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Abstract

As the characteristics of sodium and water balance in heart failure
remain undefined, we evaluated the hemodynamic, metabolic,
and hormonal effects of balanced sodium intake in 10 patients
with chronic congestive heart failure. We discontinued diuretics
to avoid their confounding influence, and all patients received 1
.wk of 10 meq and 100 meq balanced sodium intake and controlled
free water. Comparing sodium intake of 10 with 100 megq, the
following observations were mide. There was weight gain (2.0
kg) and increased sodium excretion (11+3 to 63+15 meq/24 h),
unaccompanied by increase of blood volume. Both renin-angio-
tensin system and sympathetic nervous system activity were
greater during the 10 meq diet, and suppressed with the 100
meq sodium diet. For both diets, plasma renin and urinary al-
dosterone excretion were correlated with urinary sodiuin excre-
tion (r = —0.768, r = —0.726, respectively; P < 0.005). Systemic
hemodynamics were minimally changed with increased sodium
intake. However, reversal of vasoconstriction by captopril during
the 10 meq diet, and its ineflectiveness during the 100 meq diet,
indicated a renin-dependent mechanism in the former, and a
renin-independent mechanism in the latter diet. There were two
subgroups of response to the 100 meq diet: one group (n = 5)
achieved neutral balance, while the second (n = 5) avidly retained
sodium and water. Renin-angiotensin system activity was sig-
nificantly higher in the latter group, and the mechanism for dif-
ferences in sodium excretion for the subgroups could not be iden-
tified by blood volume or hemodynamic parameters. Orthoststic
hypotension during tilt was greater during the 10 meq sodium
diet, and in all cases, related to ineffective hemodynamic and
hormonal compensatory responses.

Introduction

The pathophysiology of sodium and water retention remains
one of the most poorly defined aspects of chronic congestive
heart failure. A fundamental problem is the lack of adequate
characterization of dietary sodium intake on the hemodynamic,
hormonal, and metabolic characteristics of congestive heart fail-
ure. Previous studies have often resulted in inexplicable findings
regarding sodium and water retention. For instance, Ayers and
coworkers have shown that sodium retention can be virtually
complete, despite a relatively normal aldosterone secretory rate
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(1). Chonko and co-workers identified two responses to sodium
loading in heart failure (2). One was associated with persistent
activation of the renin angiotensin system, while the second
group retained sodium despite suppression of the renin angio-
tensin system. These studies were limited, in that the response
to only high sodium intake was characterized, and hemodynamic
measurements were not obtained. Furthermore, there are no
data regarding the relationship of dietary sodium intake to in-
terruption of the renin angiotensin system, which is an important
determinant of vasoconstriction and sodium retention in heart
failure. The major limitation of many present clinical studies of
congestive heart failure is that patients are evaluated while re-
ceiving diuretic therapy, or within a few days of discontinuation
of diuretics, so that an adequate dietary sodium baseline is not
established. Diuretic therapy not only alters the renal handling
of sodium and water, but it can also distort the basal level of
neurohormonal factors that regulate sodium and water retention,
such as the renin angiotensin system (3-5). A recent editorial
(6) has reiterated the need for controlled studies that assess the
factors regulating sodium and water regulation in chronic
congestive heart failure, to more clearly differentiate patho-
physiologic mechanisms from factors that may be epiphenom-
ena. Therefore, the present study has evaluated the metabolic,
hormonal, and hemodynamic characteristics of sodium and wa-
ter regulation during balanced sodium intake in untreated pa-
tients with moderate to severe chronic congestive heart failure.

Methods

Patient population. The study consisted of 10 consecutive patients with
moderate to severe chronic congestive heart failure, referred for diagnostic
evaluation and treatment. All patients gave written informed consent
prior to participation in this study, which was approved by the Committee
on Human Rights in Research. There were eight male and two female
patients ranging in age from 43 to 72 yr. Subjectively, all patients enrolled
in this study gave a longstanding history of congestive heart failure that
included one or more of the following symptoms: dyspnea on exertion,
paroxysmal nocturnal dyspnea, ankle swelling, and effort-related fatigue.
Objectively, chronic left ventricular dysfunction and dilatation were
documented by cardiac catheterization, echocardiography, or radionu-
clide cineangiography. All patients had evidence of cardiomegaly on chest
x-ray with a cardiothoracic ratio greater than 55%. All patients were
previously treated with a digitalis preparation and a diuretic, and many
of the patients were previously treated with one or more vasodilator
regimens. The etiology of congestive heart failure was ischemic in four
patients and nonischemic in six patients. Patients with hypertension,
valvular heart disease, myocardial infarction within the previous 6 mo,
and patients with recent acute decompensation were excluded from this
study. In addition to the 10 patients who successfully completed the
protocol, an additional four patients were originally enrolled but sub-
sequently excluded from the protocol and/or final analysis. This included
one patient who developed low output symptoms upon discontinuation
of his previous medications, one patient who developed accelerated pro-
gression of symptoms during the high sodium diet and two patients who
were not in compliance with dietary sodium manipulation.

Overall protocol design. The overall design of the protocol is shown
in Fig. 1. All diuretics and vasodilator therapy were tapered and discon-
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Figure 1. Overall protocol for the assessment of sodium and water bal-
ance in chronic congestive heart failure. All 10 patients received both
the 10 meq and 100 meq sodium diets. Hemodynamic measurements
were obtained in the supine (<) and upright (1) positions, both before
and after a 25-mg oral dose of the converting enzyme inhibitor, capto-
pril.

