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Abstract
To investigate the physiological role of atrial natriuretic factor
(ANF) in patients with hypoxic pulmonary hypertension sec-
ondary to chronic obstructive lung disease (COLD), we infused
synthetic a-human ANF in seven such patients, and investi-
gated the physiological correlates to circulating peptide levels
in 24 patients with COLD.

ANF infusion, at incremental rates of 0.01, 0.03, and 0.1
Mg/kg . min, increased basal plasma immunoreactive (ir) ANF
(136±38 pg/ml) by 3-, 10-, and 26-fold, respectively, and re-
duced pulmonary artery pressure (from 33±3 to 25±2 mmHg,
P < 0.001) and systemic arterial pressure (from 88±4 to 79±4
mmHg, P < 0.001) in a dose-related fashion. Cardiac index
increased by 13.5% (P < 0.01) while heart rate was unchanged.
Cardiac filling pressures decreased at 0.1 Mg/kg min ANF.
Pulmonary and systemic vascular resistance fell by 37% (P <
0.001) and 19%(P < 0.001), respectively. Arterial oxygenation
was impaired during ANFinfusion, suggesting partial reversal
of hypoxic pulmonary vasoconstriction. Plasma renin activity
remained unchanged but aldosterone fell by 44% (P < 0.01).

The levels of plasma irANF in 24 patients correlated di-
rectly with the degree of hemoconcentration (r = 0.67, P
< 0.001), respiratory acidosis (r = -0.65, P < 0.001), and
pulmonary hypertension (r = 0.52, P < 0.01). The results sug-
gest that ANF may serve as a potent pulmonary vasodilator
involved in the circulatory homeostasis of patients with
COLD.

Introduction
Atrial natriuretic factor (ANF)' is a peptide released from the
cardiac atria that exhibits potent diuretic, natriuretic, and va-
soactive properties ( 1-4). The predominant stimulus that trig-
gers ANFsecretion from atrial myocytes is direct atrial stretch
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1. Abbreviations used in this paper: ANF, atrial natriuretic factor; CI,
cardiac index; COLD, chronic obstructive lung disease; HR, heart rate;
FEV,, forced expiratory volume in 1 s; FVC, forced vital capacity; ir,
immunoreactive; PPA, pulmonary arterial pressure; PPAW, pulmo-
nary arterial wedge pressure; PRA, right atrial pressure; PSA, systemic
arterial pressure; PVR, pulmonary vascular resistance; SVR, systemic
vascular resistance.

(5). In humans, evidence has been provided that volume over-
loading or other maneuvers that acutely increase atrial stretch
provoke increase in ANFsecretion (6-8), suggesting that ANF
contributes to the renal responses to central blood volume
expansion.

With the subsequent synthesis of ANF, in-depth investiga-
tion of the renal and vascular actions of the peptide in humans
has become possible. Intravenous administration of ANF in
normal subjects causes marked diuresis and natriuresis (9-14),
mild hypotension (12, 14), and a decrease of plasma renin and
aldosterone concentrations (9, 12). In patients with congestive
heart failure, whose plasma levels of immunoreactive ANFare
elevated (9, 15, 16), exogenous ANFinfusion improves cardiac
performance by inducing peripheral vasodilation (9, 17), sug-
gesting a cardiovascular action of the peptide.

Patients with chronic pulmonary artery hypertension also
have high levels of circulating ANFthat appear related to their
increased pulmonary artery pressure and resistance (18). The
physiological significance of this observation however, cannot
be defined unless the effects of ANFon the human pulmonary
vasculature are characterized. Experimental data suggest that
ANFcan exert pulmonary vasodilating activity. Specific bind-
ing sites for ANFhave been demonstrated in the lung (19, 20)
and extraction of circulating ANF occurs during its passage
across the lung (21). Moreover, ANF induces relaxation of
pulmonary arteries from various animal species, an effect that
may result from intracellular cyclic GMPproduction (22, 23).
Consistent with these observations, recent experimental data
in dogs and pigs show that ANF infusion induces pulmonary
vasodilation in the setting of acute hypoxic pulmonary hyper-
tension (24, 25).

These findings led us to the hypothesis that ANF could
serve as an endogenous pulmonary vasodilator in humans,
particularly in disease states. To assess this potential role of
ANF, we investigated patients with chronic obstructive lung
disease (COLD) because chronic hypoxic vasoconstriction is
considered the primary cause of pulmonary hypertension in
this disease.

