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Changes in atrial natriuretic peptide
concentrations during intravenous saline infusion
in hypoxic cor pulmonale

A G Stewart, P A Bardsley, S V Baudouin, J C Waterhouse, J S Thompson, A H Morice,
P Howard

Abstract
Background The pathogenesis of
oedema in hypoxic cor pulmonale is
poorly understood. One possibility is a
failure of atrial natriuretic peptide
release, leading to salt and water reten-
tion. This hypothesis was tested by
observing the response to an intravenous
saline challenge in patients with and
without cor pulmonale.
Methods Plasma atrial natriuretic
peptide concentrations were measured
before and for three hours after an
intravenous saline load (0-1 ml 2-7%
saline/kg/min for 60 minutes) in 20
patients with chronic obstructive airways
disease. Ten patients with cor pulmonale,
as judged clinically by the presence of
peripheral oedema with a previously
documented increase in the jugular ven-
ous pressure or pleural effusions during
an acute exacerbation of airway obstruc-
tion (mean (SE) age 67 (3) years, FEV,
0 73 (0-08) 1, arterial oxygen tension
(Pao2) 6-4 (0-4) kPa, and arterial carbon
dioxide tension (Paco2) 6-7 (0 3) kPa),
were compared with 10 patients with
hypoxic chronic obstructive airways dis-
ease who had never had oedema (mean
age 63 (1) years, FEV, 1-07 (0-09) 1, Pao2
8-6 (0-4) kPa, and PacO2 53 (0-2) kPa). All
patients were studied fasting and after
diuretics had been stopped for three
days. No supplemental oxygen was given.
Results The mean four hourly urine
sodium excretion was less in the patients
who had oedema (27 (4-6) mmol, 13% of
the intravenous load) than in those
without oedema (82 (15 5) mmol, 43% of
the load). Initial mean plasma atrial
natriuretic peptide values were sig-
nificantly higher in the patients with cor
pulmonale (19 1 (1-6) compared with 10-2
(0-7) pmolIl) and the mean peak rise in
atrial natriuretic peptide after the
intravenous saline load had been given
was 13 (8-0) pmol/l in the patients with
cor pulmonale and 5 5 (2 3) pmol/l in the
controls. There were no significant
differences in plasma and urinary
osmolality, blood pressure, or creatinine
clearance between the groups.
Conclusion Patients with chronic
obstructive airways disease and cor
pulmonale have an impaired ability to
excrete a hypertonic intravenous saline
load despite a normal physiological

release of plasma atrial natriuretic
peptide.

Atrial natriuretic peptide, a 28 amino acid
hormone, is formed and stored in atrial
myocytes and secreted predominantly into the
right atrium in response to atrial stretch, as
may occur with volume overload' or tricuspid
regurgitation.2 Although plasma atrial
natriuretic peptide concentrations are raised
in chronic obstructive airways disease, the
concentrations correlate poorly with pulmon-
ary artery pressure.3 Atrial natriuretic peptide
has potent natriuretic and diuretic actions and
helps to regulate fluid balance.4

Patients with hypoxic chronic obstructive
airways disease who develop oedema have a
poor prognosis, 70% dying within five years.5
Cardiac output is usually normal or in-
creased,6 renal blood flow is reduced,7 and
excretion of water and salt loads is impaired.8
This defect in salt and water handling corre-
lates strongly with the degree of hypercapnia;
patients who are hypoxaemic but normo-
capnic are able to handle a salt and water load
fairly normally.8

Abnormalities in antidiuretic hormone
secretion and activation of the renin-aldo-
sterone system have been found in patients
with chronic obstructive airways disease and
hypercapnia. Investigations by Farber et al8
sugggest that the ability to handle a salt load
diminishes with the development of hypercap-
nia as a result of a reduction in renal blood
flow. The onset of oedema is associated with
stimulation of the renin-angiotensin-aldo-
sterone axis and the antidiuretic hormone sys-
tem. A raised aldosterone concentration may
contribute to sodium retention and the
increase in antidiuretic hormone to hypo-
natraemia. These changes could be due to a
further reduction in renal blood flow in cor
pulmonale rather than being a cause of the
oedema.