tinued for 3-7 d prior to enrollment in this study. In addition, digitalis
preparations were discontinued in all but three patients, the latter re-
quiring digoxin for control of ventricular response in the presence of
atrial fibrillation. Patients were admitted to the adult Clinical Research
Center of New York Hospital/Cornell University Medical College. This
is a metabolic unit, with two full time dieticians who controlled the
menu and sodium intake for the patients. All food was prepared in the
metabolic kitchen of the Clinical Research Center. Research nursing
personnel ensured accurate assessment of daily weights, total intake and
output, and the timing and completion of all 24-h urine collections. All
10 patients received both a balanced low sodium diet (10 meq) and a
moderate sodium diet (100 meq). Each diet also contained 60-80 meq
of potassium, which was supplemented by 40 meq of oral potassium
chloride elixir. Once the diet had been chosen for the individual patients,
the same menu was prepared for each of the three meais throughout the
course of the study. The diet was isocaloric, and total daily fluid intake
was strictly controlled at 2,000 ml daily. To minimize any bias regarding
the sequence of diet, or the influence of duration of hospital stay on any
hemodynamic or metabolic parameters for a given diet, 5 of the 10
patients were randomized to either the 10 meq sodium or 100 meq
sodium diet as their first diet. Patient menus were structured so that the
daily food intake contained approximately 10 meq sodium. The difference
between 10 meq and 100 meq sodium was achieved by administration
of sodium chloride tablets with each of the meals. The actual amount
of sodium consumed on the higher sodium intake, as independently
estimated by the dietary staff, was ~86-146 meq. On the first day of
the 10 meq sodium diet, all patients received a single oral dose of fu-
rosemide (1 mg/kg), to initiate natriuresis. All patients were weighed
daily in the morning prior to breakfast. An accurate daily record was
kept of fluid, sodium, potassium, and caloric intake. Likewise, daily 24-
h urine collections were obtained beginning at 8:00 a.m. and closing at
8:00 a.m. of the following morning. To ensure that sodium balance was
being achieved, four 24-h urine collections were analyzed for volume,
sodium, potassium, and aldosterone excretion at the end of each dietary
period. In addition, creatinine clearance was calculated from the urine
collections. For analysis in this study, the 24-h urine collection which
closed on the morning of the hemodynamic study (the last day of each
diet) was used for all analyses and comparisons. On the last day of each
diet, patients underwent hemodynamic study.

Hemodynamic study was performed early in the morning following
overnight fast, in all patients. A right heart catheter was placed percu-
taneously from either an antecubital vein, or an internal jugular vein. A
cannula was also placed in the radial artery of all patients. Details of
these procedures are as previously described (7). Following catheter
placement, a 1-h stabilization period ensued. Baseline measurements
were then obtained. This consisted of hemodynamic recordings, deter-
mination of total blood volume, and blood samples for serum chemiistries,

plasma renin activity, and plasma norepinephrine. Once supine mea-
surements were obtained, we then assessed the hemodynamic and neu-
rohormonal autoregulatory response to the gravitational stress of head
up tilt as previously described (7, 8). Tilt was performed in order to assess
the impact of dietary sodium manipulation on compensatory hemody-
namic autoregulation of blood pressure, and mechanoreceptor stimu-
lation of renin and norepinephrine. All hemodynamic studies were per-
formed on an electronic tilt table. Upright hemodynamics were obtained
by tilting the patient to 60 degrees for 15 min. Pressure transducers were
attached to the table, and positioned midway between the anterior and
posterior chest wall. The transducers were affixed to a swivel mount,
maintaining the same relative level in relation to the atria, so that the
phlebostatic level of Rushmer (9) was maintained for accurate pressure
measurements during tilt. Orthostatic hypotension was defined as a de-
crease of mean arterial pressure in excess of 10%, compared to supine
values. Following head up tilt, all patients were returned to the supine
position for a reequilibration period of at least 30 min. All patients then
received a 25 mg oral dose of captopril as a pharmacologic inhibitor of
the renin angiotensin system (10). The hemodynamic response to cap-
topril was followed to peak effect which occurred at 60-90 min in all
patients, corresponding with the previously described peak hemodynamiic
and pharmacokinetic time course of captopril (11). Hemodynamic re-
cordings and blood samples for plasma renin activity and norepinephrine
were obtained at supine peak effect. Patients then underwent repeat head
up tilt with recording of hemodynamic indices and blood samples for
plasma renin activity and plasma norepinephrine. The total amount of
blood sampled during each hemodynamic study was approximately 90
ml. The hemodynamic data obtained throughout the study consisted of
continuous recording of heart rate (beats per minute), right atrial pressure
(mm Hg), pulmonary artery pressure (mm Hg), intermittent pulmonary
capillary wedge pressure (mm Hg), and systemic arterial pressure (mm
Hg). Cardia¢ output was determined by the thermodilution technique
with determinations made in triplicate. Blood pressures were recorded
as phasic and electronically dampened mean and for the purposes of this
study, all blood pressures are expressed as the mean values. Derived
hemodynamic values were by standard formulae (12). This consisted of
cardiac index (liters/minute per meter?), stroke volume index (milliliters/
meter?), systemic vascular resistance (dyn-s-cm™), and pulmonary
vascular resistance (dyn-s-cm™5).

Neutral sodium balance vs. sodium retention. Five patients achieved
neutral sodium balance, while five patients continued to avidly retain
sodium, following 1 wk of the 100 meq sodium diet. The characteristics
for these two subgroups are given in Table I. In addition, the individual
patients for these two subgroups are identified in Figs. 2, 3, and in Fig.
7 (see Appendix) by different symbols. Patients in neutral sodium balance
are identified by open circles representing the 10 meq sodium diet, and
closed circles representing the 100 meq sodium diet. Patients retaining
sodium are identified by open triangles (10 meq sodium diet), and closed
triangles (100 meq sodium diet).

Analysis of blood and urine collections. Blood samples were analyzed
for serum sodium (mmol/liter), serum potassium (mmol/liter), serum
chloride (mmol/1), serum bicarbonate (mmol/liter), blood urea nitrogen
(mg/dl), and serum creatinine (mg/dl). All hormonal samples were ob-
tained in the supine fasting state, or where noted, during head-up tilt.
Plasma renin activity was determined by radioimmunoassay of generated
angiotensin I as previously described by our laboratory (13). Plasma
norepinephrine was determined by radioenzymatic assay (14). Plasma
volume was estimated, using the radioiodinated albumin (I'*!) technique
as previously described (15). Plasma volume was corrected for the he-
matocrit, to approximate total blood volume which was expressed in
milliliters, and also as percent of the predicted normal.

