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ORIGINAL ARTICLE

Urine sodium excretion is related to extracellular water volume but not to
blood pressure in 510 normotensive and never-treated hypertensive
subjects

Jyrki Taurioa,b , Jenni Koskelaa,b , Marjatta Sinisalob , Antti Tikkakoskia,c , Onni Niemel€ad ,
Mari H€am€al€ainena,e , Eeva Moilanena,e , Manoj Kumar Choudharya , Jukka Mustonena,b ,
Pasi Nevalainenb and Ilkka P€orstia,b

aFaculty of Medicine and Health Technology, Tampere University, Tampere, Finland; bDepartment of Internal Medicine, Tampere
University Hospital, Tampere, Finland; cDepartment of Clinical Physiology, Tampere University Hospital, Tampere, Finland;
dDepartment of Laboratory Medicine and Medical Research Unit, Sein€ajoki Central Hospital, Sein€ajoki, Finland; eThe
Immunopharmacology Research Group, Tampere University and Tampere University Hospital, Tampere, Finland

ABSTRACT
Purpose: High sodium intake is an accepted risk factor for hypertension, while low Naþ intake
has also been associated with increased risk of cardiovascular events. In this cross-sectional
study, we examined the association of 24-h urinary Naþ excretion with haemodynamics and vol-
ume status.
Materials and methods: Haemodynamics were recorded in 510 normotensive and never-
treated hypertensive subjects using whole-body impedance cardiography and tonometric radial
artery pulse wave analysis. The results were examined in sex-specific tertiles of 24-h Naþ excre-
tion, and comparisons between normotensive and hypertensive participants were also per-
formed. Regression analysis was used to investigate factors associated with volume status. The
findings were additionally compared to 28 patients with primary aldosteronism.
Results: The mean values of 24-h urinary Naþ excretion in tertiles of the 510 participants were
94, 148 and 218mmol, respectively. Average tertile age (43.4–44.7 years), office blood pressure
and pulse wave velocity were corresponding in the tertiles. Plasma electrolytes, lipids, vitamin D
metabolites, parathyroid hormone, renin activity, aldosterone, creatinine and insulin sensitivity
did not differ in the tertiles. In supine laboratory recordings, there were no differences in aortic
systolic and diastolic blood pressure, heart rate, cardiac output and systemic vascular resistance.
Extracellular water volume was higher in the highest versus lowest tertile of Naþ excretion. In
regression analysis, body surface area and 24-h Naþ excretion were independent explanatory
variables for extracellular water volume. No differences in urine Naþ excretion and extracellular
water volume were found between normotensive and hypertensive participants. When compared
with the 510 participants, patients with primary aldosteronism had 6.0% excess in extracellular
water (p¼ .003), and 24-h Naþ excretion was not related with extracellular water volume.
Conclusion: In the absence of mineralocorticoid excess, Naþ intake, as evaluated from 24-h Naþ

excretion, predominantly influences extracellular water volume without a clear effect on blood
pressure.

PLAIN LANGUAGE SUMMARY

� We evaluated sodium intake in 510 subjects by measuring their 24-h sodium excretion to the
urine and examined whether sodium intake was related with alterations in cardiovascular
function and fluid balance. All participants were without blood pressure lowering
medications.

� Blood pressure was recorded by a device that senses the radial artery pulsations form the
wrist. The amount of blood pumped by the heart, the transfer of pressure waves following
cardiac contractions and body fluid status were evaluated using bioimpedance, a method
recording changes in body electrical resistance.

� For the analyses, the participants were divided into tertiles according to their 24-h sodium
excretions. We also compared results between normotensive and hypertensive subjects.

� The 24-h sodium excretion in the tertiles corresponded to about 6 g, 9 g and 13 g of salt
intake per day, respectively. There were no differences between the tertiles in age, routine
laboratory analyses, blood pressure, large arterial stiffness, amount blood pumped by the
heart and resistance to blood flow in the arteries. However, there was more extracellular fluid
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in the highest versus the lowest tertile of sodium excretion. Further statistics indicated that
extracellular fluid volume in the body was mainly determined by body size, but it was also
moderately influenced by sodium intake.

� No differences in 24-h sodium excretion and extracellular water volume were found between
normotensive and hypertensive participants.

� In subjects not using blood pressure lowering medications, sodium intake predominantly
influences the amount of extracellular fluid without a clear effect on blood pressure.

Introduction

Globally, high prevalence of hypertension has detri-
mental consequences by predisposing to stroke, myo-
cardial infarction and other forms of cardiovascular
disease [1]. Even modest elevations in blood pressure
(BP) are known to increase the risk of cardiovascular
disease [2,3]. In up to 90% of cases, high BP is caused
by primary hypertension, the underlying causes of
which are not fully understood [1]. The treatment
goals for hypertension are not properly attained in
any part of the world, and especially the non-pharma-
cological treatments are often inadequately uti-
lised [4].

Excess dietary Naþ intake is an acknowledged risk
factor for hypertension [1,4]. A close to linear rela-
tionship between dietary Naþ intake and BP level was
identified in a recent meta-analysis [5]. The World
Health Organisation (WHO) recommends that as a
preventive measure against cardiovascular disease we
should consume less than 5 g of salt (�2.0 g of Naþ)
per day [6,7]. The European Society of Hypertension
(ESH) guidelines recommend that Naþ intake should
be limited to 2.0 g per day in all hypertensive patients
[1]. As the daily Naþ intakes vary enormously
between individuals of different sizes, the consump-
tion of Naþ should be analysed and reported in val-
ues related to body size [8].

