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Abstract Aim: To examine the association between serum sodium concentration and incident
major cardiovascular disease (CVD) outcomes and total mortality in older men.
Methods and Results: A prospective study of 3099 men aged 60e79 years without a history of car-
diovascular disease followed up for an average 11 years during which there were 528 major CVD
events (fatal coronary heart disease [CHD] and non-fatal MI, stroke and CVD death) and 873 total
deaths. A U shaped relationship was seen between serum sodium concentration and major CVD
events and mortality. Hyponatremia (<136 mEq/L) and low sodiumwithin the normal range (136
e138 mEq/L) showed significantly increased risk of major CVD events and total mortality
compared to men within the upper normal range (139e143 mEq/L) after adjustment for a wide
range of confounders and traditional risk factors [adjusted HRs 1.55 (1.13,2.12) and 1.40 (1.14,1.72)
for major CVD events respectively and 1.30 (1.02,1.66) and 1.30 (1.11,1.53) respectively for total
mortality]. Hyponatremia was associated with inflammation, NT-proBNP, low muscle mass and
alkaline phosphatase; these factors contributed to the increased total mortality associated with
hyponatremia but did not explain the increased risk of CVD events associated with hyponatremia
or low normal sodium concentration. Hypernatremia (�145 mEq/L) was associated with signif-
icantly increased risk of CVD events and mortality due to CVD causes.
Conclusion: Mild hyponatremia even within the normal sodium range and hypernatremia are
both associated with increased total mortality and major CVD events in older men without
CVD which is not explained by known adverse CV risk factors.
ª 2015 The Authors. Published by Elsevier B.V. on behalf of the Italian Society of Diabetology, the
Italian Society for the Study of Atherosclerosis, the Italian Society of Human Nutrition, and the
Department of Clinical Medicine and Surgery, Federico II University. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Hyponatremia, usually defined as serum sodium concen-
tration <136 mEq/L, is one of the most common electro-
lyte abnormalities observed in hospitalised patients [1]
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and in patients with chronic kidney disease (CKD), coro-
nary heart disease (CHD) and heart failure (HF) [2e3].
Several clinical and epidemiological studies have shown
hyponatremia to be associated with increased total mor-
tality in these patients [4e6]. In recent years, attention has
turned to the possibility that mild hyponatremia, may be
associated with adverse outcomes in the general popula-
tion [7]. Studies on hyponatremia and mortality in com-
munity based populations are limited, but in the three
population studies that have examined the relationship
between hyponatremia and mortality in community based
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subjects, there is evidence that hyponatremia is associated
with increased mortality [8e10] and that even a level of
sodium concentration in the lower normal range (serum
sodium 135e137 mEq/L), a level usually considered
benign, is associated with increased mortality [9]. There is
a paucity of data on electrolyte disturbance and risk of
incident cardiovascular disease in the general population,
but two studies have reported that low serum sodium,
even within the normal range, is associated with increased
stroke risk [11e12], and possibly also to myocardial
infarction [9]. Electrolyte disorders are common in the
elderly [13] but less is known about the relationship be-
tween electrolyte disturbances and incident major CVD
events and mortality in the general older population
without established CVD. We have examined the associa-
tion between serum sodium as well as serum potassium
and risk of CHD, stroke, CVD mortality and total mortality
in a population of older men aged 60e79 years with no
history of CVD (CHD, HF or stroke).

Methods

The British Regional Heart Study is a prospective study of
cardiovascular disease involving 7735 men aged 40e59
years drawn from one general practice in each of 24 British
towns,whowere screened between 1978 and 1980 [14]. The
population studied was socio-economically representative
of British men and consisted almost entirely of white Euro-
peans (>99%). In 1998e2000, all surviving men, now aged
60e79 years, were invited for a 20th year follow-up exami-
nation, on which the analyses presented here are based.
Ethical approval was obtained from all relevant local
research ethics committees. All men completed a mailed
questionnaire providing information on their lifestyle and
medical history, had a physical examination and provided a
fasting blood sample collected using the SarstedtMonovette
system. The sampleswere frozen and stored at�20 �Con the
day of collection and transferred in batches for storage at
�70 �C until analysis, carried out after no more than one
freezeethaw cycle. The men were asked whether a doctor
had ever told them that they had angina or myocardial
infarction (MI), HF or stroke and to bring theirmedication to
the examination session. 4252 men (77% of survivors)
attended for the 1998e2000 examination and blood serum
samples were available from 4088 men; 4034 men had
measurements of sodium. Of these men, 935 menwith pre-
existing doctor diagnosed CHD (angina or MI), stroke or
heart failure were excluded, leaving 3099 men for analyses.