Following determination of 24-h urine volumes, sodium and potas-
sium excretion were determined by flame photometric-techniques, and
expressed as meq/24 h. Creatinine excretion was determined by standard
techniques, with calculation of creatinine clearance expressed as ml/
min. Urinary aldosterone excretion was determined by radioimmu-
noassay as previously described by our laboratory (16), and expressed
as micrograms/24 h.
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Table I. Characteristics of Sodium Handling during 100-meq Sodium Diet

Sodium Water
Intake Excretion Intake Excretion PV BV Co BUN PRA Ualdo MAP PCWP (I SVR
meq meq ml ml ml ml mi/min mg/dl ng/mlperh ug/24 h mm Hg mm Hg liters/min per M* dyne-s-cm™
Neutral sodium
balance
(n=25) 140 141 2,080 2,010 3,617 6,057 91 10 0.64 8.0 94 24 2.49 1,272
113 92 2,860 1,860 4,219 6,973 104 12 0.48 13 80 24 2.26 1,136
112 106 2,360 1,855 3,095 5,527 89 11 0.14 4.7 117 18 2.46 1,880
86 82 2,290 1,880 3,686 5,265 62 14 0.24 3.0 82 24 2.30 1,376
107 91 1,300 1,650 1,937 2935 75 14 0.48 35 98 19 1.93 2,314
Mean 114 102 2,178 1,851 3,311 5351 84 12 0.4 6.4 94 22 2.29 1,595
SEM 9 10 254 58 274 671 8 1 0.1 1.9 7 1 0.10 219
Sodium retaining
(n=25) 111 2 1,825 690 3,343 5223 46 18 1.8 20 88 22 1.92 1,648
146 21 2,660 530 3,069 5,580 96 16 1.6 12 80 27 225 1,344
112 7 1,305 620 2,637 4,186 47 34 2.5 20 70 22 2.32 1,328
112 56 1,875 770 2,730 4,550 69 16 0.57 9.4 94 34 1.51 2,552
107 35 1,500 780 3,757 6,591 138 16 2.5 9.7 81 23 1.75 1,560
Mean 117 24 1,833 678 3,107 5227 19 20 1.8 14 83 26 1.99 1,625
SEM 7 10 232 47 145 542 17 4 0.4 24 4 2 0.13 166
P* NS .001 NS 0.001 NS NS NS 0.05 0.005 0.03 NS NS NS NS

* Significance of the difference between neutral sodium and sodium-retaining subgroups.

Statistical analysis. Comparison of baseline metabolic parameters
for each of the two sodium intakes was assessed by Student’s paired ¢
test. Linear regression was used for analysis of metabolic data using a
log transformation for curvilinear relationships. Due to the wide range
of values of plasma renin and norepinephrine, log transformation of
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Figure 2. Supine plasma renin activity, and 24-h urinary aldosterone
excretion for the two sodium diets. The circles represent those patients
who ultimately achieved neutral sodium balance on the 100 meq so-
dium diet, while the triangles represent those patients who continued
to retain sodium during the 100 meq sodium diet. Sodium repletion
with 100 meq resulted in suppression of both plasma renin activity
and urinary aldosterone secretion. However, the greatest suppression
of the renin-angiotensin system during the 100 meq sodium diet was
achieved in those patients who were in neutral sodium balance (closed
circles). Mean values are given, +1 SEM.

these parameters was performed prior to statistical analysis. The he-
modynamic and hormonal profile of these patients was subject to three
independent variables. These were sodium intake, inhibition of the renin
angiotensin system by captopril, and position. We performed a two-way
analysis of variance to determine the influence of these three factors, as
well as the possibility of an interaction among the three factors (17, 18).
This tested the significant influence of sodium intake (10 vs. 100 meq),
inhibition of the renin angiotensin system (pre- and post-captopril), and
position (supine vs. tilt). The mean values for the two-way analysis of
variance are given in Figs. 4 and 5, and the individual patient data are
given in the Appendix (Fig. 7). Differences were considered statistically
significant if they achieved a P value of 0.05. All values are expressed as
mean+SEM. .

Results

Hemodynamic profile during balanced sodium intake. The in-
fluence of dietary sodium on the hemodynamic profile of the
patients in this study is summarized in Table II. The resting
hemodynamic parameters indicate moderate to severe congestive
heart failure: a reduction of cardiac index and stroke volume
index to approximately 60% of normal, an increase of right and
left ventricular filling pressures, and an increase of both systemic
and pulmonary vascular resistance. Comparison of the 10 meq
sodium to the 100 meq sodium diet revealed that mean arterial
pressure increased from 83+3 to 88+4 mm Hg, pulmonary artery
pressure increased from 27+4 to 36+3 mm Hg, and pulmonary
capillary wedge pressure increased from 16+3 to 24+1 mm Hg
(all P < 0.02). However, forward flow (cardiac index and stroke
volume index), system, and pulmonary resistance were not sig-
nificantly altered by dietary sodium.

Metabolic response to balanced sodium intake. The metabolic
response to balanced sodium intake is shown in Table III. There
was a 2-kg weight difference, comparing the 10 meq to the 100
meq sodium intake (P < 0.05). However, this weight difference
was not manifest by changes in plasma volume or total blood
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Figure 3. The correlation of plasma renin activity and urinary aldoste-
rone excretion with 24-h urinary sodium excretion. Both plasma renin
and urinary aldosterone are expressed on a logarithmic scale, and the
regression coefficient is based on the logarithmic transformation of
these values. Individual patients are identified, according to their ulti-
mate response to the 100 meq sodium diet. Those who achieved neu-
tral sodium balance are represented by circles, while those who re-
tained sodium are indicated by triangles. The greatest suppression of
the renin-angiotensin system occurred in those individnals who
achieved neutral balance during the 100 meq sodium diet (closed cir-
cles).
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Figure 4. The hemodynamic characteristics of patients with congestive
heart failure during dietary sodium manipulation. The characteristics
during the 10 meq sodium diet are shown in the left panel, and the
characteristics during the 100 meq sodium diet are shown in the right
panel. All parameters were measured in the untreated state (10 meq,
open circles; 100 meq, closed circles), and after converting enzyme in-
hibition with captopril (10 meq sodium, open squares; 100 meq so-
dium, closed squares). To determine the influence of dietary sodium
manipulation and blockade of the renin-angiotensin system on pos-
tural hemodynamics, all hemodynamic parameters before and after
converting enzyme inhibition were assessed in the supine position
(zero °) and during head-up tilt (60°). The significance of the three in-
dividual factors—dietary sodium intake (Na+), converting enzyme in-
hibition with captopril (Cap), and the influence of body position
(Pos)—are given under the column heading of “Factors.” In the col-
umn with the heading “Interactions” are listed the significant interac-
tions between two or more of these individual factors. The values
shown represent the mean values at all points for the group of 10 pa-
tients. The mean values +1 SEM are given in the text, and individual
patient values as well as mean values are also shown in Fig. 7.

