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Abnormalities of Sodium Handling and of
Cardiovascular Adaptations During High Salt

Diet in Patients With Mild Heart Failure
Massimo Volpe, MD; Cristina Tritto, MD; Nicola DeLuca, MD; Speranza Rubattu, MD;

Maria Assunta Elena Rao, MD; Fausto Lamenza, MD; Angelina Mirante, MD;
Iolanda Enea, MD; Virgilio Rendina, MD; Alessandro F. Mele, MD;

Bruno Trimarco, MD; Mario Condorelli, MD

Background. Sodium retention and hormonal activation are fundamental hallmarks in congestive heart
failure. The present study was designed to assess the ability of patients with asymptomatic to mildly
symptomatic heart failure and no signs or symptoms of congestion to excrete ingested sodium and to
identify possible early abnormalities of hormonal and hemodynamic mechanisms related to sodium
handling.
Methods and Results. The effects of a high salt diet (250 mEqlday for 6 days) on hemodynamics,

salt-regulating hormones, and renal excretory response were investigated in a balanced study in 12
untreated patients with idiopathic or ischemic dilated cardiomyopathy and mild heart failure (NYHA
class I-II, ejection fraction <50%o) (HF) and in 12 normal subjects, who had been previously maintained
a 100 mEqlday NaCl diet. In normal subjects, high salt diet was associated with significant increases of
echocardiographically measured left ventricular end-diastolic volume, ejection fraction, and stroke
volume (all P<.001) and with a reduction of total peripheral resistance (P<.001). In addition, plasma
atrial natriuretic factor (ANF) levels increased (P<.05), and plasma renin activity and aldosterone
concentrations fell (both P<.001) in normals in response to salt excess. In HF patients, both left
ventricular end-diastolic and end-systolic volumes increased in response to high salt diet, whereas ejection
fraction and stroke volume failed to increase, and total peripheral resistance did not change during high
salt diet. In addition, plasma ANF levels did not rise in HF in response to salt loading, whereas plasma
renin activity and aldosterone concentrations were as much suppressed as in normals. Although urinary
sodium excretions were not significantly different in the two groups, there was a small but systematic
reduction of daily sodium excretion in HF, which resulted in a significantly higher cumulative sodium
balance in HF than in normals during the high salt diet period (P<.001).

Conclusions. These results show a reduced ability to excrete a sodium load and early abnormalities of
cardiac and hemodynamic adaptations to salt excess in patients with mild heart failure and no signs or
symptoms of congestion. (Circulation. 1993;88[part 1J:1620-1627.)
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As cardiac performance declines in patients with
chronic congestive heart failure (HF), various
neurohormonal systems are progressively stim-

ulated1,2 in an attempt to maintain sufficient blood flow
delivery to peripheral organs. These mechanisms may,
in fact, contribute to a further progression of HF
through an increase of cardiac load and avid sodium and
water retention.3-6

Although the inability to excrete ingested sodium and
the activation of neurohormonal mechanisms are well-
characterized features of congestive HF,7-10 there is
limited knowledge regarding the influence of sodium
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intake on hemodynamic, renal, and hormonal parame-
ters in patients with mild HF. Despite the potential
importance of a definition of sodium handling in the
early or milder stages of HF, to date no balanced study
has been performed in untreated patients to assess the
hemodynamic, renal, and neurohormonal interactions
that occur when sodium intake is manipulated. In this
regard, we have recently reported that in patients with
dilated cardiomyopathy and mild HF, the cardiorenal
and hormonal responses to acute volume overload are
impaired, even when the basal circulating levels of renin
activity, aldosterone, and norepinephrine are still within
the normal range.1 These responses can be significantly
ameliorated by cardiac unloading produced with atrial
natriuretic factor (ANF),11 nitroglycerin, or angiotensin
converting enzyme inhibitor administration.12
The present study was undertaken to investigate

whether patients with mild HF are able to excrete a
sustained, moderate oral sodium load and to identify
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TABLE 1. Individual Characteristics of the Patients With Mild Heart Failure
NYHA LVEDD, LVEF, Vo2, ETD,