However, contradictory findings about Naþ intake
and cardiovascular risk have also been published. In a
pooled analysis of 133,118 individuals, high Naþ

intake was related to increased risk of cardiovascular
events and death in hypertensive populations, but low
Naþ intake was also associated with increased risk of
cardiovascular events and death in hypertensive and
normotensive subjects [9]. In the Prospective Urban
Rural Epidemiology study comprising 95,767 partici-
pants, Naþ intake was associated with cardiovascular
disease and strokes only in communities where the
mean intake exceeded 5 g/day [10]. In 2,807 adult
patients with type 1 diabetes, urinary Naþ excretion
was nonlinearly associated with all-cause mortality, so
that individuals with either highest or lowest urinary
Naþ excretion had reduced survival [11]. Recently,

strict Naþ intake restriction was even reported to
impair prognosis of patients with heart failure with
preserved ejection fraction [12].

The amount of urinary Naþ is often thought to
reflect the amount of ingested Naþ [13]. However,
the true evaluation of Naþ ingestion by urinary analy-
ses would require several consecutive collections of
24-h urine Naþ excretion [14], which has not been
feasible in most hypertension studies. Moreover, our
understanding of Naþ homeostasis has been reshaped
by the notion of water-free tissue Naþ storage [15].
Excess Naþ excretion into urine predisposes to renal
water loss, and to excrete Naþ the body makes a great
effort to conserve water and protect the body from
dehydration [16]. The proposed ability of tissues to
buffer the effects of variations in Naþ intake on BP
and cardiovascular function is a field of active
research [14,16,17].

In this cross-sectional study we tested the hypoth-
esis that 24-h urinary Naþ excretion is related with
BP, cardiac output, systemic vascular resistance
(SVR), or extracellular water volume in 510 subjects
naïve to hypertensive medications and in 28 patients
with primary aldosteronism. Cardiovascular function
and extracellular water volume were examined using
pulse wave analysis and whole-body impedance cardi-
ography. The present results suggest that 24-h urinary
Naþ excretion influences extracellular water volume
in the absence of an effect on BP.

Subjects and methods

Study population

The present study is part of a project focussing on
haemodynamics in primary and secondary hyperten-
sion (DYNAMIC-study), and data for the present
project was extracted from altogether 1350 partici-
pants, among whom 565 had BP within the normal
range, 533 had the diagnosis of primary hypertension
and 252 had the diagnosis of secondary hypertension.
The study was performed according to the principles
of the Declaration of Helsinki and was approved by
the ethics committee of the Tampere University

2 J. TAURIO ET AL.



Hospital (code R06086M) and the Finnish Medicines
Agency (Eudra-CT number 2006-002065-39) and was
registered in a database of clinical trials (code
NCT01742702).

The present study comprised 510 normotensive
and hypertensive subjects without antihypertensive
medications, aged 19–72 years, and 28 patients with
primary aldosteronism, aged 34–70 years, all of whom
had available data of 24-h Naþ and Kþ excretion. The
normotensive and untreated hypertensive participants
were recruited via newspaper announcements and
notices in Tampere University Hospital, University of
Tampere, Varala Sports Institute and local occupa-
tional health care providers [18–20]. All participants
were interviewed and examined by a licenced phys-
ician, and they gave signed informed consent. Use of
medications was documented, and quantity of alcohol
consumption was evaluated as standard drinks (�12 g
of absolute alcohol) per week. Smoking history was
recorded, and cigarette consumption estimated as
pack-years [18–20]. Seated office BP was measured
with a manual sphygmomanometer (Heine Gamma
G7, Herrsching, Germany), and phase I and V
Korotkoff sounds were used to identify systolic and
diastolic BP [1].

The 510 subjects (263 men and 247 women, age
range 19–72 years) were selected as follows: (1) no
antihypertensives and other medications with direct
influences on BP, (2) available data on 24-h Naþ and
Kþ excretion, (3) no history of cardiovascular or cere-
brovascular disease, (4) sinus rhythm, (5) no diabetes
mellitus, (6) no evidence of chronic kidney disease,
(7) no secondary hypertension [1], (8) no psychiatric
illness other than mild depression or anxiety and (9)
no history of alcohol or substance abuse. Based on
seated office BP measurements, 231 (45.3%) of the
participants were normotensive (90 men and 141
women), and 279 (54.7%) were hypertensive (157
men, 122 women of whom 82 were post-menopausal;
21 women and 36 men had isolated diastolic hyper-
tension; 21 women and 28 men had isolated systolic
hypertension; cut-off level 140/90mmHg) [1]. In total
203 (39.8%) of the participants used medications.
Sixty-four women used hormones for contraception
or hormone replacement, 23 had a hormone-releasing
intrauterine device. The other medications were: vita-
min-D supplement (n¼ 75), antidepressant (n¼ 24),
statin (n¼ 13), thyroxine (n¼ 12), antihistamine
(n¼ 11), inhaled glucocorticoid (n¼ 11), low-dose
acetylsalicylic-acid (n¼ 5), inhaled beta2-agonist
(n¼ 3), allopurinol (n¼ 2), antiepileptic (n¼ 1),
azathioprine (n¼ 1), benzodiazepine (n¼ 1),

cholestyramine (n¼ 1), etoricoxib (n¼ 1), ezetimibe
(n¼ 1), mesalazine (n¼ 1), pregabalin (n¼ 1) and
tamoxifen (n¼ 1).