volume. During the 10 meq sodium diet, plasma volume was
3,025+242 ml, and total blood volume was 5,062+430 ml. Dur-
ing the 100 meq sodium diet, there was a slight but insignificant
increase of both plasma volume to 3,209+209 ml, and total
blood volume to 5,296+418 ml. Creatinine clearance was 81+8
ml/min during the 10 meq sodium diet and 82+9 ml/min during
the 100 meq sodium diet, reflecting a mild to moderate decrease
in renal function for the patients as a group, but without sig-
nificant alteration during dietary sodium manipulation. Sodium
intake reflected the dietary manipulation and the differences
were statistically significant (P < 0.001). The difference in dietary
sodium intake was also apparent in urinary sodium excretion
(11£3 vs. 63+15 meq/24 h, P < 0.001). For both diets, urinary
potassium excretion and water excretion reflected dietary intake,
and there were no significant differences when the two diets were
compared. Plasma norepinephrine was 519+54 pg/ml for the
10 meq sodium intake, and 455+69 pg/ml during the 100 meq
sodium intake (P < 0.01). Blood chemistries are summarized
in Table III and did not demonstrate significant differences when
the two diets were compared. Of note, the metabolic abnor-
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Figure 5. The influence of dietary sodium intake, converting enzyme
inhibition, and posture on plasma renin activity and plasma norepi-
nephrine. The symbols and format are as given for Fig. 4.

malities usually seen in congestive heart failure during diuretic
therapy, notably, hyponatremia, hypokalemia, and contraction
alkalosis, were not observed in this study.

Dietary sodium and renin angiotensin system activity. Dietary
sodium manipulation resulted in significant alteration of the
extent to which the renin-angiotensin system was activated (Fig.
2). During the 10 meq sodium diet, plasma renin activity was
6.8+1.8 ng/ml per h, and urinary aldosterone excretion was 34+6
g/24 h. During the 100 meq sodium diet, there was suppression
of plasma renin to 1.120.3 ng/ml per h (P < 0.02), and urinary
aldosterone excretion to 10+2 ug/24 h (P < 0.01). The corre-
lation of plasma renin activity with urinary aldosterone excretion,
following logarithmic transformation, was highly significant (r
=0.840, P < 0.001). The response of the renin-angiotensin sys-
tem to dietary sodium intake was reflected in changes of urinary
sodium excretion (Fig. 3). There was a significant inverse cor-
relation of both plasma renin activity and aldosterone excretion
with 24-h urinary sodium excretion (r = —0.768, r = -0.726,

Table II. Hemodynamic Profile during Balanced
Sodium Intake in Chronic Congestive Heart Failure

10 meq sodium 100 meq sodium

Heart rate (bpm) 83+5 88+4
Mean arterial pressure (mm Hg) 83+3* 88+4*
Right arterial pressure (mm Hg) 62 9+1
Pulmonary artery pressure

(mm Hg) 27+4* 36+3*
Pulmonary wedge pressure

(mm Hg) 16+3* 24+1*
Cardiac index (liter/min per

M?) 2.13+0.10 2.14+0.09
Stroke volume index (mi/M?) 26+2 25+2
Systemic vascular resistance

(dyn-s-cm™) 1,598+123 1,610+130
Pulmonary vascular resistance

(dyn-s-cm™) 453+88 55670

* P < 0.02. All values mean+SEM.

Table III. Metabolic Response to Balanced Sodium
Intake in Chronic Congestive Heart Failure

10 meq Sodium 100 meq Sodium
Weight (kg) 76.5+5.0* 78.5+4.9*
Plasma volume (m/) 3,025+242 3,209+209
Total blood volume (m/) 5,062+430 5,296+418
Creatinine clearance (ml/min) 818 82+9
Sodium: intake (megq) 9+1% 115+5%
excretion (meq) 11+£3% 63+15%
Potassium: intake (meq) 84+7 8418
excretion (meq) 568 60+7
Water: intake (m/) 1,809+204 2,005+172
excretion (ml) 1,194+87 1,265+199
Plasma norepinephrine (pg/ml) 519+54§ 455+69§
Hematocrit (%) 40+2 3912
Serum sodium (mmol/liter) 1361 1381
Serum potassium (mmol/liter) 4.6+0.1 4.4+0.11
Serum chloride (mmol/liter) 102+2 1041
Serum bicarbonate (mmoly/liter) 23+1 21+2
Blood urea nitrogen (mg/dl) 20+2 16+2
Serum creatinine (mg/dl) 1.2+0.05 1.2+0.06
* P <0.02.
$ P < 0.001. All values mean+SEM.
§P <001

respectively; both P < 0.005). Thus, when urinary sodium intake
and excretion were increased, there was a concurrent suppression
of plasma renin activity and urinary aldosterone excretion.
Subgroups of sodium and water excretion. In Table III, there
was a considerable range of urinary sodium excretion during
the 100 meq sodium diet (63+15 meq/24 h; range of 2 to 141
meq/24 h). To further characterize patterns of sodium excretion,
we segregated patients into those who had achieved neutral so-
dium balance (UNaV > 80 meq/24 h, n = 5) and those patients
who were avidly retaining sodium (UNaV < 80 meg/24 h, n
= 5). The key metabolic and hemodynamic characteristics for
individual patients in these two subgroups are shown in Table
L. Despite virtually identical sodium intake (1149 vs. 117+7
meq), patients who had achieved neutral balance had a urinary
sodium excretion of 102410 meq/24 h, while those with avid
sodium retention had a urinary sodium excretion of 24+10 meq/
24 h (P < 0.001). Water intake was comparable (2,178+254 vs.
1,833+232 ml), yet patients in neutral balance excreted 1,85 1+58
ml, whereas those with avid sodium retention excreted only
678+47 ml (P < 0.001). Thus, despite an allowance of 1 wk to
achieve balance with a 100 meq sodium intake, 50% of the pa-
tients in this study continued to avidly retain sodium and water.
Differences in intravascular volume did not appear to explain
the range of sodium and water excretion. There was no significant
difference in plasma volume (3,311+274 vs. 3,107+145 ml) or
total blood volume (5,331+671 vs. 5,227+542 ml). Mean values
for creatinine clearance were 84+8 vs. 79+17 ml/min. There
was a tendency for individuals in the sodium retaining group to
have a lower creatinine clearance, and there was also a statistically
significant difference in blood urea nitrogen (121 vs. 20+4 mg/
dl, P < 0.05). However, there was a highly significant difference
in supine plasma renin activity. Despite suppression of renin
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overall, compared to the 10 meq diet, those patients in neutral
sodium balance had a plasma renin activity of 0.4+0.1 ng/ml
per h while those avidly retaining sodium had a plasma renin
activity of 1.8+0.4 ng/ml per h (P < 0.005). Although there was
overall suppression of urinary aldosterone excretion for both
subsets of patients when compared to the 10 meq sodium diet,
there was a significant difference of urinary aldosterone when
patients in neutral balance were compared with those in avid
sodium retention (6.4+1.9 vs. 14+2.4 ug/24 h, P < 0.03). The
differences between the neutral sodium and sodium retaining
subgroups did not alter the relationship of plasma renin activity
and urinary aldosterone excretion to the 24-h urinary sodium
excretion (Fig. 3). There was a close correlation between the
extent of renin-angiotensin system activity and urinary sodium
excretion, irrespective of the tendency to achieve neutral balance,
or retain sodium during the 100 meq sodium diet. The different
patterns of sodium excretion were not a function of differences
in systemic hemodynamics, as there were no significant differ-
ences of mean arterial pressure, pulmonary capillary wedge
pressure, cardiac index, or systemic vascular resistance for the
two subgroups of patients (Table I).

