls, were significant (red cell mass, p � 0.0001; plasma
volume, p � 0.0001; total blood volume, p � 0.0001).
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patients and controls are shown in Table 2. Normal-
ized values of measured volumes in the control
patients, expressed in relation to body weight were

� Red cell mass, 45.2 � 9.8 ml/kg.
� Plasma volume, 47.6 � 11.2 ml/kg.
� Total blood volume, 92.8 � 14.5 ml/kg.

Normalized measured volumes in the patients with
pulmonary hypertension, in relation to the body
weight were

� Red cell mass, 63.3 � 12.6 ml/kg.
� Plasma volume, 43.0 � 10.4 ml/kg.
� Total blood volume, 106.4 � 15.2 ml/kg.

Regression models were constructed for prediction
of the total blood volume based on the body weight.
These showed that total blood volume was related to
body weight in a different manner when the patients
with pulmonary hypertension were compared with the
control patients (Fig. 2). For measured values, a dif-
ference between the lines of regression for the patients
and their controls was suggested (p � 0.0601).
While the lines corresponding to measured and esti-
mated total blood volume were overlapping in the

control group, the lines were parallel in the group of
patients with pulmonary hypertension, with all 
measured values being considerably higher than the
respective estimated ones.

Hemodilution was performed only in 12 patients
who had symptoms related to their hyperviscosity, and
with levels of the hematocrit above 55%. The proce-
dure was uneventful for all subjects, and resulted in
a significant reduction of the hematocrit from
62 � 3% to 57 � 3% (p � 0.0001). All patients
stated that their physical capacity was improved by
the procedure, and that their symptoms were ame-
liorated, albeit that the measured peripheral satura-
tion of oxygen was unchanged from baseline value
(83 � 8% and 84 � 4% respectively). In comparison
with the baseline conditions, the evaluations of

Table 2. Individual values of total blood volume.

Estimated Measured total blood volume (l)
total blood 

Identification volume (l) Baseline After hemodilution

Hemodilution indicated
RS 4.64 5.22 5.1
FLJR 3.2 4.88 5
ALR 4.16 5.36 4.37
RM 4.64 6.61 5.86
NR 5.76 6.77 5.98
JCS 5.58 7.18 5.79
VCF 5.2 6.83 4.94
ARM 4.56 5.64 5.02
MACOA 3.6 5.36 4.28
SFG 4.24 4.72 4.72
RKE 5.68 6.96 7.81
LNR 3.98 5.96 5.67

Hemodilution not indicated
RI 5.12 5.89 –
GSS 3.88 4.22 –
FDF 5.12 8.9 –
FMS 3.52 4.44 –
RS 3.6 6.03 –

Controls
AAB 2.84 3.3 –
MCS 4.24 5.51 –
VTA 4.08 5.3 –
JNCM 4.56 5.59 –
RB 6.56 5.33 –

Hemodilution was performed using an exchange volume equal to
10% of baseline total blood volume
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Figure 2.
Total blood volume as a function of body weight in the five patients
serving as controls (a) and in the 17 patients with Eisenmenger syn-
drome (b). In both groups, values obtained by direct measurement (�)
were compared with those estimated by the formula [total blood volume
(l) � 0.08 � body weight (kg)] (�). In the patients with 
pulmonary hypertension, the lines were distinct, with the difference
corresponding exactly to the intercept.
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blood volume five days after hemodilution showed a
significant decrease in red cell mass (13%, p � 0.0462)
and total blood volume (10%, p � 0.0201), but in
the absence of any significant change in plasma vol-
ume (Fig. 3). Individual values of total blood volume
at baseline and five days after the procedure are shown
in Table 2.

Discussion

We have studied a group of patients with secondary
pulmonary hypertension associated with chronic
hypoxemia and erythrocytosis who were potential
candidates for therapeutic hemodilution. Our study
was designed to establish their circulating blood vol-
umes, and to examine how these volumes might be
changed by the procedure of hemodilution. We have
been able to show, first, that direct measurement of
blood volumes using markers for red cell mass and
plasma volume provide significantly higher values
compared with those estimated using pre-established
formulas based on the body weight and hematocrit.
Second, in patients who were subjected to hemodilu-
tion for relief of symptoms related to hyperviscosity,
the procedure was followed not only by a significant
reduction in red cell mass, as expected, but also by a
decrease of 10% mean value in the total blood volume.
This last observation may have beneficial hemody-
namic implications in terms of the chronic circulatory
overload, and in particular right ventricular func-
tion, an important determinant of prognosis in these
patients.20,23 On the other hand, further reductions
of preload could be dangerous in patients with mar-
ginal right ventricular function. Last, we attempted

to establish a direct relationship between total blood
volume and the body weight using regression models
based on direct measurements.

It is difficult to determine the accuracy of the
radioisotopic method for measurement of circulating
volumes, since there are no simple gold standards for
comparison. Rosove et al.16 showed that volumes
remained constant when comparing subjects with
compensated and decompensated erythrocytosis. The
values reported in their study of patients with cyan-
otic congenital heart disease, and those observed in
our patients with Eisenmenger syndrome, are almost
identical.

A question could be raised of why the differences
between estimated and measured volumes were sig-
nificant in our patients with pulmonary hypertension,
but not in their controls? One possible explanation is
an underestimation of differences in the control group,
due to the small number of subjects included. Alterna-
tively, our patients, in contrast to normals, may have
the percentage of body weight that corresponds to
circulating volumes higher than 8% due to simul-
taneous increase in red cell mass and plasma volume.
This would make the difference between expected
and measured values more impressive. Our study has
suggested differences between the patients with pul-
monary hypetension and their controls regarding the
relationship of total blood volume with body weight.

