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SODIUM AND BLOOD PRESSURE

Effects of Within-Person Variability in Spot 
Urinary Sodium Measurements on Associations 
With Blood Pressure and Cardiovascular Disease
Federica Re , Imen Hammami, Thomas J. Littlejohns, Matthew Arnold, Sarah Lewington ,* Robert J. Clarke ,* Jennifer L. Carter *

ABSTRACT: Randomized trials of salt restriction have consistently demonstrated that decreasing salt consumption lowers blood 
pressure, but results of observational studies of salt intake and cardiovascular disease have been conflicting. After excluding 
individuals with prevalent cardiovascular or kidney disease in the prospective UK Biobank study, we examined the within-
person variability in spot urinary sodium excretion and its impact on associations with systolic blood pressure and risk of 
incident cardiovascular disease. Spearman correlation coefficients were used to assess within-person variability in spot urinary 
sodium, and associations between sodium and blood pressure were assessed using linear regression in participants with 
measurements at baseline (N=355 134) and after 9 years (N=33 915). Cox regression was used to assess associations with 
the risk of cardiovascular disease over the same follow-up period (N=5566 events). The within-person variability in urinary 
sodium was extreme, with a self-correlation coefficient of 0.35 over 4 years. Each 100 mmol/L higher usual urinary sodium 
was associated with 3.09 mm Hg higher systolic blood pressure (95% CI, 2.7–3.48) at baseline, but had no association 
at 9 years (0.97 [−0.44 to 2.37]). Likewise, there was no association between urinary sodium and risk of cardiovascular 
disease over the same follow-up period (hazard ratio, 1.05, [0.87–1.26]). While spot urinary sodium measurements were 
associated with immediate effects on blood pressure at baseline, the extreme within-person variability in urinary sodium 
precluded detection of associations with future blood pressure at resurvey or risk of cardiovascular disease. The limitations 
of observational studies, irrespective of study size, should be recognized when assessing public policy on salt restriction. 
(Hypertension. 2021;78:1628–1636. DOI: 10.1161/HYPERTENSIONAHA.120.16549.) • Data Supplement
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Higher levels of blood pressure are associated with 
higher risks of stroke and ischemic heart disease, with 
a 20 mm Hg higher systolic blood pressure (SBP) 

being associated with an ≈2-fold higher risks of death from 
cardiovascular disease (CVD) outcomes.1 Elevated blood 
pressure accounts for almost half of all deaths from CVD 
worldwide.2,3 Randomized trials have consistently demon-
strated that restriction of dietary salt intake (dietary sodium) 
lowers blood pressure, prompting the World Health Organi-
zation to recommend limiting dietary sodium intake to <2.3 
g/d (equivalent to 6 g/d of salt).4–6 However, several pro-
spective cohort studies have recently reported that intakes 
of dietary sodium <4 g/d were associated with higher risks 

of CVD mortality, and these results were used to challenge 
the validity of the World Health Organization’s recommen-
dations on salt restriction for prevention of CVD.7–10

See Editorial, pp 1637–1639

The reasons for the discrepant results between the 
beneficial associations of salt restriction on levels of 
blood pressure observed in randomized trials, and the 
apparent null or possible hazardous associations of low 
intakes of dietary salt with risks of CVD observed in 
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prospective cohort studies remain unexplained.6–9 The 
aims of the present study were to use the large prospec-
tive UK Biobank study to: (1) examine the magnitude 
of within-person variability in spot measurements of uri-
nary sodium (UNa); (2) assess associations of UNa with 
mean levels of SBP at baseline and at resurvey 9 years 
later, and (3) examine associations of UNa with the risk 
of incident CVD events during the same follow-up period.

METHODS
All results from this analysis are returned to UK Biobank within 
6 months of publication, at which point they can be made 
available to other researchers upon reasonable request. UK 
Biobank is an open access resource, and researchers can apply 
to use the data set at http://ukbiobank.ac.uk/register-apply/.

Study Population
This study used data from 502 619 men and women in the UK 
Biobank who were aged 40 to 69 years at recruitment between 
2006 and 2010.11 Participants were invited to attend one of 
22 baseline assessment centers within 25 miles of 22 major 
cites located throughout England, Scotland, or Wales. Data were 
collected on sociodemographic, lifestyle, and health-related 
characteristics using an electronic touchscreen questionnaire. 
All participants had their blood pressure and anthropometry 
recorded, and blood and urine samples were collected for 
long-term storage. Repeat measurements of all assessments, 
including urine samples, were collected on a sample of 20 346 
participants at 4 years after baseline (2012–2013), and repeat 
questionnaires and blood pressure measurements were also 

recorded in 33 915 participants at 9 years after baseline (2016–
2019). See Figure S1 in the Data Supplement for a flowchart 
of measurements used in the present analyses. Ethical approval 
was obtained from the North-West Multi-Centre Research 
Ethics Committee (REC reference: 11/NW/03820) and all 
participants provided written informed consent.