Patient Age/Sex Dx class mm % mL kg-' min-1 min
1 31/M 1CM 62 41 22 12.5
2 52/M CAD 56 49 18 10.2
3 58/M CAD II 66 25 14 9.5
4 47/M CAD 61 43 15 9.9

5 58/M CAD II 65 29 16 10.4

6 54/M CAD 59 44 20 13.2

7 28/M 1CM 60 48 20 12.2

8 48/M CAD 70 27 18 11.6
9 49/M 1CM 63 42 17 8.3
10 30/F 1CM II 64 37 16 8.5

11 50/F 1CM II 64 35 15 10.9
12 49/F 1CM I 62 48 16 8.4

Dx indicates diagnosis; LVEDD, echocardiographic left ventricular end-diastolic diameter; LVEF, radionuclide-assessed left ventricu-
lar ejection fraction; Vo2, peak oxygen consumption; ETD, exercise time duration; CAD, coronary artery disease; and 1CM, idiopathic
cardiomyopathy.

possible abnormalities of hemodynamic adaptations and
of salt-regulating hormones in response to increased
sodium intake in the same patients. For this purpose,
the effects of a 1-week high sodium intake were assessed
in a balanced study in untreated patients with mild HF
and no signs or symptoms of congestion and in a control
group of normal subjects.

Methods
Study Subjects and Patients
The initial study population included 14 patients with

chronic, stable, mild HF and no signs or symptoms of
congestion. The patients were recruited in the outpa-
tient clinic for treatment of cardiovascular diseases of
our institution. Thirteen normal volunteers were also
studied. All subjects gave written informed consent
before participation in this study, which was approved
by the ethical committee of this institution.
Normal status was established by history, physical

examination, and laboratory analyses, which included a
blood count, serum glucose and cholesterol concentra-
tions, indexes of renal and hepatic function, an ECG, a
chest radiograph, and M- and B-mode echocardio-
grams. The normal group comprised 10 male and 3
female subjects aged 38±4 years (range, 22 to 62 years).
The patients with HF included 11 male and 3 female

subjects, aged 46±3 years (range, 28 to 58 years). The
cause of HF was idiopathic dilated cardiomyopathy in 6
and coronary artery disease in 8 subjects. Patients were
considered to have an idiopathic dilated cardiomyopa-
thy when no obvious underlying cause of HF could be
discovered during routine clinical evaluation. The diag-
nosis of coronary artery disease was based on the
documentation of at least one myocardial infarction and
on previous coronary angiography in 8 subjects.

Exclusion criteria included angina pectoris, myocar-
dial infarction within the previous 3 months, hyperten-
sion, atrial fibrillation or severe ventricular arrhythmias,
renal failure, recent acute cardiac decompensation as
defined by the sudden onset of pulmonary congestion or
peripheral edema, valvular disease or significant mitral

regurgitation, cardiothoracic anatomy not allowing sat-
isfactory and reproducible recording of echocardio-
gram, or previous treatment with diuretics. Two of the
patients who had satisfied the inclusion criteria (out-
lined below) were excluded from the study because of
lack of compliance with dietary sodium manipulation.
For the same reason, 1 normal subject was excluded
(urinary sodium excretion levels at the end of the 100
mEq NaCl period were 233, 176, and 180 mEq/24 h,
respectively).
The definition of mild HF was based on the following

criteria. Patients showed no reduction or mild reduction in
their functional capacity (class I or II according to the
NYHA classification), and there was mild-to-moderate
limitation of exercise capacity, as determined by cardio-
pulmonary exercise testing using a standard protocol
(upright bicycling with a stepwise increase of 10 W/min).
Mean exercise duration was 10.5 +0.5 minutes. Peak oxy-
gen consumption averaged 17.3+0.7 mL. kg-'. min-l.
Echocardiographic end-diastolic left ventricular diameter
exceeded 55 mm (mean, 62.7±1 mm), and left ventricular
ejection fraction, as determined by radionuclide tech-
nique, was <50% (mean, 39.0±2.4%) on at least one
measurement within 3 months before the study. The
individual characteristics of the 12 patientswho completed
the study are presented in Table 1.
Three of the patients had received treatment with

digitalis; nitrates had been used in 5 patients before the
study, and 5 had been treated with angiotensin convert-
ing enzyme inhibitors.