The 28 patients with primary aldosteronism were
referred to Tampere University Hospital for the diag-
nostics of secondary hypertension: 10 women and 18
men, mean (standard deviation, SD) age 56.0 (10.6)
years, height 172.3 (9.5) cm, weight 92.1 (21.9) kg
and BMI 30.7 (4.9). On average they used 3.3 (1.9)
antihypertensive medications (range 0–8): calcium
channel blocker (22), beta blocker (16), prazosin (12),
angiotensin receptor blocker (11), angiotensin con-
verting enzyme inhibitor (7), moxonidine (5), thiazide
(4), furosemide (3), spironolactone (2), minoxidil (1).
Their other medications were: potassium supplement
(16), statin (9), low dose of acetylsalicylic acid (7),
vitamin D supplement (6), insulin (3), proton pump
inhibitor (3), thyroxine (3), antidepressant (2), 5-
alpha-reductase inhibitor plus alpha-blocker (2), anti-
rheumatic (2), incretin mimetic (2), metformin (2),
opioids (2), asthma medication (1), vitamin B12 injec-
tion (1), antihistamine (1), gabapentin (1), sodium-
glucose cotransporter-2 inhibitor (1) and benzodi-
azepine (1).

Laboratory analyses

The participants collected 24-h urine, and blood and
urine samples were taken after about 12 h of fasting.
Plasma and urine electrolytes, and plasma cystatin C,
creatinine, C-reactive protein (CRP), glucose, uric
acid and lipid determinations were performed using
Cobas Integra 700/800 (F. Hoffmann-LaRoche Ltd.,
Basel, Switzerland) or Cobas 6000, module c501
(Roche Diagnostics, Basel, Switzerland). Plasma
calcidiol (25(OH)D3) and calcitriol (1,25(OH)2D3)
were analysed using enzyme immunoassay
(Immunodiagnostic Systems, Boldon, UK) and para-
thyroid hormone (PTH) and insulin using electroche-
miluminescence immunoassay (Cobas e411, Roche
Diagnostics). Quantitative insulin sensitivity check
index (QUICKI) was calculated from fasting plasma
insulin and glucose [21]. Blood cell counts were ana-
lysed using ADVIA 120 or 2120 (Bayer Health Care,
Tarrytown, NY, USA). Kidney disease exclusion was
by estimated GFR (CKD-EPI cystatin C formula [22])
and by refractometric dipstick analysis and nephelo-
metric analysis of urine albumin (Clinitec Atlas or
Advantus and BN Prospec, respectively, Siemens
Healthcare GmbH, Erlangen, Germany).

Plasma renin activity was measured using
GammaCoat Plasma Renin Activity assay (Diasorin
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S.p.A., Saluggia, Italy), while due to a change in rou-
tine clinical analysis methods direct plasma renin con-
centration was determined in six aldosteronism
patients according to the instructions of the assay
manufacturer (LIAISON immunoanalyser, DiaSorin,
Saluggia, Italy) [23]. For aldosterone analyses in the
510 participants without antihypertensive medications
active aldosterone radioimmunoassay (RIA)
(Diagnostics Systems Laboratories, Beckman Coulter,
Webster, Texas, USA) was used (intra-assay and
inter-assay coefficients of variation (CV) for plasma
samples 4.5% and 9.8%, respectively, detection limit
7.6 pg/ml, recovery not significantly different from
100%). In the aldosteronism patients plasma and
urine aldosterone concentrations were analysed using
liquid chromatography–mass spectrometry (API 4000
LC–MS/MS System, AB Sciex PTE Ltd, Singapore)
which allows a high degree of specificity in complex
biological samples (CV 2.8–5.1% for plasma and 4.5–
8.6% for urine, limit of quantitation 40 pmol/l for
plasma and 6.65 nmol/l for urine, recovery not sig-
nificantly different from 100%) [24]. All above labora-
tory analyses were carried out in SFS-EN ISO
15189:2013 accredited clinical laboratories with ISO
9001 quality management system and assay validation
procedures.

Plasma N-terminal pro-atrial natriuretic peptide
(NT-proANP) and N-terminal pro-B-type natriuretic
peptide (NT-proBNP) were determined by Tampere
University Immunopharmacology Research Group
using enzyme-linked immunosorbent assays (NT-
ProANP DuoSet ELISA, R&D Systems Europe Ltd,
Abingdon, United Kingdom; NT-proBNP ELISA,
Abcam, Cambridge, UK) with interassay coefficients
of variation of 7.2% and 7.5%, respectively.

Haemodynamic measurements

Haemodynamics were recorded by research nurses in
a quiet laboratory. In the DYNAMIC study, the par-
ticipants are instructed to refrain from caffeine-con-
taining products, smoking and heavy meals for �4 h
and alcohol use for �24 h before the recordings [18–
20,25,26]. After 10min of supine rest, BP was meas-
ured twice using a manual sphygmomanometer
(Heine Gamma G7). Then supine haemodynamic
data was collected for 5min. The mean haemo-
dynamic values during each minute were used in the
analyses.

Left radial pulse waves were recorded using a tono-
metric sensor (Colin BP-508T, Colin Medical
Instruments Corp., USA) fixed on the radial pulsation

as described earlier [18–20,25,26]. The tonometric
measurement was calibrated twice during the 5-min
recording by contralateral oscillometric brachial
BP measurements. Aortic BP and pulse wave
forms were derived from the tonometric signal
of the Colin apparatus with the SphygmoCorR

software (SphygmoCorR PWMx, AtCor Medical,
Australia) [27].