Measurement of UNa
During both the baseline assessment and resurvey visit at 4 
years after baseline, nonfasting spot urine samples were col-
lected from all participants. Samples were transferred from the 
collection vessels to vacutainers and stored at 4 °C in tempera-
ture-controlled boxes before overnight shipment to the coordi-
nating centre laboratory for long-term storage.12 Urine analyses 
were performed at 24 to 36 hours after sample collection using 
a Beckman Coulter AU5400.12

UNa excretion in spot urine samples was primarily mea-
sured as crude UNa values (mmol/L). Since spot UNa samples 
are confounded by diurnal variation, in addition to dilution by 
urine volume,13 measures of spot UNa were standardized to 
urinary creatinine concentrations using the INTERSALT equa-
tion to estimate 24-hour excretion of UNa (g/d; Methods S1). 
This formula takes account of spot creatinine concentrations, 
spot potassium excretion, age, sex, and body mass index (BMI) 
measurements. Hence, it should be less affected by diurnal and 
other sources of within-person variation.14,15 Since the valida-
tion of the INTERSALT equation is only moderate (which is 
the case for all 24-hour estimating equations), the results are 
reported alongside the estimates for crude UNa values; results 
using the Kawasaki equation of estimated 24-hour excretion 
(which are presented for comparison with previous research) 
are reported in the supplement since this equation was not vali-
dated for the type of urine sample in UK Biobank.14,16,17

Measurement of Blood Pressure
Blood pressure was measured twice using an Omron HEM-
7015IT digital sphygmomanometer after participants had been 
in the seated position for at least 5 minutes.18 Measurements 
were recorded manually by trained staff for participants in whom 
blood pressure could not be measured electronically. The mean 
levels of both measurements of SBP were used in the analysis.

Novelty and Significance

What Is New?
•	 The within-person variability of spot urinary sodium 

measurements in the large prospective UK Biobank is 
extreme.

•	 There was a linear positive association between uri-
nary sodium and immediate systolic blood pressure, 
but no association between sodium and prospective 
blood pressure or incident cardiovascular disease.

What Is Relevant?
•	 Spot measurements of urinary sodium excretion were 

positively associated with immediate effects on systolic 

blood pressure, but the magnitude of within-person 
variability in urinary sodium excretion was so extreme 
as to preclude any possibility of detecting associations 
with future systolic blood pressure or incident cardio-
vascular disease.

Summary
Failure to appreciate the effects of within-person vari-
ability in prospective cohort studies, irrespective of the 
study size, can lead to erroneous claims about hazards 
or a lack of benefit.

Nonstandard Abbreviations and Acronyms

BMI	 body mass index
CVD	 cardiovascular disease
SBP	 systolic blood pressure
UNa	 urinary sodium
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Ascertainment of Incident CVD
Incident CVD events were recorded by linkage with hospi-
tal inpatient records from the Hospital Episode Statistics for 
England (1996 onwards), the Scottish Morbidity Record (1981 
onwards), and the Patient Episode Database for Wales (1998 
onwards). Incident CVD was defined as hospital admission for 
a primary or secondary diagnosis of nonfatal or death from 
myocardial infarction or stroke (ICD-10 codes I2I-I23, 124.1, 
I25.2, and I60-I64 [excluding I62]). Censoring dates were 31st 
October 2016 for Scotland; 29th February 2016 for Wales; and 
31st March 2017 for England.

Statistical Analyses
Cross-Sectional Analyses
To examine the convergent validity of associations between 
crude UNa excretion (mmol/L) and self-reported dietary intake 
of foods high in sodium or potassium at baseline, sex- and age-
adjusted means of crude UNa levels were compared across 
the frequency of adding salt to food (from never to always), 
consuming processed meat (from never to almost daily), and 
intake of fruit and vegetables (quartiles of usual daily portions). 
Spearman correlations were estimated between UNa and ordi-
nal categories of food intake.

To assess within-person variability in the baseline measures 
of UNa, in addition to relevant covariates (Table S2), Spearman 
correlation coefficients between repeat measurements at 
baseline and at 4 years after baseline were estimated in a 
sample of participants with repeat measurements (N=20 346). 
To estimate the reproducibility of 24-hour sodium excretion 
independent of the reproducibility of covariates included in the 
INTERSALT estimating equation, repeat 24-hour UNa mea-
surements were regressed on baseline 24-hour UNa, after 
adjustment for age, sex, BMI, potassium, and creatinine.

Multivariable linear regression was used to estimate 
cross-sectional associations of UNa with mean levels of 
SBP measured at baseline. The effects of possible con-
founding factors were assessed by comparing the differ-
ences in the F test values (which are reported as χ2 values 
due to their equivalence for a large population size and for 
ease of interpretation) for UNa across different models. The 
baseline model 1 adjusted for age and sex. Model 2 included 
adjustment for sociodemographic factors and health behav-
iours (see Methods S2 for details: ethnicity; family history 
of hypertension; season; time of day of urine sample; usual 
fluid consumption; education; Townsend index of deprivation; 
smoking; alcohol intake, physical activity; and exogenous hor-
mones).19–21 Model 3 additionally adjusted for the spot urinary 
potassium/creatinine ratio.21 Finally, model 4 also adjusted 
for BMI (height/weight [kg/m2]). The same adjustments 
were also used when assessing associations with estimated 
24-hour UNa using the INTERSALT equation.

To ensure the results of the cross-sectional and prospective 
associations between UNa and SBP were not due to different 
sample sizes, a sensitivity analysis examined the cross-sectional 
analyses when restricted to those that had SBP measurements 
at both baseline and at resurvey (N=33 915; Figure S3).

Prospective Analyses
The association of baseline UNa with SBP measured at a 
resurvey 9 years after baseline (future SBP) was estimated 

using multivariable linear regression with adjustment for the 
same confounders outlined above. Since the association of 
UNa with the risk of incident CVD is mediated by the associa-
tion with blood pressure, the association of UNa with CVD was 
estimated for a similar follow-up period as those with a resur-
vey of SBP measurements.22 Cox regression was used for 
analyses of associations with CVD, where the follow-up was 
calculated until the first CVD event after recruitment, death, 
or otherwise censored. Models were stratified by 5-year age 
bands at recruitment and were adjusted for the confounders 
outlined above.