We first examined the consequences of synthetic human
ANF infusion on hemodynamics, gas exchange, ventilation,
and plasma levels of renin activity and aldosterone in seven
patients with severe COLDand pulmonary hypertension. To
further investigate the physiologic determinants of ANFsecre-
tion in this disease, we measured plasma ANFconcentrations
in a larger series of patients with COLDof varying severity.

Methods

Study population. The study group consisted of 24 patients with ad-
vanced COLD. There were 22 men and 2 women ranging in age from
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37 to 79 yr. The diagnosis of COLDwas established from a previous
history of chronic bronchitis and evidence of chronic airflow limitation
on standard pulmonary function tests, with a forced expiratory volume
in 1 s (FEV1 ) less than 60% predicted and a ratio of FEVI to forced vital
capacity (FEV1/FVC) < 50%. All patients experienced dyspnea on
exertion but they were in a stable phase of their disease. The absence of
electrocardiographic abnormalities suggesting ischemic left heart dis-
ease and the absence of echocardiographic left ventricular dysfunction
were verified in each patient before the study. Several patients had a
previous history of right heart failure but none had peripheral edema at
the time of the study. Patients were continued on their maintenance
therapy with oral and inhaled bronchodilators but no drug was taken
during the immediate period preceding measurements. None of these
patients received steroids. Three patients were being chronically
treated with supplemental oxygen which was maintained during the
study period. The protocol was approved by the Ethical Committee of
our institution and informed consent was obtained from each patient
before the study.

In these 24 patients, the following measurements were performed
in the morning, after the patients had been supine and fasting over-
night.

Hemodynamic measurements. In preparation for the study, an ar-
terial line was inserted percutaneously into a radial artery and a Swan-
Ganz pulmonary artery catheter (Edwards Laboratories, Inc., Santa
Ana, CA) was inserted via the internal jugular or antecubital vein on
the evening before the study. Systemic and pulmonary artery pressures
were measured using Gould P50 pressure transducers, coupled to
pressure modules and a Gould ES 1000 multichannel recorder (Gould
Electronics, Ballainvilliers, France). All transducers were referenced to
the mid-chest level with patients in the supine, semirecumbent posi-
tion. Mean systemic (PSA) and pulmonary arterial (PPA) pressures
were obtained by electronic integration. Pulmonary arterial wedge
(PPAW) and right atrial pressure (PRA) were read at end expiration
over at least three respiratory cycles. Cardiac output was determined by
the thermal dilution method using a bedside Edwards 9520-A cardiac
output computer, and each cardiac output value was taken as the mean
of at least three determinations. Heart rate (HR) was measured from a
continuously recorded electrocardiogram lead. Derived hemodynamic
variables were calculated according to standard formulas: cardiac
index (CI) = cardiac output/body surface area (liter/m2); systemic
vascular resistance index (SVR) = PSA - PRA/CI (mmHg/
liter. min * m2); pulmonary vascular resistance index (PVR) = PPA
-PPAW/CI (mmHg/liter * min 2m'); stroke volume index (SVI)
= CI/HR (ml/beat. in2).

Measurements ofgas exchange and ventilation. Simultaneous arte-
rial and mixed venous blood samples were collected in heparinized
syringes for determination of blood gas tensions and pH (ABL 30;
Radiometer, Copenhagen, Denmark). Total hemoglobin and hemo-
globin oxygen saturation were measured by spectrophotometry, using
an OSM2 hemoximeter (Radiometer). Venous admixture (percentage
of total blood flow) was calculated with the equation of Berggreen as
capillary 02 content minus arterial 02 content/capillary 02 content
minus mixed venous 02 content. Systemic oxygen transport was ob-
tained from the product of cardiac index and arterial oxygen content,
and reported in milliliters of 02 per minute.

Hormonal determinations. Hormonal measurements were per-
formed on blood collected from the pulmonary artery. Samples were
drawn on chilled EDTAtubes and centrifuged within 15 min. Plasma
samples were stored at -30'C until they were processed.

PRAwas indirectly determined by the generation of angiotensin I
(angiotensin I radioimmunoassay kit; SB-Ren.2 Oris, Gif sur Yvette,
France) and expressed as nanograms per milliliter per hour. The deter-
mination of plasma aldosterone was obtained using a radioimmuno-
assay kit (SB-Aldo; 2 Oris), and expressed as picograms per milliliter.

Plasma levels of immunoreactive (ir) ANF were measured from
blood collected on EDTAtubes containing aprotinin (1,000 KIU/ml).
The RIA used in this study has been previously described (18). The
antibody was kindly provided by Dr. Cantin (Clinical Research Insti-

tute of Montreal, Canada). Produced against the human 28 amino-
acids COOH-terminal peptide coupled to thyroglobulin, the antibody
does not cross-react with nonrelated peptides such as vasopressin, ox-
ytocin, ACTH, ANGI, ANGII, neurotensin, substance P, VIP, #l-en-
dorphin and Met-enkephalin.