Whole-body impedance cardiography (CircMonR

device, JR Medical Ltd., Estonia) was used to record
heart rate, stroke volume, cardiac output, aortic-to-
popliteal pulse wave velocity (PWV), extracellular
water (ECW) volume and ECW balance as previously
described [28–30]. ECW volume was calculated using
the formula ECW¼ k � (height2/Z). The coefficient k
(X� cm) comes from blood resistivity and the rela-
tion between the distance of voltage electrodes and
body height, while Z is the recorded impedance of
the body. The ECW balance was calculated as
ECW/ECWpredicted, the latter being assessed with the
formula 2.4 � (0.0236�Height0.725 � Weight0.423 –
1.229) for males and 2.6 � (0.0248�H0.725 � W0.423

– 1.9549) for females [31–33]. The ECW balance cor-
relates highly with ECW:body surface area (BSA) ratio
(in the present study population Pearson r¼ 0.881)
and reflects the body size-related amount of ECW.
SVR was evaluated from the tonometric BP and car-
diac output so that normal central venous pressure
(4mmHg) was subtracted from mean arterial pressure
and the value was divided by cardiac output
[19,20,26,30].

The present ECW volume method correlates well
with 51Cr-EDTA dilution-measured ECW volume
(r¼ 0.74, bias 0.2 ± 1.1 litres) and with perioperative
weight changes in patients [28]. The cardiac output
values measured using CircmonR correlate well with
values measured using thermodilution and direct oxy-
gen Fick methods [30]. The whole-body impedance
cardiography somewhat overestimates PWV, and a
validated equation (PWV¼PWVimpedance � 0.696þ
0.864) was used to calculate values corresponding
to Doppler ultrasound and applanation tonometry
methods [29]. The repeatability and reproducibility
of the measurements has been previously
reported [18,19,29].

Statistical analyses

The subjects were divided into sex-specific tertiles
according to 24-h Naþ excretion to the urine.
BSA was estimated using the formula
0.007184�Height0.725 � Weight0.425 [34]. One-way
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analysis of variance (ANOVA) and Kruskal–Wallis
tests were applied to examine differences in the clin-
ical characteristics and laboratory values, Levene’s test
was used to examine homogeneity of variances, and
Spearman correlations (rS) were calculated. The
haemodynamic variables in the tertiles of 24-h Naþ

excretion were compared using ANOVA for repeated
measurements. The results were adjusted for BSA, as
the intake of food and thus of the intake of Naþ

depends on the bodily size of the individuals. The
analyses of PWV were additionally adjusted for mean
aortic pressure according to the recommendations
[35,36]. The analyses also included comparisons
between hypertensive and normotensive subjects, clas-
sified according to their seated office BPs [1].

Variables for linear regression analysis with step-
wise elimination were selected by utilising Spearman’s
nonparametric correlation analysis for ECW, and
p< .05 was used as the inclusion criterion. The
regression model for the explanatory factors for ECW
included age, sex, BSA, smoking status, alcohol con-
sumption (standard doses per week); fasting plasma
concentrations of glucose, insulin, Kþ, Naþ, uric acid,
calcium, phosphate, renin activity and aldosterone;
24-h Naþ excretion to the urine, nocturnal urine
albumin excretion, estimated glomerular filtration
rate, SVR and cardiac output. Smoking status was cat-
egorised using two discrete variables that enabled
classification to current, previous, or never smokers.
SPSS version 26.0 for Windows software (IBM SPSS,
Armonk, NY, USA) was used for statistics. The
Bonferroni correction was applied in all post-hoc
analyses. The results are presented as mean and SD
or median [25th–75th percentile], and p< .05 was
considered statistically significant.

Results

Findings in 510 participants without
antihypertensive medications

Among the 510 participants without antihypertensive
medications, 263 (51.6%) of the subjects were men.
Mean age in the sex-specific tertiles of 24-h Naþ

excretion varied from 43.4 to 44.7 years (Table 1).
Body weight was lowest in the lowest tertile and high-
est in the highest tertile, while BMI was highest in the
highest tertile of Naþ excretion. BSA was higher in
the highest versus the lowest tertile. There were no
differences in the prevalence of smokers or alcohol
consumption between the tertiles. Seated office BP,
supine laboratory BP and aortic-to-popliteal PWV did
not differ between the tertiles (Table 1).

The 24-h urine volume was highest in the tertile
with highest Naþ excretion (Table 2). The amounts of
24-h urine Naþ, Naþ/BSA, Kþ and urine Naþ/Kþ

ratio were different in all tertiles with highest values
in the highest tertile. Comprehensive laboratory test-
ing did not show any other differences between the
tertiles, and the mean values of all test results were
well within the normal range for each variable
(Table 2).

In the laboratory analyses of supine haemodynam-
ics, the results are presented in BSA-adjusted tertiles
of 24-h urinary Naþ excretion to eliminate the influ-
ence of differences in body size on the results [8].
Supine aortic BP did not differ between the tertiles
(Figure 1(A,B)). Heart rate, stroke volume, cardiac
output and SVR were also similar in all tertiles
(Figure 2(A–D)). ECW volume and ECW balance
were higher in the highest than in the lowest tertile
(Figure 3(A,B)).

Table 1. Demographics and clinical characteristics in 510 subjects, divided to tertiles according to 24-h Naþ excretion separately
for sexes.

Tertile 1 of 24h urine Naþ

(n¼ 169)
Tertile 2 of 24h urine Naþ

(n¼ 172)
Tertile 3 of 24h urine Naþ

(n¼ 169)

Male / female (n) 87 / 82 89 / 83 87 / 82
Age (years) 43.4 (12.5) 44.7 (12.1) 44.1 (11.6)
Height (cm) 172 (9) 173 (9) 174 (9)
Weight (kg) 75.0 (14) 79.0 (14.6)� 83.1 (16.2)�†
Body mass index (kg/m2) 25.1 (3.7) 26.2 (4.2) 27.4 (4.3)�†
Body surface area (m2) 1.88 (0.20) 1.93 (0.20) 1.97 (0.22)�
Current smokers (n) 24 16 28
Alcohol consumption (standard drinks/week) 2 [1–6] 3 [1–6] 3 [1–5]
Seated brachial office BP measured by physician