Since the strength of the associations of baseline UNa 
with SBP and CVD are likely to be weaker than the asso-
ciations of usual (ie, long-term average) levels of UNa, all 
analyses were corrected for regression dilution using previ-
ously reported methods.23,24 Participants were first ranked 
into groups of UNa at baseline (quintiles, with the lowest 
quintile of UNa divided further into tertiles for more detail), 
and the mean values of UNa at resurvey in those baseline 
defined groups (ie, the usual values) were used when plotting 
results. Assuming the associations were linear, analyses for 
100 mmol/L higher usual crude UNa (and for 1 g/d higher 
usual 24-hour INTERSALT UNa) were estimated by dividing 
the β coefficient and their standard errors by the regression 
dilution ratio obtained between baseline and resurvey UNa.23 
These adjustments should correct for attenuation due to 
random error, but they will not affect systematic errors in 
measurements of UNa. Further sensitivity analyses checked 
the associations of SBP measured at baseline with the risk 
of CVD (Figure S5).

Patient and Public Involvement
Participants were not involved in formulation of any research 
questions or outcome measures used in the present report, but 
were consulted about the ethics and governance frameworks, 
and engaged in periodic reviews of UK Biobank using follow-
up questionnaires, additional assessment visits, participant 
events, and newsletters.25

RESULTS
Baseline Characteristics
Analyses excluded participants with missing data on 
UNa (N=16 518), SBP (N=412), BMI (N=1227), 
and other covariates (N=3685). To limit the effects of 
reverse causality, analyses excluded participants with 
a history of prior CVD (N=33 301), kidney disease 
(N=3017), macroalbuminuria (N=1552), or diabetes 
(N=20 962) at baseline; CVD events occurring dur-
ing the first 2 years of follow-up were also dropped 
(N=1044). Participants reporting use of antihyperten-
sive medication at baseline were also excluded to limit 
reverse causality (N=66 811). For participants that 
began taking blood pressure-lowering medication after 
baseline (and after the measurement of UNa; N=4102; 
12.1%), a constant of 10 mm Hg was added to future 
SBP values.26,27 The main analyses were based on 
355 134 participants (70.7% of the original sample), 
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including 33 915 participants who had SBP measure-
ments recorded at both baseline and resurvey.

The mean age of the study participants was 55.2 
years (SD, 8.1), 4.7% were from a non-White ethnic-
ity, and 42.8% were men (Table 1). Mean (SD) levels at 
baseline of SBP were 135.9 (18.4) mm Hg and diastolic 
blood pressure were 81.8 (10.1) mm Hg, and the mean 
levels at resurvey 9 years later were 139.0 (19.2) and 
78.6 (10.0) mm Hg, respectively. Mean (SD) levels of 
UNa were 76.4 (44.3) mmol/L and increased from an 
average of 26.7 (6.9) to 147.0 (29.5) mmol/L (and from 
2.3 [0.2] to 4.4 [0.4] g/d in estimated 24-hour UNa, 
Table S1) between the lowest and highest quintiles. The 
highest quintile of UNa excretion had a higher percent-
age of participants that were male, non-White, current 
smokers, with lower education, and higher BMI.

Estimates of within-person variability between 
baseline and resurvey UNa were extreme, with self-
correlations (ρ) of 0.35 for crude UNa and, after 
adjustment for covariates in the estimating equation, 
0.32 for the INTERSALT 24-hour UNa (g/d; ρ=0.80 
before adjustment for covariates). For covariates, esti-
mates of within-person variability were low for BMI 
(ρ=0.92), but moderate for physical activity (0.55) 
and high for urinary potassium (0.26; Table S2). There 
was a strong confounding effect of sex, but since 

heterogeneity by sex was neither significant nor sub-
stantive, the sex-specific associations are presented 
in Table S3 and Figure S4.

Cross-Sectional Associations
Analyses of age- and sex-adjusted crude UNa levels 
with self-reported dietary intake demonstrated linear 
associations between higher levels of UNa with higher 
intakes of processed meat or added salt, and an inverse 
association with fruit and vegetable consumption (Fig-
ure  1). However, despite the apparent associations 
between these markers of sodium/potassium intake 
and UNa, correlations between the variables were low 
(ρ=0.12 [added salt], ρ=0.18 [processed meat], and 
ρ=−0.19 [fruit/veg]).

In baseline models adjusted for age and sex, mean 
levels of immediate SBP increased by an average 
of 8.2 mm Hg (95% CI, 7.8–8.5, P<0.001) for each 
100 mmol/L higher usual UNa (Figure 2). Sequential 
adjustment for confounders showed that adjustment 
for sociodemographic and health-related behaviours 
(model 2) accounted for 18% of the association (χ2: 
1796 versus 1465). Adjustment for potassium mar-
ginally attenuated the association, but adjustment 
for BMI explained 80% of the remaining association 

Table.  Characteristics of UK Biobank Participants Overall and by Quintile of Crude Urinary Sodium Excretion (mmol/L)

Characteristics

 Quintiles of crude urinary sodium excretion, mmol/L

Overall Lowest Q2 Q3 Q4 Highest

Sodium, mmol/L 76.4 (44.3) 26.7 (6.9) 46.7 (5.5) 67.5 (6.6) 94.7 (9.4) 147.0 (29.5)

Socio-demographics

  Age, y 55.2 (8.1) 56.0 (7.8) 56.1 (7.9) 55.7 (8.1) 55.1 (8.1) 53.2 (8.1)

  Male, n (%) 152 169 (42.8) 17 706 (24.9) 24 896 (35.0) 30 124 (42.5) 36 017 (50.7) 43 426 (61.3)

  Non-White ethnicity, n (%) 16894 (4.7) 1910 (2.7) 2318 (3.3) 2962 (4.2) 3750 (5.3) 5954 (8.4)

  High education, n (%) 124 866 (35.2) 28 417 (39.9) 26 397 (37.1) 24 901 (35.1) 23 849 (33.6) 21 302 (30.1)