The plasma samples were extracted with octadecilyl-silica car-
tridges (Sep-pak; Waters Associates, Milford, MA) with a recovery of
60±4%. Extracts were dried and then reconstituted in assay buffer, the
tracer used was the 3-['251]iodotyrosyl derivative of ANF (74 TBq/
mmol; Amersham). Synthetic human ANF, purchased from Novabio-
chem (Lafifelfingen, Switzerland) was used for the standard curves.

After 20 h of incubation at 40C, free and bound peptide were
separated by precipitation with y-globulin (0.25%) and polyethylene
glycol (PEG 4000, 25%). All plasma values were expressed in pico-
grams per milliliter and corrected for 60% recovery. The smallest value
of ANFdetected by the assay was 1.56 pg/tube and our standard curve
ranged from 1.56 to 400 pg/tube. The inter- and intraassay coefficients
of variation were 8%and 4.5%, respectively.

Normal range of plasma irANF concentrations measured in
venous blood samples from 30 subjects (ranging in age from 28 to 88
yr, mean age, 51 yr) in our laboratory averaged 53±24 pg/ml.

ANF infusion. The response to ANF infusion was studied in a
subgroup of seven consecutive patients with severe COLDwhose
characteristics are described in Table I. These patients were selected on
the basis of a mean PPA 2 25 mmHg.

Infusion of ANFwas preceded by a baseline phase of 30 min during
which two sets of measurement were performed to serve as control.
The experimental infusion phase lasted 30 min. Synthetic human ANF
previously tested for apyrogenicity was diluted in 0.9% sodium chlo-
ride and was administered during three consecutive 10-min periods at
the incremental infusion rates of 0.01 gg/kg per min, 0.03 ug/kg per
min and 0.1 ,ug/kg per min via an infusion pump (Vial-Medical,
Grenoble, France). Hemodynamic parameters were continuously
monitored. Blood samples for gasometric measurements and plasma
irANF determinations were obtained at the end of each 10 min infu-
sion period, and repeated at 15 and 30 min of the postinfusion period.
Expired gas was collected before ANF infusion and at the end of the
30-min infusion period in a Douglas bag connected to the patient via a
non-rebreathing valve. Fractional concentrations of 02 and CO2in the
expired gas were measured with an ABL 30 gasometer (Radiometer)
for determination of whole oxygen consumption (VO2) and carbon
dioxide production (VCO2). Alveolar P02 was calculated as PAO2
= [inspiratory P02 - alveolar PCO2 (F~o2 + (1 - F,02)/R)] where
alveolar PCO2is assumed equal to arterial PCO2, and R (the respira-
tory exchange ratio) is calculated as VCO2/V02. From PAO2 and
PaO2, the alveolar to arterial 02 gradient was calculated. The ratio of
physiological dead space to tidal volume (VD/ VT) was computed using
the Bohr equation (26).

Statistical analysis. All data are presented as mean±SEM. Statisti-
cal analysis for values obtained during ANFinfusion was performed by
analysis of variance for repeated measures, followed by a multiple
range test when the F value indicated significant differences among
group means. Ventilatory data were compared using a Wilcoxon test.
The relationships between plasma irANF concentration and other
measurements were first analyzed by linear regression procedure. Mul-
tiple stepwise regression analysis was performed to evaluate factors
independently related to plasma irANF concentrations (27): P < 0.05
was considered significant.

Results

Responses to ANFinfusion in seven patients
Hemodynamics. These seven patients had pulmonary artery
hypertension at rest with a mean PPA of 33±3 mmHgand
PVRof 6.2±0.8 mmHg/liter. min im2). Patient 1 was chroni-
cally treated with supplemental oxygen (1.5 liters/min), and
was subsequently investigated while receiving 25% oxygen
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Table I. Clinical and Gasometric Baseline Characteristics of Seven Patients with COLD

Supplemental
Patient no. Age Sex oxygen FVC FEV1 PaO2 PaCO2 Hb

yr liter mmHg g/l00 ml

1 79 M + 2.3 1.1 63 72 19
(73) (49)

2 54 M - 2.4 0.87 60 44 15
(66) (30)

3 66 M - 2.3 1.1 60.5 48 13.7
(70) (58)

4 71 M - 1.97 0.95 48.5 53 15.5
(64) (41)