(systolic / diastolic in mmHg)
136 (19) / 87 (12) 140 (19) / 89 (12) 137 (18) / 89 (12)

Supine brachial laboratory BP measured by nurse
(systolic / diastolic in mmHg)

131 (19) / 80 (12) 135 (19) / 82 (12) 132 (17) / 81 (11)

aAortic-to-popliteal pulse wave velocity (m/s) 8.0 (1.6) 8.1 (1.5) 8.1 (1.4)

Note: BP: blood pressure; results shown as numbers, mean (standard deviation), or median [25th–75th percentile].
aAdjusted for mean aortic blood pressure.�p< .05 vs. tertile 1; †p< .05 vs. tertile 2.
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In the 510 subjects, 24-h Naþ excretion (rS¼0.436,
p< .001) and 24-h Naþ excretion/BSA (rS¼0.242,
p< .001) correlated with ECW volume. In linear
regression analyses with stepwise elimination, the
independent explanatory factors for ECW volume
were BSA (beta 0.733) and 24-h Naþ excretion (beta
0.118) (Table 3).

Naþ excretion and volume status were also com-
pared between normotensive and hypertensive sub-
jects (Table 4). In addition to higher BP, the
hypertensive group had male predominance (56% vs.
39%), higher age and higher BMI than the normoten-
sive group. In analyses adjusted for these differences
between the groups, ECW volume and ECW balance,
urine Naþ and Kþ excretion and urine Naþ/Kþ ratio
were similar between hypertensive and normotensive
subjects. However, the hypertensive group presented
with 0.4mmol/l higher plasma Naþ concentration
and 38% higher plasma NT-proBNP concentration
than the normotensive group (Table 4).

Table 2. Urine, blood and plasma chemistry in 510 subjects divided to sex-specific tertiles according to 24-h Naþ excretion.
Tertile 1 of 24 h urine Naþ

(n¼ 169)
Tertile 2 of 24 h urine Naþ

(n¼ 172)
Tertile 3 of 24 h urine Naþ

(n¼ 169)

Urine volume (ml/24h) 1674 (742) 1833 (690) 2120 (748)�†
Urine Naþ (mmol/24h) 94.1 (27.9) 148.0 (25.5)� 217.9 (51.5)�†
Urine Naþ/BSA (mmol/24h/m2) 49.9 (13.2) 76.8 (10.4)� 110.4 (22.4)�†
Urine Kþ (mmol/24h) 74.5 (28.1) 83.5 (23.5)� 93.7 (28.2)�†
Urine Naþ/Kþ ratio 1.40 (0.54) 1.89 (0.57)� 2.49 (0.81)�†
Nocturnal urine albumin excretion (mg/min) 4 [3–5] 4 [3–5] 4 [3–6]
Haematocrit (%) 41 (4) 42 (3) 42 (3)
Blood haemoglobin (g/l) 143 (12) 144 (11) 145 (12)
Estimated GFR (ml/min/1.73m2) 97 (15) 96 (14) 98 (14)
Analyses from fasting plasma samples
Naþ (mmol/l) 140.5 (1.9) 140.5 (2.0) 140.2 (2.0)
Kþ (mmol/l) 3.8 (0.3) 3.8 (0.3) 3.8 (0.3)
C-reactive protein (mg/l) 1.4 [0.5–1.5] 1.4 [0.5–1.8] 1.4 [0.5–1.7]
Renin (ng Ang I/ml/h) 0.8 [0.5–1.4] 0.6 [0.4–1.1] 0.8 [0.5–1.2]
aAldosterone (pmol/l) 446 [330–606] 430 [322–599] 418 [319–554]
N-terminal proANP (ng/ml) 3.14 (2.00) 3.75 (4.10) 3.65 (3.86)
N-terminal proBNP (pg/ml) 68.1 (71.0) 83.5 (99.6) 73.0 (82.2)
Creatinine (lmol/l) 75 (14) 75 (13) 73 (14)
Cystatin C (mg/l) 0.82 (0.15) 0.84 (0.15) 0.84 (0.14)
Uric acid (lmol/l) 290 (67) 290 (76) 300 (74)
Total cholesterol (mmol/l) 5.0 (1.0) 5.1 (1.0) 5.2 (1.1)
Triglycerides (mmol/l) 1.0 [0.7–1.4] 1.0 [0.7–1.4] 1.0 [0.7–1.3]
HDL cholesterol (mmol/l) 1.6 (0.4) 1.6 (0.4) 1.6 (0.5)
LDL cholesterol (mmol/l) 2.9 (0.9) 3.0 (0.9) 3.1 (1.0)
Glucose (mmol/l) 5.3 (0.5) 5.4 (0.6) 5.5 (0.6)
Insulin (mU/l) 8 (5) 11 (31) 9 (7)
QUICKI 0.365 (0.047) 0.357 (0.049) 0.354 (0.035)
Calcium (mmol/l) 2.3 (0.1) 2.3 (0.1) 2.3 (0.1)
Phosphate (mmol/l) 1.0 (0.2) 1.0 (0.2) 1.0 (0.2)
PTH (pmol/l) 4.5 (1.7) 4.6 (1.8) 4.6 (2.1)
25(OH)D3 (nmol/l) 69 (30) 74 (41) 76 (41)
1,25(OH)2D3 (pmol/l) 112 (33) 113 (34) 110 (36)

Note: Results shown as mean (standard deviation) or median [25th–75th percentile].
Abbreviations: dU: daily urine; BSA: body surface area; GFR: glomerular filtration rate (estimated by creatinine and cystatin C based CKD-EPI formula);
ANP: atrial natriuretic peptide; BNP: B-type natriuretic peptide; HDL: high-density lipoprotein; LDL: low-density lipoprotein; QUICKI: quantitative insulin
sensitivity check index; PTH: parathyroid hormone; 25(OH)D3: 25-hydroxyvitamin D3; 1,25(OH)2D3: 1,25-dihydroxyvitamin D3.
aAldosterone concentration was determined using RIA.�p< .05 vs. tertile 1; †p< .05 vs. tertile 2.