  Townsend index −1.4 (3.0) −1.7 (2.9) −1.7 (2.9) −1.5 (2.9) −1.4 (3.0) −0.9 (3.3)

Health behaviours

  High alcohol intake, n (%) 48 250 (13.6) 7417 (10.4) 8291 (11.7) 9379 (13.2) 10 995 (15.5) 12 168 (17.2)

  Current smoking, n (%) 37 671 (10.6) 6324 (8.9) 6676 (9.4) 7061 (10.0) 8014 (11.3) 9596 (13.5)

  High physical activity, n (%) 99 536 (28.0) 19 488 (27.4) 19 306 (27.1) 19 366 (27.3) 20 012 (28.2) 21 364 (30.1)

Anthropometry

  Weight, kg 76.1 (15.0) 70.8 (13.0) 73.5 (13.7) 75.9 (14.9) 78.6 (15.2) 81.9 (15.9)

  Body mass index, kg/m2 26.7 (4.4) 25.5 (4.0) 26.1 (4.0) 26.7 (4.2) 27.3 (4.5) 28.1 (4.7)

  Immediate SBP, mm Hg 135.9 (18.4) 133.9 (18.4) 135.7 (18.5) 136.1 (18.5) 136.6 (18.2) 137.4 (18.1)

  Immediate DBP, mm Hg 81.8 (10.1) 80.4 (9.9) 81.2 (9.9) 81.7 (10.0) 82.3 (10.1) 83.3 (10.2)

  Future SBP, mm Hg 139.0 (19.2) 137.3 (19.5) 138.7 (19.6) 139.3 (19.4) 139.9 (18.7) 140.0 (18.7)

  Future DBP, mm Hg 78.6 (10.0) 77.4 (10.0) 78.0 (10.1) 78.7 (9.9) 79.2 (9.9) 80.0 (10.0)

Urinary biomarkers

  Potassium, mmol/L 63.1 (34.2) 41.2 (27.0) 52.8 (30.6) 64.9 (33.2) 75.5 (33.0) 81.1 (30.1)

  Creatinine, mmol/L 8757.5 (5741.0) 4700.0 (4160.0) 6502.1 (4672.5) 8663.1 (5219.2) 10 926.5 (5340.9) 13 018.3 (5049.2)

Usually adds salt to food, n (%) 17 261 (4.9) 2163 (3.0) 2744 (3.9) 3182 (4.5) 3707 (5.2) 5465 (7.7)

Mean (SD) presented unless otherwise specified. DBP indicates diastolic blood pressure; and SBP, systolic blood pressure.
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between UNa and SBP (χ2: 1190 versus 243). After 
full adjustment, immediate SBP was an average of 
3.1 (95% CI, 2.7–3.5, P<0.001) mm Hg higher for 
each 100 mmol/L higher usual UNa, with a linear 
positive association across the range of UNa values 
studied (Figure  3A). The association with immedi-
ate SBP was slightly weaker, but broadly equivalent, 
when the sample was restricted to the subset of 
participants with data on SBP from both surveys 
(N=33 915; Figure S3).

Prospective Analyses
The associations of baseline UNa with future SBP 
measured an average of 9 years later were only half as 
strong in the minimally adjusted models for age and sex 
compared with those in the cross-sectional analyses 
(χ2: 65 versus 124; Figure S3) and were no longer sig-
nificant after full adjustment for covariates (0.97 mm Hg 
[95% CI, −0.44 to 2.40], P=0.18; Figure 2; Figure 3B). 
Despite a stronger positive linear association between 
each 1 g/d higher 24-hour usual UNa (INTERSALT) 
and immediate SBP than was reported for crude UNa 
and immediate SBP (4.3 versus 3.1 mm Hg), there was 
likewise no remaining association between 24-hour 
UNa (INTERSALT) and future SBP (−0.07 mm Hg 
[−0.7 to 0.5]; Figure 2; Figure 3B).

The analysis of baseline UNa with incident CVD 
involved 5566 events occurring during an average 
of 7.9 years of follow-up. There was no association 
between a 100 mmol/L higher usual UNa excre-
tion with risk of CVD (HR, 1.05 [95% CI, 0.87−1.26], 
P=0.55, Figure  3C), nor with 24-hour usual UNa 
(INTERSALT, HR, 0.99 [95% CI, 0.92−1.06], P=0.76).

Lastly, sensitivity analyses confirmed that the associa-
tion of SBP with risk of CVD in this cohort was linear and 
positive as expected (Figure S5).

DISCUSSION
The present study demonstrated linear positive associa-
tions of higher levels of UNa excretion with immediate 
SBP but not between baseline UNa values and future 
SBP recorded at 9 years after baseline. Since SBP is the 
chief mechanism through which UNa is likely to affect 
CVD, the lack of association between baseline UNa and 
future SBP suggested that no association was likely to 
be detected with incident CVD over the corresponding 
follow-up period, as observed in the present analyses.22

Several hypotheses have been suggested to explain 
the discrepant results between the beneficial effects 
observed in randomized trials of sodium restriction on 
blood pressure, and the higher risks of CVD associated 
with low sodium intake in prospective studies. The pres-
ent study demonstrated positive associations between 
UNa and immediate blood pressure but no association 
between sodium and subsequent SBP or incident CVD. 
One potential explanation is that there is an adverse 
effect of low sodium intake on CVD, which may coun-
teract any beneficial effect of low UNa on SBP, such as 
the activation of the renin-angiotensin-aldosterone sys-
tem.10 However, one meta-analysis reported no effects of 
sodium restriction on catecholamine levels,5 and another 
study reported only modest increases in plasma renin 
activity, aldosterone, and noradrenaline that would likely 
attenuate over a longer duration of follow-up.28,29