Cardiovascular risk factor measurements at 1998e2000

Details of measurement and classification methods for
smoking status, physical activity, body mass index, social
class, alcohol intake, blood pressure, blood lipids, alkaline
phosphatase and forced expiratory volume in 1 s (FEV1) in
this cohort have been described [15e17]. Mid arm muscle
circumference (MAMC) calculated as mid upper arm
circumference (MUAC) e 0.3142*(triceps skinfold thick-
ness) was considered an indicator of muscle mass [16,18].
Prevalent diabetes included men with a diagnosis of dia-
betes or men with fasting blood glucose �7 mmol/l. Pre-
dicted glomerular filtration rate (eGFR), estimated from
serum creatinine using the equation developed by Levey
et al. [19] was used as a measure of renal function. C-
reactive protein (CRP) was assayed by ultra sensitive
nephelometry (Dade Behring, Milton Keynes, UK) [20]. N-
terminal pro-brain natriuretic peptide (NT-proBNP) was
determined using the Elecsys 2010 electro-
chemiluminescence method (Roche Diagnostics, Burgess
Hill, UK) [21].

Serum sodium
Sodium was measured by an ion selective electrode. A
membrane composed of crown ether with a neutral PVC
carrier forms a selective membrane for sodium ions,
creating an electrical potential as sodium ions traverse the
membrane [22]. The electrical potential can be compared
to a reference electrode to determine the sodium ion
concentration. The between batch imprecision was <2%.

Follow-up
All men have been followed up from initial examination
(1978e1980) for cardiovascular morbidity [23] and follow-
up has been achieved for 99% of the cohort. In the present
analyses, total mortality and morbidity events are based on
follow-up from re-screening in 1998e2000 at mean age
60e79 years to June 2010, a mean follow-up period of 11
years (range 10e12). Information on death was collected
through the established “tagging” procedures provided by
the National Health Service registers. Fatal stroke episodes
were those coded on the death certificate to International
Classification of Diseases (ICD-9th Revision) 430e438.
Non-fatal stroke events were those which produced a
neurological deficit that was present for more than 24 h.
Fatal CHD events were defined as death with CHD (ICD 9th
revision, codes 410e414) as the underlying code. A non-
fatal MI was diagnosed according to World Health Orga-
nisation criteria [24]. Cardiovascular deaths included all
those with ICD-9 codes 390e459. Evidence of non-fatal MI
and HF was obtained by ad hoc reports from general
practitioners supplemented by biennial reviews of the
patients’ practice records (including hospital and clinic
correspondence) through to the end of the study period.
Outcomes assessed in the current analyses were major
CHD (defined as fatal or non-fatal MI) major stroke events
(fatal or non-fatal), CVD death and all major CVD events
(major CHD events, stroke events or CVD death).

Statistical methods
Cox’s proportional hazards model was used to assess the
multivariate-adjusted hazards ratio (relative risk) by levels
of serum sodium. Tests for quadratic trends in Fig. 1 were
assessed by assigning quantitative values (1e11) for the 11
groups and fitting sodium as a continuous variable rather
than as categorical variables and including a quadratic
term. In multivariate analyses, smoking (never, long term
ex-smokers (>15 years), recent ex-smokers (<15 years)
and current smokers), social class (manual vs non manual),



Figure 1 Serum sodium concentrations and incident cardiovascular
rates/1000 person-years and total mortality rates/1000 person years.
Number of men: Sodium levels <136 (n Z 207), 136 (n Z 134), 137
(n Z 234), 138 (n Z 330), 139 (n Z 463), 140 (n Z 494), 141 (n Z 491),
142 (n Z 337), 143 (n Z 244), 144 (n Z 109), �145 (n Z 56).
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physical activity (4 groups), alcohol intake (5 groups),
diabetes (yes/no), BMI (<25, 25e27.5, 27.5e29.9 and
30þ kg/m [2]), eGFR (<60, 60e69, �70 ml/min per
1.73 m2) and muscle mass (quartiles) were fitted as cate-
gorical variables; FEV1, HDL-C, CRP, systolic blood pres-
sure, alkaline phosphatase, and NT-proBNP were fitted as
continuous variables.
Results

The mean serum sodium level in the 3099 men without
CHD, stroke or HF was 139.7 mEq/L, SD (2.67) (range
125e150 mEq/L). Hyponatremia (<136 mEqu/L) was pre-
sent in 6.7% of the men and hypernatremia (�145 mEq/L)
in 1.8% of men; only 15 men (0.5%) had levels above
145mEq/L. During the mean follow-up time of eleven years
there were 269 CHD events, 209 stroke events and 293
CVD deaths, a total of 528 major incident CVD events
(stroke, CHD, CVD deaths) in these men. Figure 1 shows
the rates/1000 person years for overall CVD events and
total mortality by levels of serum sodium concentration. A
significant U-shaped relationship was seen with overall
CVD events and total mortality with risk increasing below
levels of 139 mEq/L and above 143 mEq/L (both p < 0.0001
for quadratic trend). On the basis of these findings we
grouped the men into five categories: <136 (hypona-
tremia), 136e138 (low normal), 139e143, 144 and � 145
(hypernatremia) mEq/L.