In some clinical conditions, as is the case in chronic
obstructive pulmonary disease, hemodilution for
improvement of erythrocytosis may be carried out
using a fixed and arbitrary pre-established volume
for withdrawal volume, such as 300 to 500 ml.5,8,12

The safety of the procedure in patients with cardiac
dysfunction, however, may depend upon accurate
information as to how much the exchange volume
truly represents relative to the total blood volume of
the patient. Such information could be helpful in
avoiding undesirable acute changes in the hemody-
namic status in these subjects with chronic circula-
tory overload.5,10,23

In the majority of clinical protocols for isovolu-
metric hemodilution, the calculation of the exchange
volume is based on mathematical models in which
an estimated value for total blood volume is included
in the formula.24–26 The estimation of total blood
volume based on anthropometric data may provide
useful results,27–30 in subjects for whom significant
changes in the ratio of red cell mass to plasma volume
are not expected. As demonstrated in our patients,
however, and in contrast to our controls, the values
may differ importantly from those obtained by direct
measurements in clinical conditions associated with
erythrocytosis and congestion. This might argue in
favor of direct measurement of red cell mass and
plasma volume in subjects with secondary pulmonary
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Figure 3.
The effects of therapeutic hemodilution on blood volumes in the 12
patients with secondary pulmonary hypertension associated with
erythrocytosis and symptoms related to hyperviscosity. The decreases
in red cell mass and total blood volume were significant
(p � 0.0462 and p � 0.0201 respectively). Open bars: baseline
condition; closed bars: post-hemodilutional condition.
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hypertension associated with erythrocytosis if an ade-
quate assessment of the overall circulatory overload is
in order for proper planning of hemodilution.

Further discussion could be raised as to whether
measurement of one component, red cell mass or
plasma volume, with estimation of the other using the
hematocrit, provides accurate information regarding
total blood volume in these patients. The rationale
for such estimation is based on the assumption of 
a close relationship between the venous hematocrit
and the whole body hematocrit. Although prelimi-
nary observations have suggested a close relationship
between these two variables,31 with a ratio of 0.91
between them, more recent reports have demon-
strated that the ratio can vary between 0.85 and 0.95
in normals, and can exceed this range in pathological
conditions.32 It seems inappropriate, therefore, to
estimate plasma volume from red cell mass, with
significant discrepancies being observed in one-third
of patients.33 Thus, independent measurements of
plasma volume and red cell mass are necessary for
adequate assessment of total blood volume in patho-
logical conditions.

A limitation of our study was that hemodynamic
data were not available at the time of the determina-
tions of blood volume, since most patients had been
catheterized previously. Thus, we did not attempt to
correlate hemodynamics with circulating blood vol-
umes. It has been demonstrated, nonetheless, that an
important component of pulmonary vascular resist-
ance in erythrocytosis is the increased relative viscosity
of blood at high hematocrits.9 In our patients, this
could represent a third component of increased pul-
monary vascular resistance besides arterial remodel-
ing and vasoconstriction. In spite of not having the
levels of pulmonary flow and resistance for correla-
tion with circulating volumes, we speculate that a
decrease in resistance might have occurred based on
the significant reduction of red cell mass, and con-
ceivably blood viscosity, following hemodilution.

The potential benefits of hemodilution in patients
with cyanotic congenital heart disease, and particu-
larly those with the Eisenmenger syndrome, have
been extensively discussed.5,10,11,14 An amelioration
of the symptoms related to the hyperviscosity, coupled
with correction of dysfunction of coagulation and
platelets, and prevention of thrombotic episodes, have
all been reported as the major benefits of hemodilu-
tion, these benefits therefore representing the rationale
for therapeutic use of the procedure.34,35 Isovolumetric
reduction of the red cell mass increases cardiac output
and improves the systemic transport of oxygen,
decreases the systemic vascular resistance, and
improves symptoms at rest and during exercise.11,14

Nevertheless, since the circulatory effects are transient,
and repeated sessions of withdrawal of blood may lead

to hyperviscosity due to depletion of iron and micro-
cytosis, hemodilution has been indicated only for
symptomatic patients, not based upon the value of
the hematocrit itself, nor the need to achieve a given
hematocrit.12,16 In our study, hemodilution was per-
formed in symptomatic subjects, and was planned
continuously to exchange only one-tenth of the total
blood volume of the patient, using dextran of 40,000
molecular weight in the circuit. The average reduc-
tion of 10% in total blood volume measured 5 days
after, with final values approaching those observed in
controls, was associated with improvement of symp-
toms, mostly dyspnea, fatigue, headache, paresthesia
and a sensation of fullness in the chest, in all cases,
suggesting that judicious hemodilution in particular
instances may be beneficial in these patients.
Analysis of individual values of total blood volume
after hemodilution in comparison with baseline
(Table 2) showed that final volumes were different
from prediction based on hemodilution per se. Since
final volumes were measured 5 days after the proce-
dure, they were obviously influenced by other factors,
such as the state of hydration. On the other hand, the
total blood volume at 5 days was at a lower level
compared with baseline in 9 of 12 patients who were
subjected to hemodilution, thus suggesting that the
procedure was effective.

We have, therefore, demonstrated differences
between the estimated and measured blood volumes
in patients with secondary pulmonary hypertension
associated with hypoxia and erythrocytosis. If the use
of an anthropometric variable for estimation of total
blood volume is the only available alternative, our
results showed that estimation based on a specifically
constructed regression model provides higher values
compared with the general assumption of [total blood
volume � 0.08 � body weight]. We also demon-
strated that the magnitude of changes that follow a
planned hemodilutional procedure in these patients is
compatible with safety on the one hand, and improve-
ment of symptoms on the other. Further studies are
necessary to establish the correlations in these patients
between blood volumes and hemodynamic variables
and parameters of right ventricular function.
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