An alternative explanation for the discrepant effects 
reported between the randomized trials and obser-
vational studies is the contrasting methods used for 

Figure 1. Mean levels of urinary 
sodium (mmol/L) by levels of self-
reported dietary intake (adjusted for 
age and sex; N=355 134).
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measurement of sodium intake. Randomized trials, which 
typically involve a much smaller number of participants, 
frequently use gold standard multiple 24-hour urine col-
lections to estimate UNa and hence sodium intake.30 
However, use of such methods is not feasible in large 
observational studies, where it is only feasible to collect 
single spot or timed urine collections (which are then 
used to estimate 24-hour UNa using algorithms with 
spot creatinine excretion). While some validation studies 
have downplayed biases inherent in spot measurements, 
the impact of validation estimates in the range of 0.30 
to 0.50 cannot be underestimated.31 Previous validation 
studies have reported that >50% of individuals would be 
misclassified when ranking participants by estimates of 
24-hour UNa.17,32–34 One study demonstrated the effect 
of this error by comparing associations with incident CVD 
and mortality from a single baseline measurement of 
24-hour sodium versus the average of multiple 24-hour 
sodium measurements over 5 years.35 No association 
was documented when a single measurement was used, 
but the use of multiple 24-hour measurements demon-
strated that over 50% of participants moved tertiles of 
sodium intake, and positive associations with incident 
disease were up to 85% stronger.35 In the present study, 

correlations between spot UNa measurements and 
self-reported intake of foods high in sodium were low, 
suggesting low convergent validity between rankings 
of participants. The potential impact of such substan-
tial measurement error in spot UNa measurements was 
demonstrated in the present study as the associations 
of baseline UNa with immediate SBP were completely 
attenuated when associations with repeat measure-
ments of SBP were examined at a resurvey 9 years 
after baseline. If the strong, positive, and linear associa-
tions with blood pressure (as consistently demonstrated 
by randomized trials)28 are obscured by high levels of 
within-person variability in spot UNa measurements, it is 
unlikely that any risk of CVD could be detected over the 
corresponding follow-up period.

Results of observational studies of UNa also need 
to consider the potential impact of using algorithms to 
estimate 24-hour UNa from single spot urine measure-
ments. The most widely used estimation equations rely 
on the assumption that the ratio of spot sodium to spot 
creatinine is equivalent over a 24-hour period.14,36 First, 
the assumption of a constant ratio between spot sodium 
and creatinine and 24-hour measurements is prob-
lematic, especially as spot creatinine excretion can be 

Figure 2. Associations of usual 
urinary sodium (UNa) with immediate 
(N=355 134) and future systolic blood 
pressure (SBP; N=33 915) before and 
after adjustment for confounding 
factors.
+ ethnicity, family history, time of sample, 
season of sample, fluids, education, 
Townsend index, smoking, alcohol 
intake, physical activity, and hormone 
replacement therapy. BMI indicates body 
mass index.
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influenced by confounders such as recent protein intake 
and exercise.14,36 Second, the incorporation of age, sex 
and BMI into the estimation of UNa may result in spuri-
ous correlations since each of these variables has their 
own relationship with both sodium intake and CVD.37 This 
may explain why, in the present study, the association of 
estimated 24-hour UNa excretion with the INTERSALT 
equation and mean levels of SBP at baseline was much 
stronger than those using crude UNa values. However, 
analyses of the reproducibility of both INTERSALT and 
crude UNa were concordant after inclusion of the covari-
ates in the estimating equation. Hence, despite the stron-
ger associations reported between estimated 24-hour 
UNa excretion (INTERSALT) and immediate SBP, asso-
ciations between baseline 24-hour UNa and future SBP 
were still completely attenuated, and there was no overall 
association with incident CVD.

Lastly, observational studies assessing associations 
between low sodium intake and CVD risk should also 
consider the possible effects of confounding factors aris-
ing from the comparison of different populations using 
an ecological study design or reverse causality in individ-
uals at high-risk of CVD, where subclinical or prevalent 

disease leads to a change in either sodium intake or 
excretion.29,38 The large international PURE Study (Pro-
spective Urban Rural Epidemiological) cohort was con-
strained by both limitations, which could account for their 
reported J-shaped associations between sodium excre-
tion and CVD.10 In contrast, recent prospective analyses 
of UNa and risk of CVD in UK Biobank, which included 
more rigorous control for prior disease and studied a 
more homogenous population, found no association 
between low UNa and higher risks of CVD.16,39

Strengths and Limitations
The present study involving a large population-based 
cohort provided a reliable assessment of the shape of 
the association of UNa excretion with SBP and with 
risk of CVD, even when the lowest quintile of sodium 
was further divided into tertiles. Strategies to reduce 
the effects of reverse causality bias involved excluding 
participants whose sodium intake or excretion may have 
been affected by a diagnosis of disease, such as those 
with self-reported CVD events before baseline assess-
ment or use of antihypertensive medication. However, 

Figure 3. Associations of usual urinary sodium (UNa) with immediate systolic blood pressure (SBP), future SBP, and risk of 
cardiovascular disease (CVD) after adjustment for confounding factors (as per Figure 2).
HR indicates hazard ratio.
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antihypertensive medication may also be on the causal 
pathway relating sodium intake to SBP, so this restric-
tion may have attenuated the reported associations. 
Alternatively, including such participants in the analysis 
could have biased the associations depending on how 
such medication affected sodium excretion, or if par-
ticipants had changed their sodium intake as part of 
dietary advice following a diagnosis of hypertension. A 
wide range of variables that may have confounded these 
analyses were adjusted for, but there may still be resid-
ual confounding due to unmeasured confounders (eg, 
total energy intake) and in self-reported confounders 
which are prone to reporting biases (eg, physical activ-
ity, smoking, and medications). Considering the analysis 
of within-person variability, adjustment for confounders 
measured with much higher reproducibility than sodium, 
such as BMI, may have contributed to why this variable 
explained so much of the association in Figure 2. Con-
versely, adjustment for confounders with lower reproduc-
ibility could have led to further residual confounding as a 
result of not adjusting for their usual values. As such, the 
associations reported in this study are not considered to 
be causal. Lastly, the study corrected for regression dilu-
tion bias arising from random error, but validation stud-
ies have also reported potential systematic errors in spot 
UNa measurements, which could bias associations with 
disease in any direction.17,33