Experimental Protocol
All drug therapy was discontinued at least 2 weeks

before the beginning of the study. When subjects were
treated with angiotensin converting enzyme inhibitors, 3
weeks of washout were required. Alcohol, caffeine,
cigarettes, and physical exercise were all prohibited
within 48 hours of the beginning of the study. Patients
were admitted to the metabolic ward, where accurate
assessment of daily weights (in the morning before
breakfast), total intake and output, and the timing and
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completion of all 24-hour urine collections were con-
trolled by research personnel. An accurate daily record
was kept of fluid, sodium, potassium, and caloric intake.
All subjects received a daily diet containing 100 mEq
sodium, 50 mEq potassium, 65 g protein, 50 g fat, 270 g
carbohydrate, and 100 mg phosphorus in the form of
pasta, meat, eggs, bread, vegetables, and fruit. Personal
food preferences were allowed as much as possible, and
all meals were prepared by the institution kitchen.
Water intake was kept between 1500 and 1800 mL/day.
Urinary volume and electrolyte excretion were mea-
sured daily throughout the diet.

After 5 days on this diet, blood samples were taken
for biochemical and hormonal measurements, and non-
invasive assessment of hemodynamic parameters was
performed. These measurements were taken after the
patients had been sitting for at least 60 minutes in a
comfortable chair. Following baseline measurements, a
daily sodium supplement of 150 mEq (three doses of 50
mEq crystalline sodium chloride, each wrapped in wa-
fers administered during the three meals) was added to
the diet for 6 days. Urinary volume and electrolyte
excretion were measured daily, while hemodynamic
observations were obtained also on days 3 and 6 of the
high salt intake regimen, and blood for biochemical and
hormonal measurements was collected daily on days 3
through 6 of this experimental period. Again, all mea-
surements were obtained with the subjects in the sitting
position.

Daily 24-hour urine collections were obtained begin-
ning at 8:00 AM and ending at 8:00 AM the following
morning. To ensure that sodium balance was being
achieved, urine collections were promptly analyzed for
volume and electrolyte excretion, and creatinine clear-
ance was calculated. The achievement of sodium bal-
ance was demonstrated by the lack of significant differ-
ences in sodium excretion over the last 3 days of the
moderate sodium diet. For analysis in this study, the
24-hour urine collection that ended on the morning of
the hemodynamic study (the last day of the 100 mEq
sodium diet) was used as a baseline.

Measurements
Hemodynamic studies were performed at 9:00 AM

following overnight fast in all patients. The temperature
(220C) and the lights of the study room were maintained
at constant levels. Arterial blood pressure was measured
by standard sphygmomanometric technique, following
the recommendations of the American Heart Associa-
tion13 at 10-minute intervals for five times, and the
average of the last three measurements was used for the
analysis. Heart rate was continuously monitored by
ECG lead II, and the values corresponding to arterial
pressure measurements were used for the analysis.
Forearm blood flow and calculated vascular resistance
were measured by strain-gauge plethysmography. M-
and B-mode echocardiograms were also recorded for
measurements of ventricular dimensions, calculation of
left ventricular ejection fraction, and estimation of
stroke volume and the derived parameters.

Biochemical and hormonal tests included serum elec-
trolytes, blood urea nitrogen and creatinine, peripheral
hematocrit, plasma ANF levels, plasma renin activity
(PRA) and aldosterone concentrations, and venous
plasma norepinephrine concentrations (only at baseline).