Baseline characteristics by sodium

Table 1 shows the baseline characteristics by the five so-
dium groups. Hyponatremia was associated with older age
and increased prevalence of smoking, heavier alcohol
intake, diabetes and diuretic use. BMI and muscle mass
tended to increase with increasing sodium levels. Hypo-
natremia was associated with the highest levels of CRP, NT-
proBNP (marker of neurohormonal activation), GGT, alka-
line phosphatase and eGFR and the lowest levels of FEV1.
Overall, men with hypernatremia showed similar charac-
teristics to those with normal sodium levels.

Sodium and CVD risk

Men with sodium levels below 139 mEq/L and men with
hypernatremia showed significantly higher risk of major
CVD events than menwith sodium levels between 139 and
143 mEq/L, even after adjustment for potential con-
founders, diabetes, blood pressure, blood lipids, lung
function and eGFR (Table 2; model 1) and muscle mass
(model 2). Further adjustment for CRP, alkaline phospha-
tase and NT-proBNP (model 3) made minor differences to
the findings. When examined separately for CHD and
stroke the increased risk associated with low sodium was
seen for both CHD and stroke events and CVD death
although hyponatremia related more to stroke events than
CHD events. Hypernatremia related particularly strongly to
stroke and CVD deaths. These associations persisted even
after exclusion of men with renal dysfunction (eGFR <60),
diuretic use and current smokers (N Z 569) (Table 2).

Sodium and total mortality

Hyponatremia and low sodium levels were associated with
significantly increased mortality (Table 3). The increased
risk of total mortality in men with hyponatremia was to
some extent associated with muscle mass, CRP, alkaline
phosphatase and NT-proBNP (Table 1). Men with hyper-
natremia showed increased risk in mortality compared to
men with normal sodium levels, although the difference
was not significant. The increased risk of mortality seen in
those with low normal serum sodium was attenuated but
remained significant even after exclusion of men with
renal dysfunction (eGFR <60), diuretic use and current
smokers (Table 3).

Potassium and CVD and total mortality

Only 12 men were classified as having hypokalaemia
(<3.5 mEq/L) and 107 men were classified as having
hyperkalaemia (>5.0 mEq/L). In contrast to serum sodium,



Table 1 Baseline characteristics according to sodium levels (mEqu/L) in 3099 men with no diagnosed CHD, stroke or heart failure.

Sodium (mEq/L)

<136 (N Z 207) 136-138 (N Z 698) 139-143 (N Z 2029) 144 (N Z 109) �145 (N Z 56) P overall
difference

Age (yrs) 69.8 (5.53) 68.6 (5.47) 68.0 (5.35) 68.6 (5.47) 68.2 (5.74) <0.0001
% current smokers 18.0 14.9 12.2 10.2 7.3 0.04
% active 13.9 8.6 5.2 12.3 3.9 0.02
% manual 54.6 58.3 51.4 48.6 53.1 0.02
% moderate/heavy drinkers 22.7 19.5 19.3 9.2 12.5 0.03
% diabetes 15.9 16.2 7.8 15.9 8.9 <0.0001
% cancer 3.9 6.5 5.6 1.9 1.8 P Z 0.19
% antihypertensive drugs 30.4 23.2 23.3 19.3 23.2 0.15
% diuretics 10.5 8.1 5.7 4.7 7.6 0.03
% statins 1.9 1.3 2.5 1.8 1.8 0.43
BMI (kg/m2) 25.8 (3.52) 26.8 (3.76) 26.8 (3.46) 27.4 (3.95) 27.1 (3.14) 0.001
Muscle mass (kg) 25.5 (2.51) 26.2 (2.29) 26.6 (2.33) 26.7 (2.13) 28.9 (2.29) <0.0001
SBP (mmHg) 151.3 (23.8) 149.0 (22.6) 150.4 (24.1) 148.5 (24.3) 156.6 (25.1) 0.14
Cholesterol (mmol/l) 5.89 (1.14) 6.15 (1.06) 6.07 (1.05) 6.13 (1.03) 5.90 (1.26) 0.02
HDL-C (mmol/l) 1.38 (0.35) 1.35 (0.37) 1.33 (0.34) 1.32 (0.29) 1.27 (0.31) 0.11
Glucose*(mmol/l) 6.23 (5.26e6.25) 6.05 (5.31e6.29) 5.70 (5.24e6.02) 5.64 (5.20e5.89) 5.75 (5.17e5.79) <0.0001
FEV1 (L) 2.40 (0.73) 2.60 (0.66) 2.67 (0.65) 2.54 (0.56) 2.68 (0.69) <0.0001
CRP*(mg/L) 2.24 (0.88e5.55) 1.73 (0.78e3.59) 1.57 (0.78e3.09) 1.72 (0.89e3.75) 1.36 (0.70e2.85) <0.0001
eGFR(ml/min per 1.73 m2) 76.1 (11.6) 73.4 (12.3) 72.7 (12.2) 69.1 (11.0) 73.5 (21.8) <0.0001
NT-proBNP 109.9 (52e205) 81.5 (41e154) 80.6 (40e147) 90.0 (42e182) 93.7 (50e202) 0.004
ALP 86.5 (71e108) 79.8 (66e94) 80.6 (68e94) 85.6 (67e99) 83.1 (69e95) 0.006
GGT 33.1 (20e44) 28.8 (19e38) 27.7 (19e38) 27.1 (19e38) 27.7 (18e32) 0.0007
Blood urea 5.52 (1.52) 5.88 (1.73) 5.98 (1.51) 5.89 (1.26) 6.17 (1.42) 0.001

