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Abstract
The sodium-to-potassium ratio (Na/K) of a urine sample is a simple index of salt loading. To practically use Na/K, we aimed
to determine whether the Na/K value affects blood pressure (BP) at any age, irrespective of urinary Na and K levels. We
analyzed a dataset of the general population (the Nagahama study), including baseline and second-visit measurements
performed 5 years after the baseline. Spot urine samples were used for Na/K assessments. A total of 18,505 observations
were analyzed using a linear mixed model, including the measurement term as a random effect. Urinary Na/K values showed
a positive association with BP. When the highest quartile of Na/K was further divided by the urinary Na/creatinine (Cre) and
K/Cre levels, the high-Na/Cre (3.58) and high-K/Cre (0.75) (Na/K= 4.80) groups, as well as the low Na/Cre (1.23) and low-
K/Cre (0.26) (Na/K= 4.87) groups, exhibited similar effects on systolic BP (6.82 mmHg [95% CI: 5.72–7.92] and 6.63
mmHg [95% CI: 5.35–7.91], respectively). A similar association was observed in other Na/K quartiles. The positive
association of Na/K and Na/Cre with BP was steeper in the older groups, while the inverse association of K/Cre was
predominant in the younger population. The results of the multivariate analysis identified interaction terms between age and
Na/K, Na/Cre and K/Cre as significant determinants for SBP. The positive association of urinary Na/K with BP was
independent of the urinary Na and K levels. The association between Na/K and BP may not be uniform across ages by
decade.
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Introduction

Excessive salt intake is an established risk factor for
hypertension [1] and may influence arterial properties [2]
and increase cardiovascular disease risk [3]. Accurate
assessment of daily salt intake is therefore important for
hypertension prevention, as well as for blood pressure
(BP)-lowering interventions, including antihypertensive
medications. Measurement of the 24-h urinary sodium
(Na) excretion is the most reliable method for estimating
daily salt intake, although 24-h urine collection is trou-
blesome and cannot be easily adapted for clinical and
epidemiological settings. Another method to estimate
daily salt intake includes the calculation of 24-h urinary
Na excretion using second morning voiding urine [4] or
spot urine samples [5]. Although these equations have
been used in several epidemiological studies [6], the
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accuracy of estimation is limited by the large dispersion
between the estimation and actual measurements of
urinary Na and K values [1, 4].

The sodium-to-potassium ratio (Na/K) of a urine sample
is another simple index of salt loading not affected by the
urine volume and therefore does not require creatinine
measurement. Furthermore, as the potassium excretion level
is inversely associated with BP [6], the association between
Na/K and BP [1, 7] and end organ damage [8, 9] has been
reported to be superior to either measure alone. Although
these studies were based on 24-h urine samples, our pre-
ceding study revealed that the association of Na/K with BP
was superior to that of estimated daily salt intake, even
when a spot urine sample was used for analysis [10].
However, because Na/K is a ratio and not an absolute value,
it is unclear whether the same Na/K values have a similar
influence on BP irrespective of the Na and K levels. Thus,
we proposed to discern whether the same Na/K values
calculated as a high Na-to-high K ratio and a low Na-to-low
K ratio have similar influences on BP.

To support the practical use of Na/K as an index of salt
loading, we analyzed a dataset of the Nagahama study, a
large-scale general population-based study in Japan, with
twice-measured clinical values, including a spot urine
sample. Because urinary Na/K and BP values involve ran-
dom measurement errors, multiple measurements are pre-
ferable for their association analysis. We also investigated
age-dependency in the relationship between urinary Na/K
and BP.

Methods

Study participants

We analyzed the datasets from the Nagahama study
[11, 12]. Participants were recruited from the general
population of Nagahama, a rural city located in central
Japan inhabited by ~125,000 people.

A baseline investigation of the Nagahama study was
performed between 2008 and 2010. Community residents
aged 30–74 years living independently without any physical
impairment or dysfunction were eligible. Of 9764 partici-
pants at baseline, a total of 9154 participants were included
in the analysis after excluding individuals who met the
following criteria: pregnancy (n= 42), unavailability of
urinary Na and K values due to menstruation (n= 438),
severe renal functional decline (estimated glomerular fil-
tration rate [eGFR] < 30 mL/min/1.73 m2 or urinary albu-
min ≥ 300 mg/g creatinine [Cre]; n= 82), incomplete
clinical values or responses to the questionnaire adminis-
tered (n= 31), pacemaker implantation (n= 10), receipt of
hemodialysis therapy (n= 2) at the second health survey,

and wide deviation of urinary Na and K values (Mahala-
nobis distance > 7, n= 5).