The influence and interactions of dietary sodium, renin system
inhibition, and posture on the hemodynamic and hormonal profile
of congestive heart failure. The influence and interactions of
dietary sodium, renin system inhibition, and posture are shown
as mean values in Figs. 4 and 5. These same data are presented
in the Appendix (Fig. 7), where individual patient responses are
identified.

The effect of dietary sodium manipulation on the hemo-
dynamic profile of these patients with congestive heart failure
was manifest by significant differences in mean arterial pressure,
pulmonary artery pressure, and pulmonary wedge pressure (Fig.
4; see also Table II). All three pressures were lower on the 10
meq diet, when compared to the 100 meq sodium diet. The 10
meq sodium diet was also associated with activation of the renin—
angiotensin system, as assessed by both plasma renin activity
and urinary aldosterone excretion (Fig. 5; see also Figs. 2 and
3). There was also a significantly higher plasma norepinephrine
concentration during the 10 meq diet (Fig. 5; see also Table III).

Renin system inhibition with captopril resulted in significant
differences of mean arterial pressure, pulmonary wedge pressure,
and systemic vascular resistance. During the 10 meq sodium
diet, in the supine position, mean arterial pressure decreased
from 83+3 to 75+5 mm Hg following captopril. There was a
significant sodium-captopril interaction effecting mean arterial
pressure (P < 0.02). Pulmonary wedge pressure decreased from
16+3 to 13+2 mm Hg, and systemic vascular resistance de-
creased from 1,598+123 to 1,348+92 dyne -s- cm™>. There was
no significant effect of captopril on heart rate, or cardiac index.
The hemodynamic effects of captopril were paralleled in the
head up tilt position as well as the supine position. Overall, there
was little effect of captopril on systemic hemodynamics during
the 100 meq sodium diet, with no significant differences in either
the supine or tilt positions. Captopril had a significant effect on
plasma renin activity (Fig. 5, P < 0.02). During the 10 meq
sodium diet, captopril resulted in an increase of supine plasma
renin activity from 6.8+1.7 to 46+16 ng/ml per h. During the
100 meq sodium diet, captopril resulted in an increase of plasma
renin activity from 1.1+0.3 to 1.8+0.7 ng/ml per h. The cap-
topril-induced changes in plasma renin activity in the head up
tilt position paralleled the changes evoked by captopril in the

supine position. There was a significant sodium-captopril inter-
action effecting plasma renin activity (P < 0.04). Captopril did
not result in significant changes in plasma norepinephrine.

Head up tilt did not result in significant heart rate changes,
but there was a significant reduction of pulmonary wedge pres-
sure (P < 0.001), and cardiac index (P < 0.02). While mean
arterial pressure tended to decrease during head up tilt, partic-
ularly during the 10 meq sodium intake after treatment with
captopril, tilt did not result overall in a significant decrease of
mean arterial pressure. This was most likely a result of a baro-
receptor-mediated increase of systemic vascular resistance, as
the effect of head up tilt on the latter parameter was statistically
significant (P < 0.005). However, individual patient responses
varied. The difference between those patients who maintained
their blood pressure during head up tilt versus those who ex-
perienced orthostatic hypotension is summarized in Fig. 7. Dur-
ing the 100 meq sodium diet, 2 of 10 patients had orthostatic
hypotension due to no change, or decrease of systemic vascular
resistance. Following captopril, 3 of 10 patients had orthostatic
hypotension following captopril. The incidence of orthostatic
hypotension was greater during the 10 meq sodium diet. 4 of
the 10 patients had an orthostatic reduction in blood pressure,
with three demonstrating a decrease in systemic vascular resist-
ance and one increasing resistance, but to a level insufficient to
maintain blood pressure. Following captopril, 6 of the 10 patients
experienced orthostatic hypotension, with insufficient increase
of systemic vascular resistance to maintain blood pressure. In
the latter group of six patients, orthostatic hypotension was se-
vere, with mean arterial pressure reaching values of 40-50 mm
Hg in four cases. While an increase of heart rate would have
been anticipated in the presence of orthostatic hypotension, heart
rate actually decreased in three of the six patients who experi-
enced orthostatic hypotension. Head up tilt did not result in a
significant effect on plasma renin activity for either diet. How-
ever, tilt was associated with a significant effect on plasma nor-
epinephrine (P < 0.02). Patterns or subgroups of hormonal re-
sponse were not observed that could delineate differences for
patients with or without orthostatic hypotension.

Dietary sodium, captopril, and head up tilt resulted in a
significant interaction in terms of the observed changes in pul-
monary wedge pressure (P < 0.01). During the 10 meq sodium
diet, following converting enzyme inhibition, the lowest mean
value of pulmonary wedge pressure was observed in the head
up tilt position (62 mm Hg). Fig. 6 summarizes the relationship
of pulmonary wedge pressure and mean arterial pressure ob-
served in the study. Mean arterial pressure and pulmonary wedge
pressure were relatively high during the 100 meq sodium diet.
The lowest mean arterial pressure was observed during the 10
meq sodium diet, particularly postcaptopril, associated with the
lowest pulmonary wedge pressure.