Mean and SD; * geometric mean and interquartile range.
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no consistent associationwas seen between potassium and
overall CVD events (Fig. 2). A shallow but non-significant U
shaped association was seen between potassium and total
mortality with mortality highest in the very small groups
of men with hypokalaemia and men with levels >5.3 mEq/
L (n Z 27) (Fig. 2).
Discussion

In this study of older men without established CVD or HF,
there was a U-shaped association between serum sodium
and CVD events and mortality, with the lowest levels of
risk in the 139e143 mEq/L group. Hyponatremia
(<136 mEq/L) was present in about 6.7% of the population,
a similar proportion to that observed in other healthy
older populations [12]. Although hyponatremia is usually
defined as levels <136 mEq/L [1], a more conservative
definition of hyponatremia (sodium levels <138 mEq/L)
was suggested by Kumar and Berl [25]. The significantly
increased risk of CVD and mortality seen at circulating
sodium levels between 136 and 138 mEq/L in the present
study supports this more conservative definition and
suggests that in older adults even levels between 136 and
138 mEq/L levels usually considered to be within the
normal range (present in nearly a quarter of the men), may
be a marker of mortality and CVD risk. Hypernatremia in
this population was uncommon but was associated with
significantly higher risk of both CVD events and increased
CVD mortality. By contrast, serum potassium showed no
significant association with total mortality or CVD events,
which is consistent with a previous report [10]. Our study
confirms other population studies that have shown mild
hyponatremia to be associated with increased mortality
[9] and extends the findings to cardiovascular events. We
were able to examine a wide range of potential con-
founders and mediators in assessing the sodium CVD/
mortality relationship including muscle mass, alkaline
phosphatase (a biochemical marker of bone turnover) [17]
and NT-proBNP (marker of neurohormonal activation).
Low circulating sodium concentration and total
mortality

In the majority of studies, predefined cut-off points have
been used and comparisons are made between hypona-
tremic subjects and normonatremic subjects. We have
shown that mortality decreases with increasing levels up
to levels of 139 and levels out thereafter, rising again at
levels above 144 (hypernatremia) which is similar to other
studies conducted in hospital and CKD patients [6].
Hyponatraemia has several mechanisms, which could
contribute to the relationship observed. Clinical studies
have shown that neurohormonal activity (NT-proBNP),
inflammation, diabetes and muscle mass are determinants
of hyponatremia [3]. Recent studies suggest that hypona-
tremia could also affect other organs including lung and
bone abnormalities [26,27]. We have observed that hypo-
natremia is associated with several adverse risk factors
including smoking, low muscle mass, low lung function,
inflammation, increased levels of NT-proBNP, diabetes and
increased levels of alkaline phosphatase, factors shown be
associated with increased CVD and or mortality in this



Table 2 Incidence rates/1000 person years and adjusted hazards ratios (95%CI) for major cardiovascular events by serum sodium levels (mEqu/L)
in 3099 men without CHD, stroke or heart failure.

Serum sodium (mEq/L)

<136 (N Z 207) 136-138 (N Z 698) 139-143 (N Z 2029) 144 (N Z 109) �145 (N Z 56)