Figure 1. Aortic systolic blood pressure (A) and aortic diastolic
blood pressure (B) in tertiles of 24-h urinary Naþ excretion
adjusted for body surface area; mean (circle) with standard
error of the mean (whiskers); ANOVA for repeated measure-
ments, Bonferroni correction in post-hoc analyses.

6 J. TAURIO ET AL.



Extracellular water volume and 24-h Naþ

excretion in patients with primary aldosteronism

All primary aldosteronism patients (10 women, 18
men) were taking antihypertensive medications, but
only two were treated with a mineralocorticoid recep-
tor antagonist. Their lowest plasma Kþ was in the
hypokalaemic range, aldosterone:renin ratio was ele-
vated, and 24-h urinary aldosterone excretion
exceeded the normal range (Table 5). In these patients
serum aldosterone was determined using tandem
high-performance liquid chromatography�mass
spectrometry, which yields lower values than RIA [37]
that was applied in the analyses of the 510 subjects
above. RIA overestimates aldosterone concentrations
due to cross-reactivity with aldosterone metabo-
lites [37].

The aldosteronism patients continued to take their
antihypertensive medications and presented with the
following differences [mean (SD)] when compared
with the 510 subjects above: age 56 (11) vs. 44 (12)
years (p< .001), BMI 30.7 (4.9) vs. 26.2 (4.2) kg/m2

(p< .001) and BSA 2.05 (0.28) vs. 1.94 (0.22) m2

(p¼ .015), respectively. Mean seated office BP was
162 (20)/93 (10) mmHg and mean supine laboratory
BP was 158 (18)/89 (10) mmHg in the aldosteronism
group. When adjusted for the differences and sex and
BSA, the primary aldosteronism patients presented
with [mean (95% CI)] 0.58 (0.14–1.03) litre excess in
ECW volume (p¼ .01) and 6.0% (2.6–9.8) excess in
ECW balance (p¼ .003), when compared with the 510
subjects above.

In the aldosteronism patients, 24-h Naþ excretion
(rS¼0.250, p¼ .199) or 24-h Naþ excretion/BSA

Figure 2. Heart rate (A), stroke volume (B), cardiac output (C)
and systemic vascular resistance (D) in tertiles of 24-h urinary
Naþ excretion adjusted for body surface area; mean (circle)
with standard error of the mean (whiskers); ANOVA for
repeated measurements, Bonferroni correction in post-hoc
analyses.

Figure 3. Extracellular water volume (A) and extracellular
water balance (B) in tertiles of 24-h urinary Naþ excretion
adjusted for body surface area; mean (circle) with standard
error of the mean (whiskers); ANOVA for repeated measure-
ments, Bonferroni correction in post-hoc analyses.

Table 3. Linear regression analyses with stepwise elimination
of explanatory factors for extracellular water volume in 510
subjects.
Extracellular water volume (L) B Beta p

R2¼0.627
(constant) 0.219 .681
Body surface area 6.276 0.733 <.001
24-h Naþ excretion 0.003 0.118 .001

Notes: Included variables: age, sex, smoking status (never, present, previ-
ous), alcohol consumption (standard doses per week); fasting plasma con-
centrations of glucose, insulin, Kþ, Naþ, uric acid, calcium, phosphate,
renin activity, aldosterone; 24-h Naþ excretion to the urine, nocturnal
urine albumin excretion; estimated glomerular filtration rate (cystatin C
and creatinine-based CKD-EPI formula); systemic vascular resistance, car-
diac output.
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(rS¼0.09, p¼ .654) did not correlate with ECW vol-
ume. Plasma NT-proANP [5.81 (3.81) ng/ml] and
NT-proBNP [224 (237) pg/ml] were higher in the
aldosteronism patients than in the normotensive and
hypertensive subjects above (p< .01 for all
comparisons).

Discussion

We performed non-invasive recordings of haemo-
dynamics to examine whether Naþ intake, as eval-
uated from 24-h Naþ excretion, is associated with
cardiovascular variables in 510 normotensive or
never-treated hypertensive Caucasian subjects. None
of the participants were previously diagnosed with
diabetes, cardiovascular or cerebrovascular disease,
renal insufficiency, and none had medications with
direct cardiovascular influences. Supine haemodynam-
ics were recorded using whole-body impedance cardi-
ography and pulse wave analysis. Comprehensive

analyses of blood chemistry, metabolic factors, hor-
mones and renal function that cover many mecha-
nisms related to the regulation of BP [1], showed no
differences between the tertiles of Naþ excretion. The
inclusion of BSA in the adjustments took into consid-
eration the influence of body size on the results [8],
as BSA was significantly correlated with urinary Naþ

excretion in the participants.
The present regression analyses indicated a direct

association between urinary Naþ excretion and ECW
volume. These findings correspond well to the recent
report by Rossitto et al. that tissue Naþ excess follow-
ing high Naþ intake reflects accumulation of water-
paralleled Naþ in the extracellular space [15]. In
many of the earlier studies focussing on the relation
between Naþ excretion and BP, the detailed underly-
ing components of haemodynamics that are involved
in BP regulation were not addressed [38–41].

High dietary Naþ intake is a widely accepted risk
factor for hypertension [1]. Several studies have

Table 4. Normotensive versus hypertensive subjects: demographic data and laboratory results adjusted for differences in sex dis-
tribution, age and body mass index.