Laboratory Methods
Blood samples for plasma ANF and norepinephrine

levels were collected on ice and spun immediately
(within 10 minutes); blood samples for measurement of
PRA and aldosterone concentrations were collected at
room temperature. The plasma was then separated and
frozen until the time of assay, which did not exceed 4
weeks.
PRA was measured by enzymatic assay,14 in which

plasmas were incubated at 370C for 3 hours in the pres-
ence of endogenous angiotensinogen and converting en-
zyme and angiotensinase inhibitors (phenylmethylsulfon-
il fluoride and EDTA). pHwas adjusted at 5.7 with maleic
acid. The angiotensin I formed was quantitated by radio-
immunoassay, and results were expressed as the hourly
rate of angiotensin I generation (ng . mL-' * h-') (sensitiv-
ity, 50 pg/tube angiotensin I, intra-assay and interassay
variability coefficients, 6% and 10%, respectively). Plasma
immunoreactive ANF levels were determined by radioim-
munoassay as previously described by our laboratory,1S by
using rabbit antiserum (RAS 8798, Peninsula Lab, Eu-
rope), iodinated human ANF-(99-126) (2000 Ci/mmol,
Amersham Berks, UK), and a-human ANF-(99-126)
(Novabiochem, Switzerland) as a standard. ANF was
extracted from plasma with Sep-Pak C18 cartridges. The
recoveries determined on each plasma sample by adding
to it a minimal amount of radiolabeled ANF ranged
from 75% to 90%. Intra-assay and interassay variation
coefficients were 6.8% and 10.1%, respectively. The
radioimmunoassay sensitivity was 1 fmol per tube.
Plasma aldosterone concentrations were estimated by a
radioimmunoassay technique using a commercial kit
(DPC, Los Angeles, Calif). Plasma norepinephrine as-
say was performed with reverse-phase high-perfor-
mance liquid chromatography with electrochemical de-
tection, after extraction and concentration by
adsorption onto activated alumina.16 Potassium and
sodium levels in urine were measured by ion-selective
electrodes (Beckman E2A Na/K system, Arlington
Heights, Ill).

Echocardiographic Measurements
Wide-angle, two-dimensional echoes were recorded

using a phased-array sector scanner (77020 AC, Hew-
lett-Packard Co, Andover, Mass). All studies were
videotaped on 3/4-in. videocassette recorders equipped
with a back-spacer search module, which allows frame-
by-frame bidirectional playback. The video frame rate
of the system is approximately 60 frames per second.

All patients were studied in the sitting position using
multiple views through the apical window. Two views
were selected for measurements: apical-four chamber
and apical two-chamber. The left ventricular long axis
(L,,) was measured at end diastole as the longest major
axis in either of the two apical views. The measurements
of L,. were rounded off to the closest whole number to
ensure reproducibility. Left ventricular end-diastolic
area (EDA) was measured using the largest of all the
left ventricular minor axies measured. Left ventricular
end-diastolic volume (EDV) was calculated according
to the single plane ellipse method as17:

8 EDA2
EDV (mL)-33w7- Lm..
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The same measurements were undertaken in end
systole to calculate end-systolic volume. Ejection frac-
tion was measured using the averages of all the end-di-
astolic and end-systolic volumes.17 Stroke volume was
derived as the difference between end-diastolic and
end-systolic volumes, and cardiac output and total pe-

ripheral resistance were estimated by using standard
formulas.

All studies were performed by the same investigator
and read independently by two experts unaware of the
protocol. The readings obtained showed correlations for
both Lma, (r=.97, P<.001) and EDA (r=.96, P<.001).
Excellent correlations were also obtained for the mea-

surements of end-diastolic volume (r=.97, P<.001) and
end-systolic volume (r=.96, P<.001) between the two
observers. The variability of separate measurements of
ventricular volumes obtained in different days in the
absence of any treatment or dietary changes did not
exceed 3%. The echocardiographic measurements of
stroke volume were significantly correlated with the
measurements obtained by thermodilution technique
(r=.80, P<.01). Radionuclide assessment of ejection
fraction for classification of the patients was performed
with the patient at rest in the supine position according
to the methods previously reported from this laborato-
ry.18 Individual echocardiographic measurements of
ejection fraction were significantly correlated with the
corresponding radionuclide ejection fraction values ob-
tained in our patients (r=.75, P<.01).