5 56 M - 1.56 0.8 65 45.5 13
(36) (27)

6 74 M - 2.8 1.4 49 57 16
(73) (50)

7 37 F - 2.01 0.65 57 50.5 12.9
(60) (22)

Numbers in brackets are percent of predicted normal for each value. Fraction of inspiratory oxygen tension was adjusted to 25% in patient 1.

through a non-rebreathing valve connected to a Vespal gas
blender (Air Liquide; Le Plessis-Robinson, France). The six
remaining patients were breathing room air during all the
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Figure 1. Hemodynamic responses to incremental infusion rates of
ANF. Onset of ANFinfusion is indicated by time 0. Hemodynamic
variables reported at times 10, 20, and 30 min were measured at the
end of each 10-min infusion period at the incremental ANFinfusion
rates of 0.01, 0.03, and 0.1 g/kg * min. The ANFinfusion was dis-
continued at time 30.

study period. The hemodynamic responses to incremental
ANFinfusion rates are described in Fig. 1, a and b. Compared
to control values before ANF infusion, PPA decreased in a
dose-related fashion from 33±3 mmHgto 25±2 mmHg(P
< 0.001) at 0.1 ug/kg- min ANF. Systemic arterial pressure
decreased significantly at 0.1 g/kg min ANF from 88±4
mmHgto 79±4 mmHg(P < 0.001) while the heart rate re-
mained unchanged (89±4 bpm vs. 86±4 bpm, NS). CI in-
creased at any ANF infusion rate, and maximally from
3.7±0.2 liters/minm m2 to 4.2±0.2 liter/min m2 (p < 0.01) at
0.1 sg/kg. min ANF infusion. This slight increase in CI was
associated to a significant increase in stroke volume index
(from 43.8±3.3 ml/m2 to 48.2±3.6 ml/m2, P < 0.05) at the
ANFinfusion rate of 0.01 ug/kg per min. Cardiac filling pres-
sures decreased at 0.1 sg/kg- min ANF infusion; PPAWfell
from 111± mmHgto 9±1 mmHg(P < 0.05) and PRA fell
from 5.5±1 mmHgto 4.5±1 mmHg(P < 0.01). Infusion of
ANF was associated with a dose-related reduction in PVR,
from 6.2±0.8 to 3.9±0.6 mmHg/liter min. m2 (P < 0.001)
and SVR, from 22.6±1.7 to 18.2±1.6 mmHg/liter minm 2
(P < 0.001). Within 30 min of discontinuation of the ANF
infusion, CI, PSA, PPA, PVR, and SVRall returned toward
baseline control values; PRAand PPAWremained lower and
heart rate became higher than control values recorded before
ANFinfusion (93±3 vs. 86±5 bpm, P < 0.02).

Ventilation and gas exchange. The effects produced by
ANFinfusion on ventilation and gas exchange are presented in
Tables II and III. Arterial Po2 decreased gradually in response
to incremental infusion rates of ANF (from 58±2 mmHgto
53±2 mmHg,P < 0.01), while mixed venous oxygen tension
remained unchanged. At the end of the ANFinfusion period, a
significant increase of minute ventilation (VE) was measured
(from 9±0.8 liters/min to 11.1±1.5 liters/min, P < 0.05),
which appeared attributable to a slight increase in both respira-
tory rate and tidal volume. The mean baseline VD/ VT ratio for
the group was markedly high, at 52.5±3.5%, and slightly de-
creased to 48.5±3% (P < 0.02) at the end of the ANFinfusion
period. These changes were associated with a small but insig-
nificant increment in V02 and VCO2, and the r values were
not significantly changed. As a consequence of the increased
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Table 11. Gas Exchange Alterations in Response to ANFInfusion

ANF(bakgle min)

Control 0.01 0.03 0.10 Recovery

PaO2 (mmHg) 58±2 54±2.5* 53±2.5* 53±2* 56.5±3

SaO2 (%) 88.5±1.5 86.5±1.5* 87±1 86.5±1.5* 88±1.5
PaCO2(mmHg) 53±3.5 52±3 50.5±3* 49+3* 48±3$
PV02 (mmHg) 35.5±1 36±1 36.5±1 35.5±1 33±1*
SVO2(%) 66±1.5 66±1.5 68±1.7 67±2 61±1*
pH 7.38±0.01 7.39±0.01 7.40±0.01 t 7.40±0.01 t 7.39±0.01

Qva/Qt (%) 35±3 39.5±3.5 4 1±3.5* 40±3* 31±4
SOT(ml/min * m2) 631±19 691±37 679±27 726±35* 658±46
Hb(g/100 ml) 15±0.8 15.1±0.8 15.1±0.8 15.4±0.7* 15.3±0.6