Perspectives
Prospective observational studies of UNa and risk of 
CVD have been used to challenge public health advice 
on restriction of salt intake to lower SBP and prevent 
CVD. While the limitations of measurements of dietary 
sodium intake have been widely reported, few studies 
have appreciated the magnitude of both measurement 
error and within-person variability in spot measurements 
of UNa, and their impact on associations with CVD out-
comes. The present study demonstrated that the mag-
nitude of within-person variability of spot UNa was so 
extreme that it completely attenuated any potential pro-
spective associations with blood pressure. In contrast, 
meta-analyses of randomized trials have consistently 
demonstrated that sodium restriction lowers blood pres-
sure.40 Despite some claims of a potential J-shaped 
association of CVD at lower levels of sodium intake, the 
recent 2019 review of Dietary Reference Intake Values 
for sodium by the National Academies of Sciences, Engi-
neering, and Medicine in the United States and Can-
ada has continued to advocate that adults reduce their 
sodium intake to 2.3 g/d based on worldwide evidence 
on this topic, particularly from evidence of randomized 
trials.41 It is important to recognize the limitations of 
observational studies, irrespective of their study size, and 
the importance of within-person variability in prospective 
studies. Failure to account for such biases can obscure 

true associations of dietary salt restriction on levels of 
blood pressure and the risk of CVD. Public health rec-
ommendations need to be guided by randomized trials 
of sodium restriction rather than relying on observational 
studies to address such questions.

ARTICLE INFORMATION
Received October 27, 2020; accepted August 11, 2021.

Affiliations
From the Clinical Trial Service Unit and Epidemiological Studies Unit (CTSU), 
Nuffield Department of Population Medicine, University of Oxford, United King-
dom (F.R., I.H., T.J.L., S.L., R.J.C., J.L.C.); British Heart Foundation Cardiovascular 
Epidemiology Unit, Department of Public Health and Primary Care, University of 
Cambridge, Cambridge, United Kingdom (M.A.); and MRC Population Health Re-
search Unit (S.L.).

Sources of Funding
This work was supported by core grants to CTSU (Clinical Trial Service Unit) from 
the Medical Research Council (Clinical Trial Service Unit A310) and the British 
Heart Foundation (CH/1996001/9454), and by the National Institute for Health 
Research Oxford Biomedical Research Centre (J.L. Carter and S. Lewington).

Disclosures
M. Arnold was affiliated with University of Cambridge when the primary work on 
this publication was completed, but he is now an employee of AstraZenca. The 
other authors report no conflicts.

REFERENCES
	 1.	 Prospective Studies Collaboration. Age-specific relevance of usual blood 

pressure to vascular mortality: a meta-analysis of individual data for one mil-
lion adults in 61 prospective studies. The Lancet. 2002;360:1903–1913. 
doi: 10.1016/S0140-6736(02)11911-8

	 2.	 Stanaway JD, Afshin A, Gakidou E, Lim SS, Abate D, Abate KH, 
Abbafati C, Abbasi N, Abbastabar H, Abd-Allah F, et al. Global, regional, 
and national comparative risk assessment of 84 behavioral, environ-
mental and occupational, and metabolic risks or clusters of risks for 
195 countries and territories, 1990–2017: a systematic analysis for the 
Global Burden of Disease Study 2017. Lancet. 2018;392:1923–1994. 
doi:10.1016/S0140-6736(18)32225-6

	 3.	 Zhou B, Danaei G, Stevens GA, Bixby H, Taddei C, Carrillo-Larco RM, 
Solomon B, Riley LM, Di Cesare M, Iurilli MLC, et al. Long-term and recent 
trends in hypertension awareness, treatment, and control in 12 high-income 
countries: an analysis of 123 nationally representative surveys. Lancet. 
2019;394:639–651. doi:10.1016/S0140-6736(19)31145-6

	 4.	 Intersalt Cooperative Research Group. INTERSALT: an international study 
of electrolyte excretion and blood pressure. Results for 24-hour urinary 
sodium and potassium excretion. Intersalt Cooperative Research Group. Brit-
ish Medical Journal. 1988;297:319–328. doi:10.1136/bmj.297.6644.319

	 5.	 Aburto N, Ziolkovska A, Hooper L, at al. Effect of lower sodium intake 
on health: systematic review and meta-analyses. British Medical Journal. 
2013;346:1326. doi: 10.1136/bmj.f1326

	 6.	 Hooper L, Bartlett C, Davey Smith G, Ebrahim S. Systematic review of long 
term effects of advice to reduce dietary salt in adults. BMJ. 2002;325:628. 
doi: 10.1136/bmj.325.7365.628

	 7.	 O’Donnell M, Mente A, Rangarajan S, McQueen MJ, Wang X, Liu L, Yan H, 
Lee SF, Mony P, Devanath A, et al; PURE Investigators. Urinary sodium and 
potassium excretion, mortality, and cardiovascular events. N Engl J Med. 
2014;371:612–623. doi: 10.1056/NEJMoa1311889