Measurements of Forearm Blood Flow
Forearm blood flow was measured with a mercury-in-

Silastic strain-gauge plethysmograph using a venous occlu-
sion technique as previously described.19 The strain gauge
was placed approximately 5 cm below the antecubital
crease. Forearm blood flow (mL min-l 100 g-') was
calculated from the rate of increase in forearm volume,
while venous return from the forearm was prevented by
inflating the cuff at the upper arm. The pressure in the
venous occlusion or congesting cuff at the upper arm was
40 mm Hg. Circulation of the hand was arrested by
inflating a cuff around the wrist. The wrist cuff was

inflated before determining forearm blood flow and
continuously throughout the measurements. Blood
pressure was determined with the mercury sphygmoma-
nometric method in the same arm. Forearm vascular
resistances (mm Hg mL' min-l* 100 g) were calcu-
lated by dividing mean blood pressure by forearm blood
flow. Mean blood pressure was calculated by adding to
diastolic blood pressure one third of pulse pressure.

Statistical Analysis
Data are presented as mean+SEM. Distribution of

the data was assessed by the Bartlett test. x2 analysis
was used for comparison of descriptive parameters.
Comparisons of the basal data of the different groups
were performed by unpaired t test or Wilcoxon rank
test, as appropriate. One-way ANOVA for repeated
measures followed by post-hoc comparisons was per-
formed to detect changes over time within the same

group. Between-groups comparisons of the responses
were tested by two-way ANOVA (factoring for group
and time).

TABLE 2. Clinical and Laboratory
Characteristics of the Study Groups

HF (n=12) N (n=12)
Age,y 46+3 38+4

Sex, male/female 9/3 9/3

Weight, kg 66.2±3.1 69.1±4.0
Blood glucose, mg/dL 100+5 96±3
BUN, mg/dL 35+1 40±3
Serum creatinine, mg/dL 1.0±0.05 1.0±0.04
SBP/DBP, mm Hg 115±3/76+3 113+4/76±2
HR, bpm 66±2 67+3

UNaV, mEq/24 h 98±6 102±7
UKV, mEq/24 h 40±4 41±4
PNE, pglmL 408+39 360±29

HF indicates patients with mild heart failure; N, normal sub-
jects; BUN, blood urea nitrogen; SBP/DBP, supine systolic/
diastolic blood pressure; HR, heart rate; UNaV, urinary sodium
excretion rate; UKV, urinary potassium excretion rate; and PNE,
plasma venous norepinephrine concentration in the sitting posi-
tion on a moderately low sodium diet. No significant differences
were found between the groups. Data are expressed as
mean+SEM.

Results
Characteristics of the Study Groups
The two study groups (normal subjects and patients

with mild HF) were comparable with regard to clinical
characteristics and renal function (Table 2 and Fig 1).
In addition, PRA, plasma aldosterone, venous plasma
norepinephrine concentrations, and urinary volume and
electrolyte excretion were not different in the two
groups. In contrast, plasma ANF levels were about
threefold higher in HF patients than in normal controls
(P<.05).
The basal values of the hemodynamic parameters are

shown in Fig 1. In HF patients, both left ventricular
volumes were significantly higher (P<.01) and ejection
fraction was lower (P<.001) than in normal subjects,
whereas stroke volume and peripheral resistance were
comparable in the two groups. The subjects from the
two groups who showed satisfactory compliance to the
diet, as defined in "Methods," were studied (normal
subjects, n=12; HF patients, n=12).

Hemodynamic Responses to High Salt Diet
Fig 1 shows that the cardiac and systemic hemody-

namic responses to high salt intake were largely differ-
ent in the two groups. In the control group (left panels),
left ventricular end-diastolic volume increased in re-
sponse to high salt diet on days 3 and 6 as compared
with baseline (F= 19.9, P<.001), whereas left ventricu-
lar end-systolic volume did not change (F=.44). Accord-
ingly, left ventricular ejection fraction was increased on
both days 3 and 6 of the high salt diet compared with
baseline (F= 18.2, P< .001), and stroke volume was
increased on days 3 and 6 compared with baseline
(F=21.1, P<.001). Finally, calculated total peripheral
resistance (TPR) was progressively reduced (F=16.2,
P<.001) and was significantly different from baseline on
days 3 and 6.
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FIG 1. Bar graph of hemodynamic effects of high salt diet.
LVEDV indicates left ventricular end-diastolic volume;
LVESV, left ventricular end-systolic volume; EF, ejection
fraction; SV, stroke volume; and TPR total peripheral resis-
tance. *P<.05 or * *P<.001, respectively, vs baseline.