Atrial natriuretic peptide has been
reported to lower antidiuretic hormone levels9
and to antagonise the renin-angiotensin-
aldosterone system,'0 reducing renin and
aldosterone secretion and acting as a func-
tional antagonist to aldosterone and angioten-
sin II. Although these actions do not play a
part in acute natriuresis they may be impor-
tant in the long term control of sodium
balance.

In normal individuals acute volume expan-
sion increases plasma atrial natriuretic peptide
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concentrations and causes natriuresis.'"
To investigate whether a failure of atrial
natriuretic peptide secretion or a lack of res-
ponse to circulating atrial natriuretic peptide
could underlie the fluid and sodium retention
in patients with cor pulmonale, we compared
basal concentrations of atrial natriuretic pep-
tide and its response to an infusion of 2-7%
saline in patients with cor pulmonale and in
patients with hypoxaemic chronic obstructive
airways disease but no current or previous
evidence of fluid retention or right heart
failure.

Methods
PATIENTS
Ten patients with stable cor pulmonale (as
judged clinically by the presence of peripheral
oedema and a previously documented rise in
the jugular venous pressure or pleural effusions
or both) and 10 patients with hypoxaemic
chronic obstructive airways disease with no
previous or current history of oedema were
chosen from patients attending the chest clinic.
Patients with known heart disease, liver
disease, renal disease, hormone disorder, or
diabetes mellitus were excluded. Subjects ate a
conventional diet and fasted overnight.
Diuretics were stopped for three days before
the study. The study was approved by the
Ethical Committee of the Sheffield Health
Authority. All patients gave consent freely after
the aims and requirements of the study had
been explained.

MEASUREMENTS AND SAMPLES
The patients were brought by taxi to the
laboratory at 09 00 hours and weighed. Spiro-
metry (Vitalograph Compact) was performed
and the patients then emptied their bladders,
the urine being collected for measurement of
osmolality and electrolytes. Blood pressure
(sphygmomanometer), pulse rate, and arterial
oxygen saturation (pulse oximeter, Ohmeda
Biox 3700) were recorded. Patients remained
seated throughout the salt load test.
Blood for determining urea and electrolyte

concentrations (Technicon SMAC analyser)
and osmolality (Advance osmometer 2WII)
were collected into serum tubes and plasma
for assay of atrial natriuretic peptide into
tubes containing ethylenediaminetetra-acetate
(EDTA). The EDTA tubes were centrifuged
immnediately and the plasma was removed and
frozen at - 20'C until it was assayed. Samples
were taken 30 minutes before and at the time of
the saline infusion (time zero) and 60, 120, 180,
and 240 minutes afterwards. At time zero the
subjects received 6 ml/kg intravenous 2-7%
(3N) saline (450 mmol/l) over 60 minutes (that
is 0-1 ml/kg/min). Blood pressure and arterial
oxygen saturation were recorded at each time
point. After four hours arterial blood gases
were measured. The patients emptied their
bladders, urine volume was noted, and the
urinary excretion of sodium and creatinine and
osmolality were measured.

CALCULATION OF CREATININE CLEARANCE
Creatinine clearance was calculated over the

4-5 hours of the test and used as a measure of
the glomerular filtration rate. Filtered sodium
(mmol/min) was calculated by multiplying the
glomerular filtration rate by the plasma sodium
concentration. Fractional sodium reabsorption
was calculated by dividing excreted sodium
(mmol/min) by the filtered sodium and sub-
tracting from 1, the fraction being expressed as
a percentage. Free water clearance was cal-
culated from the average of the plasma
osmolalities during the test (Posm) and the end
urine osmolality (Uosm) and the minute urine
volume (Uv) by means of the formula

Free water clearance =
Uv - (Uosm x Uv/Posm).

The negative value is the renal reabsorption
of water in ml/minute.