Normotensive (n¼ 231) Hypertensive (n¼ 279)

Male / female (n) 89 / 138 157 / 122�
Age (years) 41.0 (11.5) 46.7 (11.9)�
Body mass index (kg/m2) 24.6 (3.4) 27.6 (4.3)�
Seated brachial office BP measured by physician (systolic / diastolic mmHg) 122 (9) / 79 (7) 150 (15) / 96 (8)�
Supine brachial laboratory BP measured by nurse (systolic / diastolic mmHg) 120 (11) / 73 (16) 143 (15) / 88 (9)�
Extracellular water volume (l) 12.9 (1.8) 12.8 (1.8)
Extracellular water balance 1.0 (0.1) 1.0 (0.1)
Urine Naþ (mmol/24 h) 156.9 (64.8) 151.2 (59.8)
Urine Naþ/BSA (mmol/24 h/m2) 79.3 (32.5) 78.8 (27.0)
Urine Kþ (mmol/24 h) 85.3 (28.4) 82.7 (27.3)
Urine Naþ/Kþ ratio 1.90 (0.78) 1.96 (0.79)
Estimated GFR (ml/min/1.73m2) 100 (15) 99 (14)
Analyses from fasting plasma samples
Naþ (mmol/l) 140.2 (1.8) 140.6 (2.0)�
Kþ (mmol/l) 3.8 (0.3) 3.8 (0.3)
Renin (ng Ang I/ml/h) 0.9 [0.5–1.4] 0.6 [0.4–1.1]
aAldosterone (pmol/l) 441 [340–636] 422 [311–531]
N-terminal proANP (ng/ml) 3.66 (4.42) 3.41 (2.41)
N-terminal proBNP (pg/ml) 61.9 (69.9) 85.6 (95.0)�
Creatinine (lmol/l) 74 (13) 74 (14)
Cystatin C (mg/l) 0.82 (0.16) 0.84 (0.13)

Notes: Results shown as mean (standard deviation), or median [25th–75th percentile]; dU, daily urine; GFR, glomerular filtration rate (creatinine and cysta-
tin C based CKD-EPI formula); ANP, atrial natriuretic peptide; BNP, B-type natriuretic peptide.
aAldosterone concentration determined using RIA; �p< .05 vs. normotensive subjects.

Table 5. Laboratory characteristics in 28 primary aldosteronism patients (10 women, 18 men) treated with antihypertensive
medications.

Median 25th percentile 75th percentile Numbera Normal range

Lowest plasma potassium (mmol/l) 3.0 2.9 3.2 28 3.3–4.8
bSerum aldosterone (pmol/l) 703 454 894 28 <520
Plasma renin activity (ng of Ang I/ml/h) 0.2 0.2 0.3 22c 1.5–5.7
Plasma renin concentration (mU/l) 8.7 5.1 13.0 6c 4.4–46
Ratio of aldosterone to renin activity 3088 1770 4230 22 <750
Ratio of aldosterone to renin concentration 69 35 135 6 <30
Urinary aldosterone (nmol/24h) 60.0 55 80 27 <40
Urine Naþ excretion (mmol/24h) 196 142 267 27 <240
aNumber of subjects with available result of the laboratory determination.
bAldosterone concentration determined using tandem high-performance liquid chromatography – mass spectrometry.
cIn the 28 aldosteronism patients, plasma renin was determined either as renin activity analysis or plasma renin concentration.
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examined the link between Naþ intake, BP and car-
diovascular events [5,10,12,40]. An almost linear asso-
ciation between Naþ intake and cardiovascular risk
was recently reported in a study that applied two or
more 24-h urine samples to evaluate dietary Naþ

intake [42]. Previous studies have suggested that
higher Naþ intake may elevate BP by increasing blood
volume, cardiac output, SVR, arterial stiffness, sympa-
thetic activity, and by causing impaired endothelium-
mediated control of arterial tone, structural changes
in the arterial tree, and adverse cardiac remodelling
[39,41,43–46]. Genome wide association studies have
also revealed several genetic variants with physio-
logical functions related to Naþ homeostasis [47].

However, some studies relying mainly on spot
urine samples have suggested that also low Naþ

intake may be harmful and elevate the risk of cardio-
vascular disease and mortality [9,10,48]. In the pre-
sent study, 24-h urine Naþ excretion was not related
with the level of BP, whether BP was measured by
physician, research nurse, or recorded tonometrically
in the laboratory. Moreover, urine Naþ excretion was
not related to PWV, cardiac index, or SVR. In our
study population, 279 subjects presented with elevated
BP in the office, while the supine central BP values
during laboratory measurements were predominantly
within the normotensive range [1]. Thus, our findings
agree with the views of a recent systematic Cochrane
database review, which concluded that sodium reduc-
tion to the recommended levels would decrease mean
arterial pressure by �0.4mmHg in normotensive and
by �4mmHg in hypertensive subjects [40]. The
reduction in BP may be considerably more pro-
nounced in subjects with resistant hypertension [41].

The measurement of 24-h urine is not an optimal
method to estimate dietary Naþ intake, as single 24-h
urine collections at intakes ranging 6–12 g of NaCl
per day were not appropriate to detect a 3 g difference
in individual salt intake [14]. Measurements of urine
Naþ excretion should actually last for several days to
detect the true amount of ingested Naþ [42].
Nevertheless, the 24-h urine Naþ excretion remains a
feasible measure to assess Naþ intake in larger groups
of subjects [49].