Abbreviations used in this table: SaO2, arterial oxygen saturation; SVO2, mixed venous oxygen saturation; Qva/Qt, venous admixture; SOT,
systemic oxygen transport. Data at recovery were measured 30 min after cessation of ANFinfusion. Values are mean±SEM. * P < 0.05±;
t P < 0.01 with reference to control values measured before ANFinfusion.

ventilation and reduction of dead space, the arterial Pco2 de-
creased from 53±3.5 to 49±3 mmHg(P < 0.01) and arterial
pH increased slightly, from 7.38±0.01 to 7.40±0.01, P< 0.01).
The alveolar 02 tension improved during ANFinfusion from
92±5 to 99±5 mmHg(P < 0.01), while the arterial P02 was
reduced. Consequently, the alveolar to arterial pressure gra-
dient for oxygen widened in response to ANF infusion (from
35±4 to 46±4 mmHg,P < 0.01), in association with a signifi-
cant increase of venous admixture (from 35±3 to 40±3%, P
< 0.05). Despite the decrease in Pao2, arterial oxygen content
was maintained during ANF infusion (17.1±0.5 vs. 17.4±0.5
ml/100 ml, NS) because of a concomitant increase of hemo-
globin concentration (15.4±0.7 vs. 15±0.8 g/100 ml, P
< 0.05). As a result of the concomitant increase of CI, systemic
oxygen transport improved at 0.1 I g/kg * min ANF infusion
(from 631 ± 19 to 726±35 ml/min iM2, P < 0.05). Gasometric
variables returned toward control values within 30 min after
cessation of ANF infusion, except for mixed venous oxygen
tension, which decreased from 35.5±1 to 33±1 mmHg(Ta-
ble II).

Hormone levels. As the rate of ANFinfusion was increased
from 0.0I to 0.03 and to 0.1 sg/kg * min in the seven patients,
plasma irANF concentration rose from 136±38 pg/ml before
ANF infusion to 368±65 pg/ml, 1,323±234 pg/ml and

Table III. Ventilatory Response to ANFInfusion

Control ANF Significance

0.1 g/kg min

VE (liters/min) 9.0±0.8 11.1±1.5 P < 0.05
RR(breaths/min) 23±1.5 26±2 NS
VT (ml) 380±27 434±47 NS
VD/VT (%) 52.5±3.5 48.5±3 P < 0.02
V02 (ml/min m2) 153±8 178±16 NS
VCO2(ml/min m2) 118±4 134±11 NS

Abbreviations used in this table: VE, minute ventilation; RR, respira-
tory rate; VT, tidal volume, VD/VT, ratio of dead space to tidal vol-
ume; V02, oxygen consumption; VCO2, carbon dioxide production.
Values are mean±SEMand are compared with a Wilcoxon test.

3,589±798 pg/ml, respectively (Table IV). Plasma irANF con-
centrations returned to baseline control values within 30 min
of discontinuation of the infusion.

Baseline plasma renin activity was 4±2.4 ng/ml per h for
this group of patients and remained unchanged throughout the
ANF infusion period. Plasma aldosterone was 107±35 pg/ml
during baseline conditions, decreased by 43% (P < 0.05) dur-
ing ANF infusion and remained lower than control values up
to 30 min after discontinuation of ANFinfusion (Table IV).

Physiologicalfactors related to plasma irANF
concentrations
Data obtained from the 24 patients in a steady state and resting
conditions were used for the statistical analysis. Data obtained
from 11 of these patients appeared in a previous report (18).

The group showed a substantial reduction in forced vital
capacity (2.1±0.2 1; 65±3% predicted) and a reduction in FEV1
to 0.9±0.1 liter, resulting in a severely reduced FEV1/FVC
ratio of 39±3%. Most of these patients had moderate hypox-
emia- (mean Pao2 - 60 mmHg, extreme values = 49-70
mmHg). The level of carbon dioxide tension in the arterial
blood was greater than normal in all but two patients in whom
the oxygen tension was also near normal level. The hemoglo-
bin concentration was > 15.5 g/100 ml in nine patients. Pul-
monary hypertension, defined as a mean PPA > 20 mmHg
was present in all these patients and varied from mild to severe
(four patients had a PPA above 35 mmHgand five patients
had PPA values < 25 mmHg). Pulmonary vascular resistance
was increased (mean PVR = 5.5±0.4 mmHg/liter* min * M2)
but systemic vascular resistance was normal (mean SVR
= 24.5±1.5 mmHg/liter * min* im2).