ATRIAL NATRIURETIC PEPTIDE ASSAY
Initial extraction of plasma atrial natriuretic
peptide was carried out with Sep-Pak C18
cartridges (Waters Associates). One millilitre
of plasma acidified with trifluoroacetic acid
(0-1%) was applied to a primed cartridge,
washed with 5 ml 0 15 trifluoroacetic acid,
and eluted with 2-5 ml of 60% acetonitrile.
Samples were vacuum dried and then recon-
stituted with 1 ml of assay buffer (consisting
of 40 mM disodium hydrogen o-phosphate,
70 mM sodium dihydrogen o-phosphate,
7 mM sodium azide, 5 mM ethylenediamine-
tetra-acetate, and 0 5% bovine serum albumin
with the pH adjusted to 7 4). Aliquots of
100 ml were assayed in duplicate. Assay
incubations consisted of 100 jMl atrial
natriuretic peptide labelled with iodine-125
(4000-6000 cpm/100 pi), 100 pl sheep poly-
clonal anti-atrial natriuretic peptide antibody,
200 Ml assay buffer, and 100 pl buffer containing
atrial natriuretic peptide standards or plasma
extracts. Samples were incubated for four to
five days at 4°C. Separation of the bound and
free fractions was achieved by adding 100 p1
2% IgG in assay buffer and 1 ml polyethylene
glycol (MW 6000) to each tube followed by
centrifugation at 3500 rev/min for 45 minutes.
About 60% of the label was bound in the

absence ofthe unlabelled peptide and 5-10% in
the absence of antibody. The intra-assay co-
efficient of variation was 8-5% and the 95%
confidence detection limit was 2-5 pmol/l of
plasma.

ANALYSIS
Means and standard errors ofthe mean (SE) are
given for group data. Groups are compared by
a two sample (unpaired) t test. Values of p
below 0-05 are considered significant.

Results
Details of the patients are shown in table 1. All
the patients with cor pulmonale were receiving
long term oxygen therapy. None of the control
group was having long term oxygen therapy,
though two patients had intermittent oxygen.
With the exception of prior diuretics, the
pharmacological treatment was similar in the
two groups. Two of the "non-oedematous"
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patients were taking diuretics; one had a diag-
nosis of hypertension and the other had had
them prescribed by his general practitioner for
breathlessness (without evidence offluid reten-
tion).
The 10 patients (two female) with cor pul-

monale had a similar mean (SE) age (67 (3)
years) and weight (81-7 (6-2 kg) as the 10
patients (three female) without cor pulmonale

(age 63 (1) years and weight 66-7 4-4 kg); but
the patients with cor pulmonale had a lower
FEV1 (0-73 (0-08) v 1-07 (0-09) 1; p < 0-05) and
arterial oxygen tension (6-4 (0-4) v 8-6
(0-4) kPa; p < 0-01), and a higher arterial
carbon dioxide tension (6-7 (0-3) v 5-3
(0-2) kPa; p <0-01).

Baseline serum sodium concentrations were

similar in the two groups. The baseline urinary

Table 1 Details of the patients

Patient Age Weight Diuretics* FEV, FVC Pao2 Paco2
No (Y) (kg) (daily) (1) (1) (kPa) (kPa)

COR PULMONALE GROUP
1 68 67-5 Moduretic 2 0-78 1-46 5-3 5-7
2 67 78-8 Burinex K 1 0-46 2-15 6-9 6-1
3 47 68-8 None 0-50 2 09 5-3 7-8
4 78 95-5 Frumil3 0-71 1-14 8-7 6-0
5 55 122-0 Frumil2 1-27 3 40 6-4 7-8
6 76 66-0 Frusemide 40 mg 0-51 1-18 6-3 6-6
7 76 68-0 Frumil2 0-63 1-15 7-0 6-7
8 71 93-0 Frumil2 0-76 1-96 5-1 8-0
9 66 101-0 Burinex K 1 1-04 2-79 7-4 6-5
10 64 55-7 None 0 60 2 16 5-4 6-0
Mean 66-8 81-7 0-73 1-95 6-4 6-7
SE 3-1 6-2 0-08 0-22 0-4 0-3

CONTROL GROUP
1 63 67-5 BurinexK 1 1-07 2-66 10-1 4-8
2 63 75-0 Bendrofluazide 5 mg 0-77 1-68 9.1 4-1
3 61 51-5 None 1-07 3-14 8-3 5-4
4 58 77-0 None 1-48 3-32 9-8 4-8
5 66 66-0 None 0-74 2-87 8-3 5-4
6 68 62-0 None 0-74 1-56 7-5 5 9
7 69 74-0 None 1-53 4-32 11-0 4-8
8 62 92-9 None 0-80 1-70 7-4 6-3
9 68 40-0 None 1-07 2-92 6-5 5-8
10 55 61-5 None 1-40 3 30 8-2 5-4