Of the baseline population, 8289 individuals participated
in the second health survey performed 5 years after the
baseline evaluation (2013–2016). By further recruiting 1561
participants meeting the inclusion criteria, the second-visit
dataset of the Nagahama Study comprised 9850 partici-
pants. A total of 9351 participants were included in the
analysis after excluding 499 individuals who met the same
exclusion criteria as described above.

This study was approved by the Ethics Committee of the
Kyoto University Graduate School of Medicine and by the
Nagahama Municipal Review Board. Written informed
consent was obtained from all study participants.

Spot urine samples

Spot urine samples were collected at the baseline mea-
surement (0900–1700 h) and the second-visit measurement
(0800–1400 h). Urinary Na, K, and Cre levels were mea-
sured on each day of sampling. The time since the last meal
was recorded for each participant. Quartiles of Na/K, as
well as of Na/Cre and K/Cre, were calculated within the
baseline and the second-visit datasets and then combined to
avoid potential stratification.

BP measurement

Brachial BP was measured after a 5-min rest in the sitting
position using a cuff-oscillometric device (HEM-9000AI;
Omron Healthcare, Kyoto, Japan). Measurements were
taken twice, and the mean value was used in the analysis.
Hypertension was defined as a participant meeting any or all
of the following criteria: SBP ≥ 140 mmHg, diastolic BP ≥
90 mmHg, or taking antihypertensive drugs.

Basic clinical parameters

The basic clinical parameters used in this study were
obtained at the baseline and the second-visit measure-
ments. Daily salt intake was estimated from spot urine Na
and Cre values using the following formula: [5] 21.98 ×
{Na (mEq/l) × predicted 24-h Cre excretion / [Cre (mg/dl)
× 10]}0.392 × 0.0585, where the 24-h Cre excretion was
predicted using the following formula: body weight (kg) ×
14.89+ body height (cm) × 16.14− age × 2.04− 2444.45.
Renal function was assessed by the eGFR calculated using
the following formula: 194 × Cre−1.094 × age−0.287 × 0.739
(if female) [13]. Alcohol consumption was obtained by a
self-administered questionnaire using Japanese traditional
units of alcohol (Go), where 1 Go corresponds to 22 g of
ethanol. The use of antihypertensive drugs was also
assessed by using a questionnaire.
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Statistical analysis

Values are presented as the mean ± standard deviation or
frequency. Group differences in numeric variables were
assessed by analysis of variance. Linear mixed model ana-
lysis using a total of 18,505 observations (baseline obser-
vations: 9154; second-visit observations: 9351) was applied
to identify independent determinants for SBP. The linear
mixed model included the measurement term (baseline or
second-visit measurements) as a random effect, while the
following factors were included as fixed effects: age, sex,
body mass index, alcohol consumption, antihypertensive
medication, eGFR, fasting condition, and measurement
season. Covariate-adjusted group differences in SBP were
also calculated by the linear mixed model. Statistical ana-
lyses were performed using JMP version 14.3.0 software
(SAS Institute, Cary, NC, USA). A P value of less than 0.05
was considered statistically significant.

Results

The clinical characteristics of the study participants are
summarized in Table 1. Of a total of 11,012 participants,
7493 individuals participated in both the baseline and
second-visit measurements, whereas 1661 and 1858 indi-
viduals, respectively, participated in either the baseline or
second-visit measurement.

Brachial SBP was positively associated with Na/Cre
quartiles and inversely associated with K/Cre quartiles
(Supplementary Figure 1); thus, it linearly increased with
Na/K quartiles in either analysis using the baseline dataset
(Q1: 121 ± 17, Q2: 122 ± 18, Q3: 124 ± 17, and Q4: 127 ±
18 mmHg, P < 0.001) or the second-visit dataset (Q1: 121 ±
17, Q2: 124 ± 17, Q3: 126 ± 18, and Q4: 129 ± 19 mmHg,
P < 0.001). However, there were wide variations in Na/Cre
and K/Cre values within the Na/K quartiles, and the dis-
tributions largely overlapped among the quartiles (Supple-
mentary Fig. 2), suggesting a wide variation in Na and K
excretion levels even when the Na/K value was constant. In
addition, several clinical factors were also different among
the Na/K quartiles (Supplementary Tables 1).