All CVD events (n Z 528)
Rate/1000 per-yrs 27.7 (49) 22.1 (140) 15.3 (303) 19.3 (20) 32.7 (16)
Age-adjusted 1.50 (1.11,2.07) 1.42 (1.16,1.73) 1.00 1.20 (0.76,1.88) 2.20 (1.33,3.63)
Model 1 1.55 (1.13,2.12) 1.40 (1.14,1.72) 1.00 1.24 (0.78,2.00) 2.24 (1.33,3.65)
Model 2 1.52 (1.10,2.09) 1.38 (1.12,1.69) 1.00 1.23 (0.77,2.00) 2.16 (1.30,3.50)
Model 3 1.48 (1.08,2.04) 1.43 (1.16,1.76) 1.00 1.20 (0.75,1.91) 2.07 (1.23,3.42)
(with exclusiona) 1.46 (1.01,2.10) 1.31 (1.02,1.67) 1.00 1.01 (0.56,0.82) 2.38 (1.31,4.32)
CHD events (n Z 269)
Rate/1000 per-yrs (n) 10.7 (20) 11.2 (73) 7.8 (158) 10.4 (11) 13.2 (7)
Age-adjusted 1.17 (0.73,1.86) 1.40 (1.06,1.85) 1.00 1.28 (0.70,2.36) 1.71 (0.80,3.64)
Model 1 1.19 (0.73,1.94) 1.39 (1.05,1.85) 1.00 1.36 (0.74,2.52) 1.71 (0.80,3.66)
Model 2 1.14 (0.70,1.86) 1.34 (1.01,1.79) 1.00 1.40 (0.76,2.59) 1.69 (0.79,3.62)
Model 3 1.18 (0.72,1.93) 1.45 (1.09,1.94) 1.00 1.37 (0.74,2.54) 1.63 (0.76,3.50)
(with exclusiona) 1.20 (0.69,2.10) 1.46 (1.04,2.04) 1.00 1.03 (0.45,2.35) 1.68 (0.67,4.21)
Stroke events (n Z 209)
Rate/1000 per-yrs 15.6 (28) 8.1 (52) 5.7 (116) 5.7 (6) 14.2 (7)
Age-adjusted 2.29 (1.51,3.48) 1.38 (1.00,1.92) 1.00 0.94 (0.42,2.15) 2.54 (1.19,5.46)
Model 1 2.30 (1.49,3.55) 1.43 (1.02,2.00) 1.00 0.86 (0.35,2.11) 2.60 (1.21,5.62)
Model 2 2.28 (1.48,3.53) 1.43 (1.02,2.00) 1.00 0.86 (0.35,2.11) 2.57 (1.19,5.54)
Model 3 2.12 (1.37,3.28) 1.42 (1.02,2.50) 1.00 0.83 (0.34,2.04) 2.49 (1.15,5.39)
(with exclusiona) 2.02 (1.23,3.32) 1.14 (0.76,1.71) 1.00 0.80 (0.29,2.18) 2.58 (1.04,6.45)
CVD deaths (n Z 293)
Rate/1000 per-yrs 15.3 (29) 12.8 (85) 7.6 (156) 13.0 (14) 16.7 (9)
Age-adjusted 1.55 (1.04,2.30) 1.62 (1.24,2.11) 1.00 1.63 (0.94,2.81) 2.25 (1.15,4.41)
Model 1 1.60 (1.05,2.43) 1.58 (1.20,2.08) 1.00 1.77 (1.00,3.14) 2.38 (1.21,4.69)
Model 2 1.53 (1.01,2.34) 1.53 (1.16,2.01) 1.00 1.81 (1.02,3.26) 2.32 (1.17,4.57)
Model 3 1.61 (1.05,2.46) 1.64 (1.24,2.16) 1.00 1.73 (0.98,3.08) 2.25 (1.14,4.47)
(with exclusiona) 1.68 (1.03,2.73) 1.58 (1.12,2.22) 1.00 1.19 (0.52,2.73) 2.57 (1.09,6.03)

Model 1 Z adjusted for age, cigarette smoking, alcohol intake, physical activity, social class, BMI use of antihypertensive drugs, diabetes, lung
function, systolic blood pressure and eGFR.
Model 2 adjusted for Model 1 þ muscle mass.
Model 3 Adjusted for Model 1 þ CRP þ alkaline phosphatase þ NT-proBNP.
a Exclude men with diuretic use, renal dysfunction (eGFR<60) and current smokers.
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study [16,17,20,21]. These factors contributed to the
increased total mortality risk in those with hyponatremia.
However, they did not explain the increased total mortality
risk seen at low sodium levels within the normal range.

Low circulating sodium concentration and CVD risk

Few studies have examined the association between
serum sodium and CVD. A previous report has suggested
hyponatremia and low sodium (135e137 mEq/L), referred
to as subtle hyponatremia, to be associated with increased
risk of MI but the study was based on very small numbers
with sodium levels (<138 mEq/L) (n Z 76) [9]. Our study
confirms a significant association between low sodium
(but not hyponatremia) and major CHD (non-fatal MI and
CHD deaths) which was not explained by known risk
factors for CHD. The lack of association with CHD events
with hyponatremia may be due to competing stroke
events as these men showed exceptionally high risk of
stroke. Our earlier report, conducted in middle-aged when
the men were aged 40e59 years showed an association
between low sodium and hypernatremia and increased
risk of stroke [11]. This finding was confirmed in this
population of men now aged 60e79 years and is consistent
with findings from another cohort of older men showing
sodium levels <140 mEq/L to increase stroke mortality risk
[12]. The mechanisms underlying the relation between
serum sodium and stroke are not clear, but it seems likely
that different mechanisms are operating at the lower and
higher ends of the serum sodium distribution. It is well
recognized that acute changes in either direction cause
cerebral disorders. Hyponatremia is known to affect the
central nervous system and cause cerebral edema [28].
However, the increased risk of stroke was seen evenwithin
normal ranges, which was not explained by established
risk factors for stroke.

The U shaped association between serum sodium and
CVD is similar to the U-shaped association seen between
dietary sodium intake as measured by urinary sodium
excretion and CVD [29]. Although dietary sodium intake is
shown to have a small effect on increasing circulating
serum sodium levels [30], low circulating serum sodium
under normal circumstances however, does not reflect low
dietary sodium intake. The U-shaped association seen
between serum sodium and CVD is thus unlikely to reflect
dietary sodium intake. Speculatively, it is possible that the
renin-angiotensin-aldosterone system (RAAS) might play
an important role in the association between low sodium



Table 3 Mortality rates/1000 person years (number of deaths) and adjusted hazards ratios (95%CI) for total mortality in men without CHD,
stroke or heart failure.