The relationships of pulmonary arterial mean pressure to
other measurements were examined by linear regression anal-
ysis: PPA was positively correlated with Paco2 (r = 0.48, P
< 0.05) and negatively with pH (r = -0.47, P < 0.05) or
arterial Po2 (r = -0.51, P < 0.02); no relationship was found
between PPAand hemoglobin concentration.

Resting mean plasma irANF level was increased in these
patients with COLD(122±13 pg/ml), but individual values
varied from normal to markedly elevated level (48 to 274
pg/ml). As already reported in patients with pulmonary artery
hypertension of diverse etiology (18), plasma irANF concen-
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Table IV. Hormone Levels during ANFInfusion

ANF

Control 0.01 0.03 0.1 Recovery

pg/kg- min

ANF(pg/ml) 136±38 368±65* 1,323±234* 3,589±798* 110±36
PRA(ng/ml/h) 4±2.4 3.5±2.1 2.8±1.3 4±2.2 3.6±1.7
Aldosterone (pg/ml) 107±35 89±28 61±17* 60±16* 63±16*

Data at recovery were measured 30 min after cessation of ANF infusion.
surements.

trations varied linearly and directly with PPA (r = 0.52, P
< 0.01, Fig. 2 a) and PVR (r = 0.53, P < 0.01, Fig. 2 b). As
individual variables, Paco2 (r = 0.64, P < 0.001, Fig. 2 c), pH
(r = -0.65, P < 0.001, Fig. 2 d), and hemoglobin concentra-
tion (r = 0.67, P< 0.001, Fig. 2 e) had a higher correlation with
plasma irANF than did PPAor PVR. Multiple regression anal-
ysis indicated that hemoglobin concentration and Paco2 were
variables independently related to plasma irANF levels. They
accounted for 65%of the variance in plasma irANF and hemo-
globin was the major contributing factor (R2 = 43%). Mean
values for plasma renin activity (4.5±1.6 ng/ml . h) and
plasma aldosterone (86±13 pg/ml) were increased and also
varied widely among patients. Plasma renin activity and
plasma aldosterone did not correlate with plasma irANF or
with other physiologic variables, whereas they were related to
each other (r = 0.54, P < 0.01).

Discussion

This study demonstrates that administration of synthetic
human ANFto patients with chronic obstructive lung disease
and pulmonary hypertension caused vasodilation in both the
pulmonary and systemic circulation. Associated features in-
cluded increase of cardiac output, reduction of cardiac filling
pressures, alterations in gas exchange, increased ventilation,
evidence of hemoconcentration, and suppression of aldoste-
rone.

Study of physiological correlates of plasma irANF levels in
24 patients with COLDrevealed positive relationships be-
tween the peptide level and the degree of hemoconcentration,
respiratory acidosis, and pulmonaiy artery hypertension.

In patients with chronic pulmonary artery hypertension
from diverse etiology, the plasma concentrations of irANF
were found to be elevated in proportion to the level of pulmo-
nary artery pressure and pulmonary vascular resistance (18).
In animals exposed to chronic hypoxia and developing pulmo-
nary hypertension, increased plasma ANF levels have also
been measured in association to decreased right atrial ANF
content (28). The physiologic relevance of these findings, how-
ever, has not been clarified. Results obtained from previous
experimental studies of acute hypoxic pulmonary hyperten-
sion have documented a potent pulmonary vasodilating activ-
ity of ANF(24, 25), and suggested that endogenous ANFcould
oppose the pulmonary pressor response to hypoxia. Thus, the
enhanced release of ANF in response to an elevated pulmo-
nary artery pressure may appear as an appropriate physiologic
response that could limit the increased pressure load devel-
oped on the right ventricle during hypoxia.