In contrast, in HF patients (Fig 1, right panels), both
left ventricular end-diastolic volume (F=7.30, P<.01)
and left ventricular end-systolic volume (F=8.87,
P<.001) increased significantly. Left ventricular ejec-
tion fraction did not increase during high salt diet in this
group (F=2.09, P=NS). Furthermore, stroke volume
failed to increase (F=0.94, P=NS), and TPR remained
unchanged (F=0.82, P=NS) in HF patients during high
salt diet, in sharp contrast with the behavior of the same
parameters observed in normals.

Daily measurements of heart rate did not show any
significant change in either group during the study
(F= 1.5 and 1.0, in normal and HF subjects, respectively;
both P>.05). Systolic blood pressure did not change
significantly in either group. Diastolic blood pressure
did not change in HF patients (from 76±3 mm Hg at
baseline to 78±3 mm Hg on day 6, F=.49, P=NS) but
showed a significant reduction in normal subjects, which
was accounted for by a significant decrease on day 6
(65 ±2 mm Hg) compared with baseline (76±2 mm Hg)
(F= 11.4, P<.01). Forearm vascular resistance, esti-
mated by strain-gauge plethysmography, showed a slight
albeit not significant reduction in normals (from 46±4
to 41+3 and 39±3 mm Hg * mL-1 * minm on days 3 and

0 3 4 5 6 days 0 3 4 5 6 days

Effects of high salt diet
(hornonal)

FIG 2. Bargraph ofeffects ofhigh salt diet on salt-regulating
hormones. ANF indicates plasma atrial natriuretic factor
levels; Hct, hematocrit; PRA, plasma renin activity; and PA,
plasma aldosterone. *P<.05 or **P<.001, respectively, vs
baseline.

6, respectively; F=3.04, P=.07) and no change in HF
(from 56±5 to 58±6 and 53±6 mm Hg* mL`' min',
F=.74, P=NS).

Finally, peripheral hematocrit showed a progressive
and comparable fall in the two groups (normals: from
44±1% to 41±1%, F=8.65, P<.001; HF patients: from
44±1% to 41±1%, F=15.4, P<.001; two-way ANOVA:
F=0.58, P=NS).

Hormonal Responses to High Salt Diet
In normal subjects (left panels), high salt intake was

associated with an increase of plasma ANF levels that
was observed consistently in all individuals, resulting in
a significant change of mean plasma ANF concentra-
tions (F=4.03, P<.05) and of plasma ANF concentra-
tions normalized by the hematocrit corresponding val-
ues (F=4.97, P<.01) (Fig 2). This increase of ANF
became significant on day 3 and was sustained through-
out the high salt diet. In the same group, high salt intake
was associated with reductions of plasma renin activity
(PRA) (F= 10.7, P< .001) and aldosterone concentra-
tions (F= 10.6, P< .001), which were significant on day 3
and remained significantly different from baseline
throughout the diet (Fig 2).

In HF patients (Fig 2, right panels), plasma ANF
concentrations did not change significantly in response
to the high salt regimen (F= 1.07, P=NS). Similarly, the
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FIG 3. Sodium excretion (UNaV) and net external sodium
balance when normal and dilated cardiomyopathy patients
shiftfrom 100 mEqiday to 250 mEqiday NaCI diet. The small

but systemic difference in sodium excretion results in a

progressive difference in cumulative sodium balance (two-way
ANOVA, F=5.03, P<.001).

ANF-to-hematocrit ratio did not change significantly in
this group (F= 1.09, P=NS). PRA (P<.05) and plasma
aldosterone concentrations (P<.001) were suppressed
during high salt intake also in HF patients, and the
degrees of suppression were not different from those
observed in normal subjects (two-way ANOVA: both
P>.05).