Serum sodium (mEq/L)

<136 (N Z 207) 136e138 (N Z 698) 139e143 (N Z 2029) 144 (N Z 109) �145 (N Z 56)

Total mortality (n Z 873)
Rate/1000 per-yrs (n) 43.9 (83) 34.8 (230) 24.6 (508) 30.7 (33) 35.4 (14)
Age-adjusted 1.47 (1.16,1.85) 1.39 (1.19,1.62) 1.00 1.19 (0.84,1.69) 1.48 (0.94,2.34)
Model 1 1.30 (1.02,1.66) 1.30 (1.11,1.53) 1.00 1.25 (0.87,1.78) 1.54 (0.97,2.44)
Model 2 1.27 (0.99,1.62) 1.27 (1.08,1.49) 1.00 1.27 (0.88,1.81) 1.52 (0.96,2.41)
Model 3 1.24 (0.97,1.59) 1.33 (1.13,1.56) 1.00 1.20 (0.83,1.73) 1.46 (0.92,2.32)
(With exclusiona) 1.23 (0.94,1.63) 1.22 (1.01,1.47) 1.00 1.20 (0.83,1.73) 1.53 (0.85,2.75)

Model 1 Z adjusted for age, cigarette smoking, alcohol intake, physical activity, social class, BMI, use of antihypertensive drugs, diabetes, lung
function, systolic blood pressure and eGFR.
Model 2 Z Model 1 þ muscle mass.
Model 3 Z Model 1 þ muscle mass þ CRP þ alkaline phosphatase þ NT-proBNP.
a Exclude men with diuretic use, renal dysfunction (eGFR<60) and current smokers.
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and CVD events. As a component of the RAAS system,
aldosterone is an important mineralocortoid hormone
involved in the regulation of fluid and electrolyte home-
ostatsis and has been associated with increased risk of CVD
mortality [31]. Low sodium may have direct influence on
Figure 2 Serum potassium concentrations and incident cardiovascular
rates/1000 person-years and total mortality rates/1000 person years.
Number of men <3.5 (n Z 12), 3.5e3.8 (n Z 118), 3.9e4.0 (n Z 341),
4.1e4.2 (n Z 535), 4.3e4.4 (n Z 664), 4.5e4.6 (n Z 652), 4.7e4.8
(n Z 209), 4.9e5.0 (n Z 444), 5.1e5.2 (n Z 68), �5.3 (n Z 39).
CVD events by decreasing bone mineral density [26] which
has been linked to increased risk of CVD [17]. Alternatively
low normal serum sodium may represent a risk marker for
poor health, rather than a risk factor for CVD or mortality.
However, low normal serum sodium was related to CVD
risk even in the absence of diuretic use, renal dysfunction
and smoking.

Hypernatremia

Hypernatremia is a common electrolyte disturbance in
hospitalized patients and is well recognized to be associ-
ated with increased mortality [32]. Hypernatremia
(�145 mEq/L) was uncommon in this community dwelling
older population without CVD or HF but was associated
with significantly increased mortality largely due to CVD
causes. The association seen more specifically for stroke
which was not explained by diuretic use or renal
dysfunction (as measured by the eGFR), common causes of
hypernatremia, is consistent with the findings that
hypernatremia is common in patients presenting with
stroke at time of hospitalization [32].

Strengths and limitations

Strengths and limitations of the study require consider-
ation. This study is based on a cohort of older (60e79 year
old) men who constitute a high risk group in whom
electrolyte disturbances are common and in whom tradi-
tional risk factors are less predictive. Our results need
confirmation both in similar older study populations and
also in middle-aged populations and in particular women.
The study population is socially representative of the UK,
and follow-up rates in the British Regional Heart Study are
exceptionally high. Ascertainment of CHD death and MI is
based on standard methods and both CHD mortality and
MI incidence rates correspond closely with national data.
We were able to take into account a wide range of CV risk
factors including markers of inflammation and cardiac
markers. However, blood measurements were based on
one measurement. Comparisons of sodium levels
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measured 20 years earlier in these men showed that 50%
of those with low normal sodium levels (136e138 mEq/L)
at baseline in 1978e1980 continued to have low normal or
low serum sodium 20 years later while 50% had reverted
to normal value. Overall tracking of sodium concentrations
over the 20 year period was modest (r Z 0.19) but highly
statistically significant. However the fact that one sodium
measure revealed an association with CVD risk and mor-
tality suggests that the true association may be even
stronger. Moreover, plasma aldosterone and renin,
important determinants of electrolyte disorders were not
measured in the study.
Conclusion and implications

Hyponatremia and hypernatremia are both associated
with increased risk of CVD incidence and mortality. Low
sodium within the normal range is associated with
significantly increased CVD events and total mortality in
older menwithout major CVD or HF even in the absence of
diuretic use and renal dysfunction. The data lends further
evidence to the suggestion that the presence of mild
hyponatremia is not benign. The findings may have
important implications for the monitoring of sodium levels
in clinical practice in older adults. The presence of mild
hyponatremia in the absence of known causes such as
renal dysfunction and diuretics may warrant further
investigation in these men to assess CVD risk factors or
possible underlying ill-health such as chronic inflamma-
tion. Further large studies are required to confirm and
elucidate the nature of the association between low
normal sodium and risk of incident CVD.
Funding

The British Regional Heart Study is a British Heart Foun-
dation (BHF) research group and receives support from
BHF Programme grant RG/08/013/25942.
Conflict of interest

None.