Mean 63-3 66-7 1-07* 2-75* 8-6** 5-3**
SE 1-4 4-4 009 0-26 04 02

*Frumil: frusemide 40 mg and amiloride 5 mg; Burinex K: bumetanide 0-5 mg and potassium 7-7 mmol; Moduretic: amiloride 5 mg and
hydrochlorothiazide 50 mg.
Significance in comparison with the cor pulmonale group: * p < 0 05, ** p < 0-01 (unpaired t test).

Table 2 Baseline plasma and urinary sodium concentrations and urine volumes and sodium excretion during the test with calculatedfractional
sodium reabsorption,free water clearance, andfour and half hour creatinine clearance

Fractional
Plasma Urinary Urine Sodium Filtered sodium Free water Creatinine
[sodium] [sodium] volume excreted % load sodium reabsorbed clearance clearance
(mmol/l) (mmol/l) (ml) (mmol) excreted (mmol/min) (%) (ml/min) (ml/min)

COR PULMONALE GROUP
1 137 49 230 16 9 10-7 99-3 -1 0 78
2 141 176 250 52 26 17-8 99-0 -1-5 124
3 138 48 200 39 18 16-6 99-2 -0-9 120
4 137 56 285 12 5 6-7 99-4 -0-5 49
5 139 15 150 13 4 14-0 99.7 -0-6 101
6 137 56 250 46 25 10 1 98-5 -1-3 74
7 140 27 240 13 7 9-2 99-5 -0 9 66
8 144 57 180 18 7 6-1 99-0 -0-5 42
9 147 107 260 40 15 15-3 99-1 -1-5 104
10 137 70 150 21 14 10-1 99-3 -0-6 74

Mean 140 66-1 219-5 27-0 13-0 11-7 99-2 -0-9 83-2
SE 1.1 13-7 14-1 4-6 2-4 1-2 0-1 0-1 8-4

CONTROL GROUP
1 138 121 300 70 38 13-3 98-2 -1-5 96
2 138 226 650 201 97 16-3 95.9 -3-1 118
3 138 112 150 35 24 9*7 98-8 -0 9 70
4 139 123 425 88 41 13-1 97-8 -1-8 94
5 142 70 250 44 24 11 9 98-7 -0 9 84
6 137 70 450 86 51 16-4 98-3 -1-5 120
7 140 134 420 92 45 10 9 97-2 -1-7 78
8 142 144 550 128 51 11-2 96-2 -1-2 79
9 140 117 300 36 33 7-7 98-4 -0-9 55
10 143 96 220 40 25 13-7 99-0 -1-4 96
Mean 140 121-3** 371-5* 82-0** 42-9** 12-4 97-9* -1-5* 89-0
SE 0-6 14-8 46-7 15-5 6-5 1-3 0-3 0-2 6-1

Significance in comparison with the cor pulmonale group: * p < 0-05, ** p < 0-01 (unpaired t test).
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sodium concentration was lower in the group
with cor pulmonale than in the group without
(p < 0-01) (table 2). The mean (SE) four hourly
urine sodium excretion was 27 (4-6) mmol in
the cor pulmonale group (13% of the load) and
82 (15-5) mmol in the patient without cor
pulmonale (43% ofthe load); this difference was
significant (p < 0-01). The volume of urine
produced during the test was 220 (14) ml in the
cor pulmonale group and 372 (47) ml in the
control group (p < 0-05). The four and a half
hour creatinine clearance was similar in the two
groups (83-2 (8 4) v 89 (6-1) ml/min. Although
filtered sodium was similar in the two groups,
fractional sodium reabsorption was greater in
the group with cor pulmonale (99-2% (0 1%) v
97-9% (0-3%) in the control group (p < 0 05)).
More water was reabsorbed in the kidneys of