Effects of Salt Loading on Urinary
Electrolyte Excretion

Fig 3 shows the effects of elevated salt intake on
urinary sodium excretion (UNaV) and on cumulative
sodium balance in the two study groups. UNaV increased
significantly in both normals (F=24.2, P<.001) and in
HF patients (F= 14.3, P<.001), and the responses in the
two groups were not significantly different (F= 1.63,
P=NS) (Fig 3). However, when cumulative sodium
balance was calculated (Fig 3), a significantly more

marked sodium retention was found in HF patients
(two-way ANOVA: F=5.03, P<.001). In particular, the
daily cumulative sodium balance attained in the two
groups was similar in the first 3 days of high salt diet,
while it diverged significantly in the second half of the
diet.
Urinary volume significantly increased in normals

(from 1164± 143 to 1364±135 mL/24 h on day 6, F=6.5,
P<.001), whereas the response in HF patients did not
achieve statistical significance (from 1218±162 to
1376±+198 mL/24 h, F=1.75, P=NS). However, be-
tween-groups analysis did not show significant
differences.

Finally, body weight showed a slight but significant
increase in HF patients (from 66.2±3 to 66.6±3 kg on
day 6, F=2.7, P<.05), whereas it remained unchanged
in normal subjects (from 69.1±4 to 69.2+4 kg, F=0.63,
P=NS).

Discussion
Sodium retention and volume overload are funda-

mental hallmarks of the HF syndrome, and most of the
symptoms and physical signs that occur in this condition
result in large measure from the inability to excrete
sodium and water. Therefore, the assessment of the
ability to excrete ingested sodium, as well as of the
circulatory and endocrine adaptations to salt intake,
represents an important target in the characterization of
the initial or milder stages of HF.
The present study demonstrates that hemodynamic,

hormonal, and renal adaptations to salt excess are
already altered in patients with mild HF, mild or no
limitation of physical exercise, and no signs or symptoms
of congestion. In particular, our results show that HF
patients exhibited an impairment of sodium handling, as
shown by the significantly higher cumulative sodium
balance attained during high salt diet; these patients
were unable to normally adjust cardiac performance in
response to high salt intake, as indicated by the increase
in left ventricular end-systolic volume as well as by the
lack of increases in ejection fraction and stroke volume;
HF patients also failed to lower total peripheral resis-
tance, as observed in normals during oral salt load; and
the physiological increase in plasma ANF levels in
response to salt excess was absent in these patients.
Although hormonal and hemodynamic interactions

with sodium retention have been extensively investi-
gated in patients with congestive HF,7-10 there are very
few data concerning the beginning of the activation of
neurohormonal pathways and no controlled study on
the onset of sodium retention in patients with initial or
milder forms of HF. A study by Kubo et a120 demon-
strated that renin-angiotensin and sympathetic nervous
systems are not activated in the early symptomatic
stages of HF. More recent data by Francis and cowork-
ers in a substudy of the SOLVD studies21 indicate that
neuroendocrine activation (elevated plasma norepi-
nephrine, ANF, and arginine-vasopressin basal concen-
trations) occurs in patients with moderate left ventric-
ular dysfunction (ejection fraction .35%) and no overt
congestive HF. Finally, recent data from our laborato-
ry11"12 demonstrated that, in the basal state, patients
with dilated cardiomyopathy and milder HF than those
studied in the SOLVD21 (mean ejection fraction was
approximately 40% in our studies and 29% in the
SOLVD) had elevated plasma ANF levels but normal
plasma norepinephrine, renin activity, and aldosterone
concentrations. The same patients, however, displayed
an inadequate hemodynamic response to acute intrave-
nous saline loading, associated with an inability to raise
peripheral ANF levels and with a blunted natriuretic
response.
The present study extends our previous findings"",12

by showing that abnormal cardiorenal and endocrine
responses are unmasked by chronic oral salt load in the
same category of patients. It should be emphasized that
the abnormal adaptations were produced in untreated
patients with no signs or symptoms of congestion,
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normal or mildly reduced tolerance to exercise and
relatively preserved hemodynamic function, hormonal
profile, and sodium excretory properties at baseline.
Thus, our current results may have pathophysiological
relevance with respect to sodium handling in early or
mild HF, also in view of the moderate degree of salt
excess adopted.
The echocardiographic technique used to ensure mul-