Discussion

There is limited data regarding the influence of sodium intake
on the hemodynamic and metabolic parameters of congestive
heart failure. In a canine model of congestive heart failure, Wat-
kins and co-workers found a biphasic relationship of renin-an-
giotensin system activity and sodium excretion (19). Early in
the course of congestive heart failure, the renin-angiotensin sys-
tem was activated as a compensatory mechanism with reduction
of urinary sodium excretion and an increase of weight. 1-2 wk
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wedge is lowest. Each symbol represents the mean value for all 10 pa-
tients in this study. Fig. 7 4 provides the individual patient responses.

following induction of congestive heart failure, the renin-angio-
tensin system was suppressed and urinary sodium excretion was
increased. It was felt that angiotensin II was necessary to maintain
blood pressure immediately following induction of heart failure,
while plasma volume expansion later in the course of heart failure
was the means by which mean arterial pressure was maintained
so that angiotensin-mediated vasoconstriction was no longer
necessary. There has likewise been limited clinical data during
balanced sodium intake, that identifies mechanisms of sodium
and water retention. Ayers and co-workers observed that sodium
retention was virtually complete in heart failure, despite a rel-
atively normal aldosterone secretion rate (1). Chonko and co-
workers evaluated the role of the renin-angiotensin system in
the sodium retention of edematous states, including congestive
heart failure (2). Patients were loaded with varying amounts of
sodium, but to a degree sufficient to result in edema. The degree
to which the renin-angiotensin system was suppressed with so-
dium loading was not uniform and could not be explained. To
date, there has not been a study that has attempted to assess the
hemodynamic, metabolic, and neurohormonal interactions that
occur during a structured sodium balance study where dietary
sodium is manipulated, in patients who are not treated with
diuretics. As such, the present study provides new information
of these interactions.

Characteristics of congestive heart failure patients during 10
meq and 100 meq sodium intake. Comparing the two sodium
diets, mean arterial pressure, pulmonary artery pressure, and
pulmonary wedge pressure were significantly increased on the
100 meq sodium diet; right atrial pressure tended to increase,
but this did not achieve statistical significance. There were no
significant differences in heart rate, cardiac index, stroke volume
index, systemic vascular resistance, or pulmonary vascular re-
sistance. This indicates that the extent of vasoconstriction was

unaltered by dietary sodium. Despite a 2-kg weight increase dur-
ing sodium repletion, intravascular volume was not increased.
It is possible that small changes occurred in ventricular volume
or pressure, that were not detectable by the standard techniques
which we employed. Such small changes in ventricular volume
and pressure could conceivably result in increased ventricular
stiffness, accounting for the increase in pulmonary wedge pres-
sure and pulmonary artery pressure as well as the small increase
in right atrial pressure. Such small changes would be difficult to
quantitate. Alternatively, small changes in interstitial tissue fluid
could alter venous compliance characteristics (20), or pulmonary
parenchymal stiffness (21), that could alter preload, reflected by
right atrial and pulmonary wedge pressure. Therefore, the in-
crease of sodium intake from 10 to 100 meq was not translated
into increased forward flow or intravascular volume. It is most
likely that much of the retained sodium and water during sodium
repletion was sequestered in the extravascular compartment. The
small but significant increase of mean arterial pressure during
the 100 meq sodium diet appeared more related to a small in-
crement of systemic vascular resistance rather than changes in
cardiac index or stroke volume index. In normal individuals,
sodium loading can cause a small, but significant increase of
blood pressure (22) and we cannot minimize the potential effects
of this increase of mean arterial pressure in our patients with
congestive heart failure. Small changes in perfusion pressure
could influence the sensitivity to orthostatic hypotension, as ob-
served in this study, and could also influence autoregulatory
responses in target organs such as the kidney (23).

In congestive heart failure, the plasma norepinephrine con-
centration is increased (24, 25), but the response to dietary so-
dium has not been previously identified. Our study has identified
that the plasma norepinephrine concentration is relatively higher
in sodium-depleted heart failure patients, suggesting enhanced
sympathetic nervous system activity. This observation parallels
previous reports in normal subjects (26, 27). Using a sensitive
microneurographic technique, a preliminary report by Leimbach
and co-workers has demonstrated that the plasma norepineph-
rine concentration is a good index of sympathetic outflow (28).
Taken together, these observations indicate that sympathetic
outflow is greater in sodium-depleted vs. sodium-repleted heart
failure patients.

The response of the renin-angiotensin system to dietary so-
dium manipulation parallels the observations in normal indi-
viduals where it is known that sodium depletion will result in
activation of the renin-angiotensin system (29, 30). Significant
differences in cardiac output or intravascular volume between
the 10 meq and 100 meq sodium diets are not necessary to
evoke changes in the degree to which the renin-angiotensin sys-
tem is activated. Bartter and co-workers established that an in-
crease in extracellular volume will result in suppression of the
renin-angiotensin system independent of intracellular volume
changes (31). Bull and co-workers have further shown that ad-
ministration of sodium chloride will increase urinary sodium
excretion and suppress the plasma renin and aldosterone secre-
tion when intravascular blood volume is held constant, or is
decreased by phlebotomy (32). We found a close correlation of
plasma aldosterone with plasma renin activity for both sodium
diets. This confirms the observations of Watkins and co-workers
in dogs with congestive heart failure (19), and supports the hy-
pothesis that the secretion of aldosterone in congestive heart
failure is primarily regulated by plasma renin activity. For the
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10 meq sodium diet, and both the neutral sodium and retaining
sodium subgroup responses to the 100 meq sodium diet, there
was a close correlation of urinary sodium excretion with both
plasma renin activity and urinary aldosterone excretion. This
finding underscores the importance of distal tubular sodium de-
livery to the macula densa as a major determinant for renin
secretion. However, during the 100 meq sodium diet, one group
of patients achieved neutral sodium balance with the greatest
suppression of the renin-angiotensin system while the second
group continued to avidly retain sodium so that the renin-an-
giotensin system was suppressed to a lesser degree.

100 mEq Na*—

Subgroup responses to sodium repletion. During the 100 meq
sodium intake, two patterns of response emerged. One group
achieved neutral sodium balance, with daily sodium excretion
commensurate with the 100 meq sodium diet. The second group
of patients avidly retained sodium and water. There was no dif-
ference in blood volume for the two groups, suggesting that the
retained sodium and water was sequestered in an extravascular
site.