Plasma ANP
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Figure I Plasma atrial natriuretic peptide concentrations in pmol/l before, during, and
for three hours after a 2-7% saline infusion (6 ml/kg over one hour) in 10 patients with
cor pulmonale (-0-) and 10 control patients (-O-). The normal range is up to
12 pmol/l.
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Figure 2 Plasma osmolality before, during, andfor three hours after a 2-7% saline
infusion (6 mlfkg over one hour) in 10 patients with pulmonale (-0-) and 10 control
patients (-O-).

the patients without cor pulmonale (p < 0 05),
as indicated by the more negative free water
clearance.
At time zero mean plasma atrial natriuretic

peptide values were higher in the patients with
cor pulmonale (19- 1 (1-6) pmol/l) than in those
without (10-2 (0.7) pmol/l; p < 0-01). The
mean peak rise in atrial natriuretic peptide was
13 (8 0) pmol/l in those with cor pulmonale and
5-5 (2 3) pmol/l in the others (p < 0 05). Atrial
natriuretic peptide concentrations during the
study are shown in figure 1.
There were no significant differences in

plasma or urinary osmolality, serum sodium
concentration, or blood pressure between the
groups at any time in the study. The serum
sodium concentration returned to baseline
values by the end of the study. Figure 2 shows
the plasma osmolality responses.

Discussion
Our study shows that patients with chronic
obstructive airways disease and cor pulmonale
have raised plasma atrial natriuretic peptide
concentrations whereas hypoxaemic patients
without cor pulmonale have atrial natriuretic
peptide concentrations at the upper limit of the
normal range (12 pmol/l for our assay). A
previous study found atrial natriuretic peptide
concentrations in patients with chronic ob-
structive airways disease similar to those found
in this study but no correlation between plasma
atrial natriuretic peptide concentration and
haemodynamic variables.3 Our dynamic stress
test, a more sensitive method of detecting
abnormalities in hormone release than random
sampling, showed a difference in response
between oedematous and non-oedematous
patients.
By comparison with patients with chronic

obstructive airways disease who had no history
of cor pulmonale those with cor pulmonale had
an impaired ability to handle a salt load, despite
raised concentrations of plasma atrial natri-
uretic peptide and an appropriate atrial
natriuretic peptide response to the stress of
hypertonic saline infusion. These data suggest
that atrial natriuretic peptide release is appro-
priate in cor pulmonale but that the renal
response to plasma atrial natriuretic peptide is
impaired.
The rise in plasma atrial natriuretic peptide

in response to a saline load in our patients with
chronic obstructive airways disease who did
not have cor pulmonale was relatively nor-
mal,"' whereas that in the group with cor
pulmonale appeared to be exaggerated.
Urine volume and sodium excretion, frac-

tional sodium reabsorption, and free water
clearance in our non-oedematous patients'were
similar to the findings in the control patients
studied by Farber et al, who gave a similar
saline infusion. Our cor pulmonale group was
similar to their group with respiratory
failure8"2"' in having both hypercapnia and
oedema. Sodium and water excretion and the
abnormalities in sodium reabsorption and free
water clearance were similar in all the studies.
Their results and ours could be explained by an

v
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increased sodium reabsorption in the proximal
tubule, which limits the volume of urine
delivered to the more distal segments, where
free water is generated for excretion. A similar
mechanism may account for sodium and water
retention in ascites due to cirrhosis"4 and in
congestive cardiac failure.'5 Although diuretic
induced sodium depletion reduces excretion of
a water load by the same mechanism,'4 diuretic
usage is unlikely to account for our results as no
patients were sodium deficient, diuretics were
stopped for three days before the study, and the
test used a hypertonic saline rather than water
load.
The lower baseline urinary sodium excretion

in the group with cor pulmonale could be due
to the disease or to diuretic withdrawal. Al-
though we cannot exclude the latter, we believe
the former explanation is correct for several
reasons. Firstly, similar results were seen in the
study by Farber et al in patients who were not
taking diurectics.8 Secondly, the two patients
with cor pulmonale who were not currently
taking diurectics also had a low baseline urinary
sodium excretion. The two patients without
cor pulmonale who were taking diurectics
(withdrawn for three days as in the cor pulmon-
ale group) had higher rather than lower urinary
sodium concentrations than the other patients
in their group. Thirdly, the impairment of
sodium excretion was not related to the dose of
diuretics.
The use of diuretics for treating cor pulmon-