Values are mean±SEM. * P < 0.05, with reference to control mea-

Patients with COLDusually develop pulmonary hyperten-
sion as a consequence of chronic hypoxic vasoconstriction
(29). The degree of pulmonary hypertension thus usually par-
allels the severity of hypoxemia in this disease (30), as also
observed in the present study. To investigate the potential ef-
fects of ANFon the human pulmonary circulation, we studied
the responses to ANFadministration at incremental infusion
rates in a subgroup of seven patients with severe COLDand
pulmonary hypertension. The onset of action of ANF was
rapid in these patients, and pulmonary artery pressure fell
within minutes after starting infusion of ANF at the lowest
rate. The subsequent decrease of both pulmonary and systemic
arterial pressures appeared dose related. The hypotensive ef-
fects of ANF observed at the highest infusion rate, however,
could partly result from a delayed response to the lowest infu-
sion rate, as previously suggested by experimental studies (31).
Cardiac index increased at any ANFinfusion rate because of a
concomitant increase in stroke volume index, while heart rate
remained unchanged. The hemodynamic response to ANF
infusion in our patients thus differs from that obtained in
normotensive and some hypertensive animal models in which
a significant reduction of blood pressure has been ascribed to a
reduction of cardiac output rather than to a peripheral vasodi-
lation (32-37). In humans, peripheral vasodilation and in-
creased cardiac output in response to ANFinfusion have been
observed in patients with congestive heart failure (9, 17) but
not in normal subjects (9). A pronounced vasodilatory effect of
ANFhas however been demonstrated in normal subjects dur-
ing infusion of the peptide into the brachial artery (38), sug-
gesting that the lack of systemic vasodilation during ANF in-
fusion in normal man may result from reflex compensatory
mechanisms to maintain blood pressure in face of the de-
creased cardiac output (9, 38).

A reduction of cardiac filling pressures probably explains
such a decrease in stroke volume and cardiac output during
ANFinfusion (32, 36, 39). In our patients, right atrial pressure
and pulmonary arterial wedge pressure decreased during 0.1
,gg/kg. min ANF infusion, but remained within physiological
range. Stroke volume index and cardiac output therefore in-
creased as a consequence of a lowering of pulmonary and
systemic vascular resistance. The maximal decrease of resis-
tance in the pulmonary vascular bed (-35%) exceeded that in
the systemic circulation (-25%), suggesting that the vasodila-
tory activity of ANFpredominated in the pulmonary circula-
tion in our patients. These results are consistent with those
previously obtained in experimental animals studied during
hypoxic pulmonary hypertension (25). The high sensitivity of
pulmonary arteries to ANF was also suggested from studies
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Figure 2. Plasma irANF
concentrations plotted
as a function of: (a)
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hemoglobin concentra-
tion in 24 patients with
COLD.

performed on isolated vascular preparations, in which the re-

laxant activity of ANF was found 10 times more potent on

pulmonary arteries than on renal arteries (23).
Because we showed in a previous study that a measurable

pulmonary vasodilating effect of ANFcould only be demon-
strated when the pulmonary vascular tone was enhanced by
hypoxia (25), it may be assumed that pulmonary vasodilation
in our patients with COLDmainly resulted from attenuation
of hypoxic pulmonary vasoconstriction. If ANTdecreases hy-

poxic pulmonary vasoconstriction, it can also be expected to
increase perfusion of poorly ventilated lung units and to
worsen hypoxemia in patients with chronic lung disease. In
our patients, ANFlowered arterial Po2 despite a concomitant
increase of minute ventilation. Alveolar to arterial oxygen gra-
dient widened and venous admixture increased, likely reflect-
ing alterations in ventilation-perfusion relationships as a con-
sequence of reversal of hypoxic pulmonary vasoconstriction.
The increased ventilation may have resulted from the decrease
in both arterial Po2 or blood pressure via some central stimula-
tory effect. A direct bronchodilating effect of ANFmay also be
implicated in this response (40). Further study will therefore be
required to clarify the mechanism of ANF-induced increased
ventilation in patients with COLD.

Despite the slight decrease in Pao2, oxygen transport was
maintained or even increased at 0.1 Itg/kg- min ANFinfusion
because of a concomitant increase in cardiac output and a
slight but significant increase in hemoglobin concentration.
An elevation of hemoglobin concentration has often been re-
ported in response to ANF infusion (1, 9, 32) and may result
from volume contraction induced by fluid loss through diure-
sis. A shift of fluid from the vascular to the extravascular space
has also been suggested as an additional mechanism to explain
this effect (9, 33, 35), and indirect evidence was recently pro-
vided in rats that ANF could decrease capillary absorption
because of increased capillary hydrostatic pressure (41).

Plasma renin activity and aldosterone levels are usually
increased in patients with COLD, especially when hypoxia and
hypercapnia are present (42, 43). In our patients, the infusion
of ANFled to a significant reduction in aldosterone levels and
to a slight but insignificant decrease in plasma renin activity.
These results are consistent with earlier experiments showing
that ANFdecreases plasma renin and aldosterone in animals
and humans (9, 32, 44) and inhibits aldosterone production in
vitro (45).