In normal individuals, increasing dietary sodium from 10
to 100 meq will be reflected in urinary sodium excretion, with
macula densa suppression of renin secretion (33). The present
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study, however, highlights a fundamental variation on this con-
cept, in patients with congestive heart failure. While all patients
demonstrated suppression of the renin-angiotensin system with
the 100 meq sodium diet, there was a discrete and significant
difference in plasma renin activity and urinary aldosterone ex-
cretion for the two subgroups during the 100 meq sodium diet.
This difference was apparent for individual values as well as
group mean values. The most likely explanation for the difference
in sodium and water retention, and in renin system activation,
is that those individuals retaining sodium continued to have
increased proximal tubular sodium reabsorption, so that the di-
etary sodium load was not sensed by the macula densa. There-

" fore, the macula densa signal for renin secretion persisted, and
perhaps the secretion of aldosterone actually perpetuated sodium
and water retention in the distal tubule. Watkins and co-workers
were able to demonstrate in their canine model of heart failure
that dogs with a two-to threefold increase of plasma renin activity
had as much sodium retention as animals where plasma renin
activity was 10-20 times normal, suggesting that relatively small
increases of renin and aldosterone could result in complete so-
dium retention. They concluded that moderate activation of the
renin-angiotensin system was necessary for sodium and water
retention, whereas markedly enhanced activation was necessary
for a vasoconstrictor effect. Additional information is provided
in the recent report of Dzau and Hollenberg (34). In patients
with chronic congestive heart failure, treated with captopril, in-
duction of natriuresis and correction of edema and hyponatremia
could only be fully achieved with the addition of furosemide to
captopril, thereby blocking tubular sodium reabsorption. The
inability of patients with heart failure to excrete an oral sodium
load was identified many years ago (35). At that time, however,
a mechanism for this abnormality was not identified. Chonko
and co-workers had previously observed two patterns of renin
response during sodium loading in heart failure (2). In their
patients, however, sodium retention was relatively uniform.
While they did not measure hemodynamics, they felt that a he-
modynamic effect, or “undefined factors,” could result in fluid
retention in those patients where renin and aldosterone were
suppressed. In our study, we were able to demonstrate that a
systemic hemodynamic mechanism could not distinguish pa-
tients who achieve neutral sodium balance from those who re-
tained sodium. Mean arterial pressure and cardiac index were
not significantly higher in the neutral sodium group so that he-
modynamic differences could not account for the marked dif-
ferences in urinary sodium excretion. We did not measure renal
blood flow, and a comparison of glomerular filtration rate for
the two subgroups did not reveal statistically significant differ-
ences. In the sodium-retaining group however, glomerular fil-
tration rate was less than 50 ml/min in two of the five patients,
so that we cannot totally exclude the contribution of a renal
hemodynamic mechanism.

Vasoconstriction and sodium balance. Systemic vascular re-
sistance was not significantly different when the 10 and 100 meq
sodium diets were compared, suggesting “fixed” vasoconstriction
(36). Using only basal values, it would be difficult to determine
whether vasoconstriction was fixed, or the result of different
mechanisms of vasoconstriction in response to dietary sodium.
However, important inferences can be drawn from the response
to converting enzyme inhibition with captopril, which was ad-
ministered as a single 25-mg dose to acutely interrupt the renin—
angiotensin system. A significant reduction in systemic vascular
resistance was induced by captopril during the 10 meq sodium

diet, when the renin-angiotensin system was activated. However,
there was virtually no reduction in systemic vascular resistance
following one week of the 100 meq sodium diet, when the renin—
angiotensin system was suppressed. This indicated that vaso-
constriction in the sodium-depleted state was mediated by an-
giotensin II, while in the sodium repleted state, vasoconstriction
was not angiotensin-mediated. Thus, within the same patient
population, we were able to identify that dietary sodium could
alter the mechanism of vasoconstriction, while the absolute level
of vasoconstriction (10 vs. 100 meq sodium) was constant. This
observation in man is supported by the study of Watkins and
co-workers (19). In their canine model, they observed that in
the early stages of heart failure, when plasma renin activity was
increased, administration of the teprotide converting enzyme
inhibitor resulted in marked reduction of mean arterial pressure.
As the duration of congestive heart failure progressed to the
renin-independent phase, they could no Jonger elicit significant
reductions of mean arterial pressure with teprotide. While va-
soconstriction in the sodium-depleted state appears largely de-
pendent on angiotensin II, the mechanism of vasoconstriction
during sodium repletion was not identified in the present study,
and would be open to speculation. However, vasoconstriction
during the 100 meq sodium diet could not be specifically at-
tributable to enhanced sympathetic nervous system activity, as
the plasma norepinephrine concentration was actually lower in
our patients during sodium repletion.

Sodium influence on the response to tilt. The assessment of
the influence of sodium intake on the tilt response is a complex
issue that may not be resolved by the findings in the present
study. Nonetheless, several important issues can be addressed.
In normal individuals, the gravitational stress of head up tilt is
associated with peripheral pooling of blood, reduction of venous
return, and subsequent reduction of cardiac output (37, 38). To
protect and maintain blood pressure, head up tilt stimulates
baroreceptor mechanisms that result in an increase of heart rate
and systemic vascular resistance. The hormonal adjustment to
gravitational stress includes a two- to threefold increase of plasma
renin activity (39) and a comparable increase of plasma nor-
epinephrine (26). There is evidence that the response to tilt can
be influenced by sodium intake in normal individuals. Sancho
and co-workers have shown a greater tendency for orthostatic
hypotension in the sodium-depleted state (29). Vascular adap-
tation to head up tilt is more dependent on the renin-angiotensin
system, as induction of orthostatic hypotension to the expression
of syncope could be evoked following converting enzyme in-
hibition. ' ,

The complexity of the tilt response in congestive heart failure
is based on several observations. First, Abelmann and co-workers
have demonstrated what they termed an increased tolerance to
orthostatic stress in heart failure (40). This was due to the fact
that the anticipated decrease of cardiac output during head up
tilt did not occur. The most likely explanation for this observation
was massive peripheral edema, and increased venous compliance
that was independent of position. Second, patients with conges-
tive heart failure have an impaired response to many autonomic
stimuli. This includes a blunting of heart rate and resistance
changes to tilt (7, 8, 41), blunting of hormonal responses to tilt
(8), and abnormal responses to cold pressor testing, and the Val-
salva maneuver (7). The complexity of the tilt response in heart
failure is compounded by the fact that there may be subgroups
of responses to tilt. In a study of 41 patients (8), we found that -
roughly half of our patients had a response similar to that ob-

1450 R.J. Cody, A. B. Covit, G. L. Schaer, J. H. Laragh, J. E. Sealey, and J. Feldschuh



served by Abelmann. However, the remainder of the patients
demonstrated a relatively intact afferent stimulus of decreased
cardiac output during venous pooling. In the latter group, how-
ever, two-thirds of patients were able to maintain their blood
pressure, while one-third experienced orthostatic hypotension
in a manner analogous to patients with idiopathic orthostatic
hypotension (42).