	 8.	 Stolarz-Skrzypek K, Kuznetsova T, Thijs L, Tikhonoff V, Seidlerová J, 
Richart T, Jin Y, Olszanecka A, Malyutina S, Casiglia E, et al; European Proj-
ect on Genes in Hypertension (EPOGH) Investigators. Fatal and non-fatal 
outcomes, incidence of hypertension, and blood pressure changes in rela-
tion to urinary sodium excretion. Journal of the American Medical Association. 
2011;305:1777–1785. doi: 10.1001/jama.2011.574

	 9.	 Ekinci EI, Clarke S, Thomas MC, Moran JL, Cheong K, MacIsaac RJ, 
Jerums G. Dietary salt intake and mortality in patients with type 2 diabetes. 
Diabetes Care. 2011;34:703–709. doi: 10.2337/dc10-1723



Sodium



 and


 B

lood


 P
ressure






1636    November 2021� Hypertension. 2021;78:1628–1636. DOI: 10.1161/HYPERTENSIONAHA.120.16549

Re et al Sodium, Blood Pressure, and Cardiovascular Disease

	10.	 O’Donnell M, Mente A, Rangarajan S, McQueen MJ, O’Leary N, Yin L, Liu X, 
Swaminathan S, Khatib R, Rosengren A, et al; PURE Investigators. Joint 
association of urinary sodium and potassium excretion with cardiovascular 
events and mortality: prospective cohort study. BMJ. 2019;364:l772. doi: 
10.1136/bmj.l772

	11.	 Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, Downey P, 
Elliott P, Green J, Landray M, et al. UK biobank: an open access resource 
for identifying the causes of a wide range of complex diseases of mid-
dle and old age. PLoS Med. 2015;12:e1001779. doi: 10.1371/journal. 
pmed.1001779

	12.	 Elliott P, Peakman TC; UK Biobank. The UK Biobank sample handling and 
storage protocol for the collection, processing and archiving of human blood 
and urine. Int J Epidemiol. 2008;37:234–244. doi: 10.1093/ije/dym276

	13.	 He FJ, Campbell NRC, Ma Y, MacGregor GA, Cogswell ME, Cook NR. 
Errors in estimating usual sodium intake by the Kawasaki formula alter its 
relationship with mortality: implications for public health. Int J Epidemiol. 
2018;47:1784–1795. doi: 10.1093/ije/dyy114

	14.	 Kawasaki T, Itoh K, Uezono K, Sasaki H. A simple method for estimating 
24H urinary sodium and potassium excretion from second morning voiding 
urine specimen in adults. Clin Exp Pharmacol Physiol. 1993;20:7–14. doi: 
10.1111/j.1440-1681.1993.tb01496.x

	15.	 Brown IJ, Dyer AR, Chan Q, Cogswell ME, Ueshima H, Stamler J, Elliott P; 
INTERSALT Co-Operative Research Group. Estimating 24-hour urinary 
sodium excretion from casual urinary sodium concentrations in Western 
populations: the INTERSALT study. Am J Epidemiol. 2013;177:1180–
1192. doi: 10.1093/aje/kwt066

	16.	 Welsh CE, Welsh P, Jhund P, Delles C, Celis-Morales C, Lewsey JD, Gray S, 
Lyall D, Iliodromiti S, Gill JMR, et al. Urinary sodium excretion, blood pres-
sure, and risk of future cardiovascular disease and mortality in subjects 
without prior cardiovascular disease. Hypertension. 2019;73:1202–1209. 
doi: 10.1161/HYPERTENSIONAHA.119.12726

	 17.	 Zhou L, Tian Y, Fu JJ, Jiang YY, Bai YM, Zhang ZH, Hu XH, Lian HW, 
Guo M, Yang ZX, et al. Validation of spot urine in predicting 24-h sodium 
excretion at the individual level. Am J Clin Nutr. 2017;105:1291–1296. doi: 
10.3945/ajcn.116.147553

	18.	 UK Biobank. Protocol for Large-Scale Prospective Epidemiological Resource. 
UK Biobank; 2017.

	19.	 Townsend P, Beattie A, Phillimore P. Health and Deprivation: Inequality and 
the North. Routledge; 1988.

	20.	 Cassidy S, Chau JY, Catt M, Bauman A, Trenell MI. Cross-sectional study 
of diet, physical activity, television viewing and sleep duration in 233,110 
adults from the UK Biobank; the behavioural phenotype of cardiovascular 
disease and type 2 diabetes. BMJ Open. 2016;6:e010038. doi: 10.1136/ 
bmjopen-2015-010038

	21.	 Jędrusik P, Symonides B, Wojciechowska E, Gryglas A, Gaciong Z. Diag-
nostic value of potassium level in a spot urine sample as an index of 
24-hour urinary potassium excretion in unselected patients hospitalized in 
a hypertension unit. PLoS One. 2017;12:e0180117. doi: 10.1371/journal. 
pone.0180117

	22.	 He FJ, Tan M, Ma Y, MacGregor GA. Salt reduction to prevent hyperten-
sion and cardiovascular disease: JACC state-of-the-art review. J Am Coll 
Cardiol. 2020;75:632–647. doi: 10.1016/j.jacc.2019.11.055

	23.	 Clarke R, Shipley M, Lewington S, Youngman L, Collins R, Marmot M, Peto R. 
Underestimation of risk associations due to regression dilution in long-term 
follow-up of prospective studies. Am J Epidemiol. 1999;150:341–353. doi: 
10.1093/oxfordjournals.aje.a010013

	24.	 MacMahon S, Peto R, Cutler J, Collins R, Sorlie P, Neaton J, Abbott R, 
Godwin J, Dyer A, Stamler J. Blood pressure, stroke, and coronary heart 
disease. Part 1, prolonged differences in blood pressure: prospective 
observational studies corrected for the regression dilution bias. Lancet. 
1990;335:765–774. doi: 10.1016/0140-6736(90)90878-9