An important question raised by these findings is whether
endogenous ANFcould produce similar alterations in patients
with COLDat physiological levels. In our patients, while the
response to ANFwas of greater magnitude at the highest infu-
sion rate, significant effects already occurred at the lowest
ANF infusion rate (0.01 sg/kg per min). Baseline plasma
irANF concentration ranged from 50 to 250 pg/ml before in-
fusion and from 170 to 566 pg/ml during 0.01 g/kg- min
ANF infusion. It therefore appears that measurable effects of
ANF could be detected in some patients at plasma irANF
levels in the range observed during baseline condition in pa-
tients with more severe disease.

The demonstration that an acute change in plasma ANF
concentrations could affect pulmonary hemodynamics, gas ex-
change, ventilation, and hormonal levels in patients with
COLDled us to examine the relationships of related parame-
ters on the modulation of ANF secretion in a larger group of
patients. A significant correlation was found between plasma
irANF concentration and the degree of hemoglobin concen-
tration, respiratory acidosis, and pulmonary hypertension. No
relationship was found between plasma irANF and plasma
renin activity or aldosterone as also reported in patients with
congestive heart failure (16). Since the group of patients was
homogenous in most respects, the data are therefore of value
when considering the effects of disturbances of these physio-
logical parameters on plasma irANF levels and on their inter-
relation in COLD. The predominant stimulus affecting ANF
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secretion is direct atrial stretch (5). Since volume overloading,
or other maneuvers which acutely increase atrial stretch, in-
crease ANF secretion (6-8), it seems probable that a chronic
increase in atrial wall tension contributed to the elevation of
plasma irANF concentrations in our patients with COLD. Al-
though we did not find any relationship between plasma
irANF concentrations and right atrial pressure, or pulmonary
arterial wedge pressure, a positive correlation was found be-
tween plasma irANF and PPA or PVR, similarly to results
obtained in previous studies (18). Both pulmonary artery
pressure and red cell volume have been shown to reflect cen-
tral blood volume in patients with COLD, while no relation-
ship has been found between cardiac filling pressures and cen-
tral blood volume (46). These observations are consistent with
our findings of a correlation between plasma irANF levels and
pulmonary artery pressure or hemoglobin concentration but
not with cardiac filling pressures in such patients. These find-
ings would also suggest that polycythemia might have contrib-
uted to stimulate ANFsecretion in our patients via an increase
in both central blood volume and pulmonary artery pressure
(46, 47).

The degree of hypercapnic acidosis appeared as another
important physiological stimulus for ANFsecretion in patients
with COLD. Respiratory acidosis may influence ANF secre-
tion through several potential mechanisms: (a) respiratory aci-
dosis has been shown to potentiate the pulmonary pressor
response to hypoxia (30), which may account for the positive
correlation between Paco2 and pulmonary artery pressure
found in our patients and in other studies (30). Respiratory
acidosis could thus increase ANF secretion partly by increas-
ing vasoconstriction in the pulmonary circulation; (b) hyper-
capnia may also negatively influence sodium excretion in pa-
tients with COLD, either directly, via a renal tubular effect
(48), or indirectly, via a decreased renal blood flow mediated
by alpha adrenergic stimuli (43). These renal effects may result
in extracellular fluid volume expansion, which may in turn
increase ANF secretion; and (c) evidence was recently pro-
vided that both alpha and beta adrenergic agonists could stim-
ulate ANFsecretion (49-5 1), suggesting an involvement of the
sympathetic nervous system in the physiologic regulation of
ANF secretion. An increased sympathetic tone associated to
hypercapnia (52) may also have contributed to enhance ANF
secretion in our patients.

Current evidence suggests that the major effects of ANFare
to promote loss of fluid and electrolytes, to reduce vascular
tone, and to suppress aldosterone secretion. These combined
actions of the peptide are expected to reduce atrial stretch, and
therefore reduce the secretory stimulus to prevent additional
hormone release as a consequence of a negative feedback
mechanism. Wefound polycythemia, respiratory acidosis, and
pulmonary hypertension to closely correlate with circulating
ANF levels in patients with COLD. These physiological dis-
turbances in this disease may reflect central blood volume
overload, impaired renal excretory function, and increased
pulmonary vascular resistance. Subsequent elevation of circu-
lating ANFcould serve as a protective mechanism against such
physiological abnormalities. In addition to its diuretic, natri-
uretic and antialdosterone actions, ANF could limit the pul-
monary hypertension of patients with COLDby a direct nega-
tive influence on the pulmonary vascular tone. This latter ef-
fect may however adversely affect gas exchange because of
subsequent alterations in ventilation-perfusion relationships.

The present study thus suggests that ANF could play an
important role in the maintenance of the circulatory homeo-
stasis in patients with COLDand could limit their pulmonary
hypertension.
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