References

[1] Adrogué HJ, Madias NE. Hyponatremia N Engl J Med 2000;
342(21):1581e9. Review.

[2] Schriers RW, Sharma S, Shchekochikhin. Hyponatremia: more
than just a marker of disease severity? Nat Rev Nephrol 2012;9(1):
37e50.

[3] Hoorn EJ, Zietse R. Hyponatremia and mortality: moving beyond
associations. Am J Kidney Dis 2013;62(1):139e49.

[4] Rusinaru D, Tribouilloy C, Berry C, Richards AM, Whalley GA,
Earle N, et al., MAGGIC Investigators. Relationship of serum so-
dium concentration to mortality in a wide spectrum of heart
failure patients with preserved and with reduced ejection frac-
tion: an individual patient data meta-analysis(y): Meta-Analysis
Global Group in Chronic heart failure (MAGGIC). Eur J Heart Fail
2012;14:1139e46.

[5] Goldberg A, Hammerman H, Petcherski S, Nassar M, Zdorovyak A,
Yalonetsky S, et al. Hyponatremia and long-term mortality in
survivors of acute ST-elevation myocardial infarction. Arch Intern
Med 2006;166(7):781e6.

[6] Kovesdy CP, Lott EH, Lu JL, Malakauskas SM, Ma JZ, Molnar MZ,
et al. Hyponatremia, hypernatremia, and mortality in patients
with chronic kidney disease with and without congestive heart
failure. Circulation 2012;125:677e84.

[7] Decaux G. Is asymptomatic hyponatremia really asymptomatic?
Am J Med 2006;119(7 Suppl 1):S79e82. Review.

[8] Gankam-Kengne F, Ayers C, Khera A, de Lemos J, Maalouf NM. Mild
hyponatremia is associated with an increased risk of death in an
ambulatory setting. Kidney Int 2013;83:700e6.

[9] Sajadieh A, Binici Z, Mouridsen MR, Nielsen OW, Hansen JF,
Haugaard SB. Mild hyponatremia carries a poor prognosis in
community subjects. Am J Med 2009;122:679e86.

[10] Liamis G, Rodenburg EM, Hofman A, Zietse R, Stricker BH,
Hoorn EJ. Electrolyte disorders in community subjects: prevalence
and risk factors. Am J Med 2013;126:256e63.

[11] Wannamethee G, Whincup PH, Shaper AG, Lever AF. Serum so-
dium concentration and risk of stroke in middle-aged males. J
Hypertens 1994;12(8):971e9.

[12] Mazza A, Pessina AC, Pavei A, Scarpa R, Tikhonoff V, Casiglia E.
Predictors of stroke mortality in elderly people from the general
population. The Cardiovascular Study in the Elderly. Eur J Epi-
demiol 2001;17:1097e104.

[13] Schlanger LE, Bailey JL, Sands JM. Electrolytes in the aging. Adv
Chronic Kidney Dis 2010;17:308e19.

[14] Shaper AG, Pocock SJ, Walker M, Cohen NM, Wale CJ, Thomson AG.
British Regional Heart Study: cardiovascular risk factors in middle-
aged men in 24 towns. BMJ 1981;283(6285):179e86.

[15] Wannamethee SG, Lowe GDO, Whincup PH, Rumley A, Walker M,
Lennon L. Physical activity and hemostatic and inflammatory
variables in elderly men. Circulation 2002;105(15):1785e90.

[16] Wannamethee SG, Shaper AG, Lennon L, Whincup PH. Decreased
muscle mass and increased central adiposity are independently
related to mortality in older men. Am J Clin Nutr 2007;86(5):
1339e46.

[17] Wannamethee SG, Sattar N, Papacosta O, Lennon L, Whincup PH.
Alkaline phosphatase, serum phosphate, and incident cardiovas-
cular disease and total mortality in older men. Arterioscler
Thromb Vasc Biol 2013;33:1070e6.

[18] Heymsfield SB, McManus C, Smith J, Stevens V, Smith J. Anthro-
pometric measurement of muscle mass: revised equations for
calculating bone-free arm muscle area. Am J Clin Nutr 1982;36:
680e90.

[19] Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more
accurate method to estimate glomerular filtration rate from serum
creatinine: a new prediction equation. Modification of Diet in
Renal Disease Study Group. Ann Intern Med 1999;130:461e70.

[20] Wannamethee SG, Whincup PH, Shaper AG, Rumley A, Lennon L,
Lowe GD. Circulating inflammatory and haemostatic biomarkers
are associated with risk of myocardial infarction and coronary
death, but not angina pectoris, in older men. J Throm Haemost
2009;7:1605e11.