In the present study, the response to tilt was qualitatively
different for the two sodium diets. In the sodium-repleted state,
2 of the 10 patients experienced an orthostatic reduction of blood
pressure, due to no change, or a decrease of systemic vascular
resistance. Following captopril, a third patient also demonstrated
orthostatic hypotension, most likely due to the withdrawal of
the vasoconstrictive influences of angiotensin II. The absence of
a significant increase of heart rate during tilt may have reflected
the abnormal autonomic responsiveness that characterizes heart
failure. In the sodium-depleted state, four patients had an or-
thostatic reduction in blood pressure with three demonstrating
an actual decrease of systemic vascular resistance and one patient
increasing systemic vascular resistance but to a level insufficient
to avert blood pressure reduction. Following converting enzyme
inhibition, 6 of the 10 patients experienced orthostatic hypoten-
sion with insufficient increase of systemic vascular resistance.
The anticipated increase of heart rate was again not observed.
It is likely that the underlying autonomic abnormalities in
congestive heart failure contributed to this inappropriate re-
sponse, yet sympathetic nervous system activity was actually
greater during the 10 meq sodium diet, as plasma norepinephrine
concentrations were increased. One possible explanation for the
difference of the tilt response for the two diets may be that in-
creased interstitial tissue pressure and turgor is important in the
sodium-repleted state, providing additional vascular stiffness to
avert orthostasis (20). Increased interstitial tissue pressure could
prevent augmentation of venous capacitance, and the subsequent
venous pooling of blood that is normally observed during grav-
itational stress. A study by Magrini and Niarchos (43) supports
this hypothesis. In a group of patients with massive peripheral
edema, the normal hemodynamic response to head up was
blunted. However, following diuretic therapy and marked re-
duction of peripheral edema, they found that venous pooling of
blood and reduction of central blood volume resulted in a re-
sponse more typical of normal individuals. An additional ex-
planation or factor may be the contribution of cardiac filling
pressures. We found an association between pulmonary wedge
pressure and mean arterial pressure, with the greatest reduction
of blood pressure occurring in those patients with the lowest
pulmonary wedge pressure. In a previous study of diuretic-treated
patients, we observed that the rapid infusion of normal saline
into the central circulation could reverse or minimize the ten-
dency for orthostatic hypotension by inducing small changes in
cardiac filling pressures, without a significant increase of cardiac
index or stroke volume index (44). Thus, the contribution of
cardiac filling pressures to the maintenance of blood pressure
during tilt may be more critical in congestive heart failure, when
the ventricle is dilated, compared to normal individuals. In the
present study, we have also observed a lack of appropriate hor-
monal increase during tilt, irrespective of dietary sodium intake
or the occurrence of orthostatic hypotension. Plasma renin ac-
tivity did not increase during tilt with either diet. While tilt re-
sulted in an increase of norepinephrine, the magnitude of in-
creased norepinephrine was not comparable to that observed in
normal individuals during head up tilt (26), which is more strik-

ing, when one considers the presence of orthostatic hypotension
in many of our patients.

In summary, an increase of dietary sodium intake from 10
to 100 meq resulted in a 2-kg weight gain, suppression of the
renin-angiotensin system, and a decrease of sympathetic nervous
system activity, in patients with chronic congestive heart failure.
The absence of significant increase in blood volume or cardiac
output during this weight gain was compatible with an extra-
vascular sequestration of sodium and water. There were two
subgroups of response to sodium loading: a group of patients
who achieved neutral balance, and a group of patients who con-
tinued to avidly retain sodium and water. While this difference
could be influenced by an undefined hormonal mechanism, or
subtle differences in renal function, it was not due to differences
in cardiac function. Vasoconstriction in the sodium-depleted
state was mediated by the renin-angiotensin system, but vaso-
constriction during sodium repletion was independent of the
renin-angiotensin system, and did not respond to converting
enzyme inhibition. Sodium depletion was also accompanied by
a greater expression of inadequate circulatory compensation to
gravitational stress. This was characterized by a greater occur-
rence of orthostatic hypotension both before and after blockade
of angiotensin-mediated vasoconstriction. The marked increase
of renin following converting enzyme inhibition in the sodium-
depleted state, and the suppression of renin secretion during
sodium repletion, indicated a retained relative sensitivity of the
macula densa signal for renin secretion. In contrast, the cardio-
pulmonary mechanoreceptor stimulus for renin secretion during
tilt was blunted, despite evidence of increased sympathetic ner-
vous system activity. ‘

Appendix

Individual hemodynamic and hormonal patient responses to dietary so-
dium manipulation, head up tilt, and converting enzyme inhibition with
captopril are shown in Fig. 7. Data for the 10 meq sodium diet are given
in the two columns on the left, and that of the 100 meq sodium diet are
given in the two columns on the right, for each variable. Within each
column, supine values are indicated by 0° and the head up tilt values
are indicated by 60°. The precaptopril data is indicated by *“control,”
and the response to the 25-mg oral dosé of captopril is indicated by
“captopril.” Solid lines connecting the supine and tilt data points indicate
those individuals who maintained their blood pressure during head up
tilt, and the broken lines indicate those individuals who experienced
orthostatic hypotension during head up tilt. To identify the individuals
who achieved neutral balance versus those who avidly retained sodium
in response to the 100 meq sodium diet, two different sets of symbols
are used, that are consistent with the symbols used for all the figures.
The circles represent those individuals who achieved neutral balance,
and triangles indicate those individuals who were avidly retaining sodium.
For consistency, the symbols are also indicated for the 10 meq sodium
diet. In addition to the individual patient data points, mean values are
indicated by the hatched squares, along with the standard error of the
mean. The mean values of Fig. 7, and the statistical results of the two-
way analysis of variance for these individual patients, are given in the
text as Fig. 4 and Fig. 5.
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