As the major extracellular cation, Naþ is rapidly
distributed throughout the body. Infusion of hyper-
tonic 7.5% NaCl solution causes extracellular fluid
expansion, followed by gradual translocation of fluid
also to the intracellular space [50]. Previously, extra-
cellular-to-intracellular fluid ratio was higher during
high vs. low Naþ intake in 20 hypertensive patients
with chronic kidney disease [43], while Naþ excess in

tissues during high Naþ intake has been found to
reflect the extracellular accumulation of water and
Naþ [15]. In elderly men, Naþ intake directly corre-
lated with leg oedema and differences in leg extracel-
lular fluid contents between daytime and night-time
[51]. Our present results suggest a direct independent
relation between 24-h Naþ excretion and ECW vol-
ume in the absence of an association with the level of
BP. In the regression analysis, BSA and ECW volume
were the only independent factors related with urin-
ary 24-h Naþ-excretion. The observed independent
association between urine Naþ excretion and ECW
was not driven by age, as no association was observed
between age and 24-h Naþ excretion in the regression
analyses.

The human skin and muscle may buffer dietary
Naþ and thus result in water-free Naþ storage, and
this mechanism may reduce the hemodynamic conse-
quences of increased Naþ intake [16,17,52]. The Naþ

ions may be stored by the use of negatively charged
glycosaminoglycans [53], but the exact mechanisms
how water-free Naþ is buffered in the human body
and how this affects BP regulation remain largely
unknown [8]. An attractive hypothesis is that when
these mechanisms fail, Naþ intake becomes a poten-
tial contributor to the pathophysiology of hyperten-
sion [8,16].

In the present study, we also compared Naþ excre-
tion and ECW volume between normotensive and
hypertensive subjects [1]. Clear deviations in BPs
between these groups prevailed also in supine labora-
tory measurements. We found no differences in ECW
volume, ECW balance, renal function, Naþ excretion,
Kþ excretion, plasma renin activity and plasma aldos-
terone and NT-proANP concentrations between these
groups. However, the hypertensive subjects presented
with a small 0.4mmol/l elevation in plasma Naþ con-
centration when compared with the normotensive
subjects, but the significance of this finding remains
unknown. ANP is released to the blood stream from
secretory granules in response to cardiomyocyte
stretch, and its concentration is higher in the atria
than in the ventricles [54]. BNP is synthetised in
atrial and ventricular cardiomyocytes, but it is not
stored to the same extent as ANP. In a pressure-bur-
dened heart, left ventricular BNP synthesis increases
with a subsequent elevation in plasma BNP [55].
Thus, ANP release more acutely responds to increases
in volume load while higher BNP levels more reflect
sustained cardiac pressure and volume overloads [54].
The plasma NT-proANP and NT-proBNP concentra-
tions were similar in the tertiles of Naþ excretion,
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while NT-proANP were also similar in the normoten-
sive and hypertensive subgroups. These findings are
compatible with the view of corresponding blood vol-
umes in these groups. In contrast, 38% elevation of
plasma NT-proBNP in the hypertensive group indi-
cates higher pressure load to the heart in these sub-
jects [54]. Altogether, several indirect findings suggest
that there were no differences in the circulating blood
volumes between the tertiles of Naþ excretion: similar
haematocrit, haemoglobin, plasma renin activity and
plasma concentrations of Naþ, aldosterone, NT-
proANP and NT-proBNP.

For comparison, we examined 28 patients with
confirmed primary aldosteronism. Patients with pri-
mary aldosteronism are known to present with
increased ECW volume when compared with patients
with primary hypertension and normotensive subjects
[20]. The present aldosteronism group was character-
ised by 6.0% excess in ECW, and no relation was
found between 24-h Naþ excretion and extracellular
water volume in them. As expected, the NT-proANP
and NT-proBNP concentrations in plasma were
clearly elevated among the aldosteronism patients
when compared with normotensive and hypertensive
subjects. Obviously, increased ECW volume reflected
the disruption of normal Naþ and water homeostasis
due to mineralocorticoid excess in these patients.

Our study has limitations. Conclusions about
causal relationships are precluded due to the cross-
sectional approach. We applied indirect non-invasive
methods with mathematical processing to derive
ECW, cardiac output, SVR and PWV from the bioim-
pedance signal [28–30] and central aortic BP from the
tonometry signal [27]. Even though the methods have
been validated against direct or invasive measure-
ments, the results must be interpreted with caution.
Also, we cannot exclude potential multicollinearity
problems that were not controlled for by the statis-
tical methods, as many clinical characteristics and
biochemical variables are correlated with each other.
However, except for 24-h Naþ and Kþ excretion,
none of the other laboratory variables in the analyses
were different between the Naþ excretion tertiles, and
these variables were meticulously included in the
regression analysis. The similarity of the laboratory
result profiles has arguably increased the reliability of
the comparisons between the tertiles of Naþ excre-
tion. Although some methodological variations
occurred in the current renin and aldosterone meas-
urements, our findings indicate no significant differ-
ences in plasma renin activities and aldosterone
concentrations between the tertiles of Naþ excretion

that would indicate differences in circulating blood
volumes between the tertiles. The participants had
some concurrent illnesses that were well controlled
but may have affected the results. Importantly, sub-
jects with potential causes for abnormal BP and ECW
volume regulation like renal disease, diabetes, or any
severe acute or chronic illness were excluded.

To conclude, an independent direct association
between 24-h Naþ excretion and ECW was observed
in 510 normotensive or never-treated hypertensive
subjects aged 19–72 years. All subjects were free of
diabetes, cardiovascular or renal comorbidities and
cardiovascular medications. The present results indi-
cate that in the absence of mineralocorticoid excess,
dietary Naþ intake predominantly influences ECW
regulation, and this effect is observed without parallel
changes in BP.
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