	25.	 UK Biobank. Ethics and governance framework. Published 2017. Accessed 
August 26, 2021. https://www.ukbiobank.ac.uk/media/0xsbmfmw/egf.pdf

	26.	 Tobin MD, Sheehan NA, Scurrah KJ, Burton PR. Adjusting for treat-
ment effects in studies of quantitative traits: antihypertensive therapy 

and systolic blood pressure. Stat Med. 2005;24:2911–2935. doi: 
10.1002/sim.2165

	 27.	 Balakrishnan P, Beaty T, Young JH, Colantuoni E, Matsushita K. Methods 
to estimate underlying blood pressure: the Atherosclerosis Risk in Com-
munities (ARIC) study. PLoS One. 2017;12:e0179234. doi: 10.1371/ 
journal.pone.0179234

	28.	 He F, Li J, MacGregor G. Effect of longer-term modest salt reduction on 
blood pressure: Cochrane systematic review and meta-analysis of random-
ized trials. BMJ. 2013;346:1325. doi: 10.1136/bmj.f1325

	29.	 Farquhar WB, Edwards DG, Jurkovitz CT, Weintraub WS. Dietary sodium and 
health: more than just blood pressure. J Am Coll Cardiol. 2015;65:1042–
1050. doi: 10.1016/j.jacc.2014.12.039

	30.	 Campbell N, Feng J, Tan M, Cappuccio FP, Neal B, Woodward M, Cogswell  
ME, McLean R, Arcand J, MacGregor G, et al. The International Consortium 
for Quality Research on Dietary Sodium/Salt (TRUE) position statement on 
the use of 24-hour, spot, and short duration (<24 hours) timed urine collec-
tions to assess dietary sodium intake. J Clin Hypertens. 2019;21:700–709. 
doi: 10.1111/jch.13551

	31.	 Mente A, O’Donnell MJ, Dagenais G, Wielgosz A, Lear SA, McQueen MJ, 
Jiang Y, Xingyu W, Jian B, Calik KB, et al. Validation and comparison of 
three formulae to estimate sodium and potassium excretion from a sin-
gle morning fasting urine compared to 24-h measures in 11 countries. 
J Hypertens. 2014;32:1005–1014; discussion 1015. doi: 10.1097/ 
HJH.0000000000000122

	32.	 Dougher CE, Rifkin DE, Anderson CA, Smits G, Persky MS, Block GA, 
Ix JH. Spot urine sodium measurements do not accurately estimate dietary 
sodium intake in chronic kidney disease. Am J Clin Nutr. 2016;104:298–
305. doi: 10.3945/ajcn.115.127423

	33.	 Zhang Y, Peng Y, Li K, Peng X. Assessing whether a spot urine specimen 
can predict 24-h urinary sodium excretion accurately: a validation study. J 
Hypertens. 2019;37:99–108. doi: 10.1097/HJH.0000000000001879

	34.	 Xu J, Du X, Bai Y, Fang L, Liu M, Ji N, Zhong J, Yu M, Wu J. Assessment 
and validation of spot urine in estimating the 24-h urinary sodium, potas-
sium, and sodium/potassium ratio in Chinese adults. J Hum Hypertens. 
2020;34:184–192. doi: 10.1038/s41371-019-0274-z

	35.	 Olde Engberink RHG, van den Hoek TC, van Noordenne ND, 
van den Born BH, Peters-Sengers H, Vogt L. Use of a single baseline 
versus multiyear 24-hour urine collection for estimation of long-term 
sodium intake and associated cardiovascular and renal risk. Circulation. 
2017;136:917–926. doi: 10.1161/CIRCULATIONAHA.117.029028

	36.	 Han W, Sun N, Chen Y, Wang H, Xi Y, Ma Z. Validation of the spot urine in 
evaluating 24-hour sodium excretion in Chinese hypertension patients. Am 
J Hypertens. 2015;28:1368–1375. doi: 10.1093/ajh/hpv037

	 37.	 He FJ, Ma Y, Campbell NRC, MacGregor GA, Cogswell ME, Cook NR. 
Formulas to estimate dietary sodium intake from spot urine alter sodium-
mortality relationship. Hypertension. 2019;74:572–580. doi: 10.1161/ 
HYPERTENSIONAHA.119.13117

	38.	 Whelton PK, Appel LJ, Sacco RL, Anderson CA, Antman EM, Campbell N, 
Dunbar SB, Frohlich ED, Hall JE, Jessup M, et al. Sodium, blood pres-
sure, and cardiovascular disease: further evidence supporting the Ameri-
can Heart Association sodium reduction recommendations. Circulation. 
2012;126:2880–2889. doi: 10.1161/CIR.0b013e318279acbf

	39.	 Elliott P, Muller DC, Schneider-Luftman D, Pazoki R, Evangelou E, 
Dehghan A, Neal B, Tzoulaki I. Estimated 24-hour urinary sodium excre-
tion and incident cardiovascular disease and mortality among 398 
628 individuals in UK Biobank. Hypertension. 2020;76:683–691. doi: 
10.1161/HYPERTENSIONAHA.119.14302

	40.	 Huang L, Trieu K, Yoshimura S, Neal B, Woodward M, Campbell NRC, Li Q, 
Lackland DT, Leung AA, Anderson CAM, et al. Effect of dose and dura-
tion of reduction in dietary sodium on blood pressure levels: systematic 
review and meta-analysis of randomised trials. BMJ. 2020;368:m315. doi: 
10.1136/bmj.m315

	41.	 National Academies of Sciences, Engineering, and Medicine. Dietary 
Reference Intakes for Sodium and Potassium. The National Academies 
Press; 2019.