ale provides a methodological problem that is
difficult to avoid in this type of study. Long
term withdrawal of diuretics may lead to clini-
cal deterioration and is not ethical. We stopped
diuretics for three days as this is acceptable to
patients and has not led to clinical deterioration
in this or previous studies. Prior diuretic usage
does not invalidate our finding that a failure of
atrial natriuretic peptide release is not the cause
of sodium and water retention in cor pulmon-
ale.
Our patients were clinically stable, so poss-

ibly a failure in atrial natriuretic peptide release
could occur during acute respiratory decom-
pensation. This is unlikely as all our patients
with cor pulmonale had oedema and a raised
concentration of atrial natriuretic peptide. The
increase in pulmonary artery pressure during
an acute exacerbation would tend to increase
rather than decrease atrial natriuretic peptide
secretion.'
Other hormonal abnormalities have been

described in cor pulmonale,8 including
increased concentrations of aldosterone and
increased plasma renin activity, which are
suppressed appropriately during a hypertonic
saline load. Concentrations of antidiuretic hor-
mone are high in relation to plasma osmolality,
though they rise as expected during a saline
infusion. In cor pulmonale hormonal mechan-
isms appear to be activated in an attempt to
maintain homeostasis in the face of a renal
impairment of sodium handling.
Although the glomerular filtration rate may

be reduced in cor pulmonale,'6 the reduction is
insufficient to account for the degree of salt and
water retention;'7 and the glomerular filtration

rate does not correlate with the impaired ability
to excrete a salt and water load.8"819 Other
studies have shown a relatively normal
glomerular filtration rate in cor pulmonale'820
and a low effective renal plasma flow.7 18 20 The
resultant increase in filtration fraction will
increase sodium reabsorption, as will hyper-
capnic acidosis due to the increased H+ secre-
tion.
The complex natriuretic effects of atrial

natriuretic peptide are not fully determined. In
saline loaded rats pretreatment with a mono-
clonal antibody to atrial natriuretic peptide
abolishes the natriuresis.2' Atrial natriuretic
peptide infusion in normal man increases the
plasma atrial natriuretic peptide concentration
and produces a long lasting natriuresis. The
concentrations of atrial natriuretic peptide seen
during such infusions are associated with an
increase in glomerular filtration rate and a
decrease in effective renal plasma flow.22
Natriuresis may occur in response to altered
intrarenal haemodynamics,23 leading to
medullary washout.24 In cor pulmonale, where
the effective renal plasma flow is low, a further
reduction would tend to exacerbate sodium
retention. Although atrial natriuretic peptide
increases lithium clearance,25 the lack of atrial
natriuretic peptide receptors in the proximal
tubule makes it unlikely that atrial natriuretic
peptide has a direct action at this site. Initial
claims that it antagonised the effects of angio-
tensin II on the proximal tubule26 have not
been confirmed.27
The blunted natriuretic response to atrial

natriuretic peptide infusion in oedematous
animal models ofheart failure, cirrhotic ascites,
and the nephrotic syndrome is fully restored by
prior renal denervation. Augmented renal sym-
pathetic tone may decrease the effect of atrial
natriuretic peptide by increasing the proximal
renal tubular sodium reabsorption.' The effect
of atrial natriuretic peptide may also be dim-
inished by a reduction in renal perfusion
pressure.29 Further investigation is needed to
determine whether these or other mechanisms
are responsible for the reduced renal response
to atrial natriuretic peptide in cor pulmonale.

In conclusion, patients with cor pulmonale
have an impaired ability to excrete a hypertonic
saline load despite raised basal concentrations
of atrial natriuretic peptide and a normal
physiological release of atrial natriuretic pep-
tide in response to saline loading. Defective
atrial natriuretic peptide release is not a cause
of oedema in hypoxaemic cor pulmonale.
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go to our diagnostic nursing team, particularly Mrs Margaret
Ashley and Mrs Margaret Dugas, and to the staff in the
respiratory function laboratory. The biochemical results were
measured by Dr R Forrest in the clinical chemistry department
at the Royal Hallamshire Hospital.
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