tiple, noninvasive measures of cardiac and hemody-
namic variables in a prolonged dynamic protocol may
result in less accurate determinations of absolute ven-
tricular volumes in patients with dilated cardiomyopa-
thy. Our conclusions, however, are based on repeated
within-patient measurements and therefore are less
affected by the limitations of the technique. In fact, the
variability of ventricular volume measurements in the
absence of interventions did not exceed 3% in our HF
patients.
With regard to our cardiac and hemodynamic find-

ings, in HF patients high salt intake was associated with
notable shifts from the physiological adaptations ob-
served in normals. In particular, both end-diastolic and
end-systolic left ventricular volumes significantly in-
creased during the diet, suggesting incomplete emptying
of the left ventricle. Accordingly, left ventricular ejec-
tion fraction and stroke volume failed to increase in
response to high salt intake. This hemodynamic pattern,
and particularly the inability to increase ejection frac-
tion, may be related to the location of these patients on
the Frank-Starling curve and suggests a depressed
ventricular response to increased preload. On the other
hand, the lack of an appropriate reduction in cardiac
afterload, which is indicated by the failure to decrease
total peripheral resistance and systemic blood pressure
in HF patients, may have, in turn, contributed to the
compromised left ventricular dynamic response to in-
creased preload.
An abnormal cardiac adaptation to salt loading is

suggested in HF patients also by the impaired cardiac
endocrine response, as they showed a complete inability
to raise plasma ANF levels. In contrast, normal subjects
coherently showed a sustained increase in plasma ANF
levels of about 40% in response to increased sodium
intake. Although the absolute ANF response to salt was
relatively modest also in normal subjects, it should be
pointed out that the measurements were obtained in the
sitting position, which attenuates the ANF response to
salt. This has been demonstrated by Hollister and
coworkers22 in normal subjects in which the ANF re-
sponse to salt load (8 g) was about threefold smaller in
the upright than in the supine position. The lack of
increase in peripheral ANF levels in HF patients is most
likely related to the failure of cardiac output to rise in
response to salt-induced volume expansion, as sup-
ported by previous data obtained in our laboratory.11
The most important finding of our study is the

observation that HF patients developed significant so-
dium retention during high salt diet, despite having no
signs or symptoms of congestion, and more importantly,
their urinary sodium excretion rates were normal on a
regimen of moderately low sodium intake. In particular,
when shifted from low to high sodium intake, they
showed a slightly smaller sodium excretion compared
with normals that occurred systematically over the time
of the study and thus resulted in a significant difference

in cumulative sodium balance. Therefore, while normal
subjects substantially achieved neutral sodium balance
within 3 days from the beginning of the high salt diet,
HF patients had not yet achieved external balance
within the 6 days of the experimental period.
Our study does not permit us to define the exact

mechanisms of sodium retention in HF patients since
renal hemodynamics and function studies were not
included in our protocol. This response, however, was
not secondary to an impaired adaptation of the renin-
angiotensin-aldosterone system since the responses of
these hormones to high salt intake were not different in
HF and in normals, thus confirming that these mecha-
nisms are still preserved in this stage of the disease.20 It
is also unlikely that the systemic blood pressure re-
sponse may have contributed to the delayed natriuresis
in HF since blood pressure was reduced in normals but
not in HF patients. It is possible that the absence of an
appropriate hemodynamic response to salt excess and,
particularly, of a rise in cardiac output23 played a role in
the blunted renal excretory response of HF patients. In
fact, in chronic HF, the reduction of cardiac output
results in decreased blood flow to several regional
vascular beds, especially the kidney.24-26
The present study identifies a concealed predisposi-

tion to sodium retention in patients with mild HF that is
unmasked during chronic moderate sodium excess. The
blunted natriuretic adaptation to oral salt loading is
associated with altered hemodynamic responses and
failure to increase peripheral ANF levels. Altogether,
our results show that high salt intake reveals an im-
paired ability to excrete ingested sodium and an inad-
equate cardiac response to increased preload in patients
who are still exempt from congestion. These findings
underscore a susceptibility to retain sodium and water
early in the development of heart failure and may
indirectly support the usefulness of sodium restriction
and of early therapeutic interventions even in the
milder stages of the disease.
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