[21] Wannamethee SG, Welsh P, Lowe GD, Gudnason V, di
Angelantonio E, Lennon L, et al. N-terminal pro-brain natriuretic
peptide is a more useful predictor of cardiovascular disease risk
than C-reactive protein in older men with and without pre-
existing cardiovascular disease. J Am Coll Cardiol 2011;58:56e64.

[22] Levy GB. Determination of sodium with ion-selective electrodes.
Clin Chem 1981;27:1435e8.

[23] Walker M, Shaper AG, Lennon L, Whincup PH. Twenty year follow-
up of a cohort study based in general practices in 24 British towns.
J Publ Health Med 2000;22(4):479e85.

[24] Rose G, Blackburn H, Gillum RF, Prineas RJ. Cardiovascular survey
methods. 2nd ed. Geneva, Switzerland: World Health Organisa-
tion; 1982.

[25] Kumar S, Berl T. Sodium. Lancet 1998;352(9123):220e8.
[26] Ayus JC, Moritz ML. Bone disease as a new complication of

hyponatremia: moving beyond brain injury. Clin J Am Soc Nephrol
2010;5(2):167e8.

[27] Hoorn EJ, Rivadeneira F, van Meurs JBJ, Ziere G, Stricker BH,
Hofman A, et al. Mild hyponatremia as a risk factor for fractures:
the Rotterdam Study. J Bone Min Res 2011;26:1822e8.

[28] Sterns RH, Silver SM. Brain volume regulation in response to hypo-
osmolality and its correction. Am J Med 2006;119(7A):S12e6.

http://refhub.elsevier.com/S0939-4753(15)00181-7/sref1
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref1
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref1
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref2
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref2
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref2
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref2
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref3
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref3
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref3
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref4
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref5
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref5
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref5
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref5
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref5
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref6
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref6
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref6
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref6
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref6
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref7
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref7
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref7
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref8
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref8
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref8
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref8
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref9
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref9
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref9
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref9
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref10
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref10
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref10
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref10
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref11
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref11
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref11
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref11
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref12
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref12
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref12
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref12
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref12
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref13
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref13
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref13
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref14
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref14
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref14
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref14
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref15
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref15
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref15
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref15
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref16
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref16
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref16
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref16
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref16
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref17
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref17
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref17
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref17
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref17
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref18
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref18
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref18
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref18
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref18
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref19
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref19
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref19
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref19
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref19
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref20
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref21
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref22
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref22
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref22
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref23
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref23
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref23
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref23
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref24
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref24
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref24
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref25
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref25
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref26
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref26
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref26
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref26
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref27
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref27
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref27
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref27
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref28
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref28
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref28


Serum sodium and cardiovascular disease 19
[29] O’Donnell M, Mente A, Rangarajan S, McQueen MJ, Wang X, Liu L,
et al., PURE Investigators. Urinary sodium and potassium excre-
tion, mortality, and cardiovascular events. N Engl J Med 2014 Aug
14;371(7):612e23. http://dx.doi.org/10.1056/NEJMoa1311889.
Erratum in: N Engl J Med. 2014 Sep 25;371(13):1267.

[30] He FJ, Markandu ND, Sagnella GA, de Wardener HE,
MacGregor GA. Plasma sodium: ignored and underestimated.
Hypertension 2005;45:98e102.
[31] Tomaschitz A, Pilz S, Ritz E, Meinitzer A, Boehm BO, März W.
Plasma aldosterone levels are associated with increased cardio-
vascular mortality: the Ludwigshafen Risk and Cardiovascular
Health (LURIC) study. Eur Heart J 2010;31:1237e47.

[32] Palevsky PM, Bhagrath R, Greenberg A. Hypernatremia in hospi-
talized patients. Ann Intern Med 1996;124:197e203.

http://dx.doi.org/10.1056/NEJMoa1311889
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref30
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref30
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref30
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref30
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref31
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref31
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref31
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref31
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref31
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref32
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref32
http://refhub.elsevier.com/S0939-4753(15)00181-7/sref32

	Mild hyponatremia, hypernatremia and incident cardiovascular disease and mortality in older men: A population-based cohort  ...
	Introduction
	Methods
	Cardiovascular risk factor measurements at 1998–2000
	Serum sodium
	Follow-up
	Statistical methods


	Results
	Baseline characteristics by sodium
	Sodium and CVD risk
	Sodium and total mortality
	Potassium and CVD and total mortality

	Discussion
	Low circulating sodium concentration and total mortality
	Low circulating sodium concentration and CVD risk
	Hypernatremia
	Strengths and limitations

	Conclusion and implications
	Funding
	Conflict of interest
	References