To clarify whether the association of Na/K with BP was
independent of urinary Na and K levels, the adjusted SBP of
each Na/K quartile was calculated by further subdividing
the quartiles at the median of urinary Na/Cre and K/Cre
(Supplementary Fig. 3). Figure 1 depicts group differences
in the adjusted SBP calculated by the mixed model analysis
using the low-Na and low-K subgroups of the first Na/K
quartile as a reference. There were no substantial differ-
ences in BP between the low Na−low K and high Na−high
K subgroups in each quartile, and the association of Na/K
with SBP was independent of urinary Na and K levels

(Table 2). The number of measurements and mean Na/K,
Na/Cre, and K/Cre values in all subgroups are summarized
in Supplementary Table 2. Similar results were observed in
the analysis of participants not taking antihypertensive
drugs (Supplementary Fig. 4).

Figure 2a depicts age-dependency in the association
between urinary Na/K and SBP. When covariate-adjusted
SBP differences by Na/K quartiles and by age decades were
calculated using the first quartile of the youngest subgroup
as a reference, the SBP increased linearly with the Na/K
quartiles in any age group, although the correlation was
steeper in the older groups. In a separate analysis by urinary

Table 1 Clinical characteristics of study participants

Baseline Second visit

9,154 9,351

Age (years) 54.2 ± 13.2 58.5 ± 12.2

Sex (men, %) 34.2 33.6

BMI (kg/m2) 22.3 ± 3.3 22.3 ± 3.3

Alcohol
consumption

(Go/sitting) 0.44 ± 0.79

(Go/week) 3.8 ± 7.7

Blood pressure SBP (mmHg) 124 ± 18 125 ± 18

DBP (mmHg) 76 ± 11 72 ± 11

Antihypertensive
medication (%)

17.3 23.8

Hypertension (%) 31.4 35.6

Renal function Serum Cre (mg/dL) 0.70 ± 0.15 0.70 ± 0.16

eGFR
(mL/min/1.73m2)

79 ± 15 77 ± 14

Urinary albumin
(mg/gCre)

14 ± 25 13 ± 24

Urinary marker Cre (mg/dL) 91 ± 65 101 ± 67

Na (mEq/L) 128 ± 63 125 ± 57

Na/Cre (mEq/gCre) 183 ± 98 163 ± 91

K (mEq/L) 49 ± 31 53 ± 30

K/Cre (mEq/gCre) 62 ± 26 61 ± 26

Na/K 3.22 ± 1.92 2.89 ± 1.64

Estimated daily salt
intake (g)

9.8 ± 2.1 9.3 ± 2.1

Values are mean ± standard deviation or frequency

A total of 18,505 observed values in 11,012 participants were
available.

Alcohol consumption was described in Japanese traditional units of
alcohol (Go), where 1 Go corresponds to 22 g of ethanol. Hypertension
was defined as any of the following: systolic BP ≥ 140 mmHg,
diastolic BP ≥ 90 mmHg, or taking antihypertensive drugs. Daily salt
intake (g) was estimated from spot urine Na and Cre values using the
following formula: 21.98 × {Na (mEq/l) × predicted 24 h Cre excretion
/ [Cre (mg/dl) × 10]}0.392 × 0.0585, where 24 h Cre excretion was
predicted using the following formula: body weight (kg) × 14.89+
body height (cm) × 16.14− age × 2.04− 2444.45 [5]

BMI body mass index, SBP systolic blood pressure, DBP diastolic BP,
Cre creatinine, eGFR estimated glomerular filtration rate
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Na (Fig. 2b) and K (Fig. 2c) levels, SBP in the older groups
linearly increased with the Na/Cre quartiles (Fig. 2b), but
not with the K/Cre quartiles (Fig. 2c), whereas SBP in the
younger groups had an inverse association with K/Cre
quartiles (Fig. 2c). Similar results were observed upon
analyzing participants who were not taking antihypertensive
drugs (Supplementary Figure 5). The results of the linear
mixed model analysis (Table 3) identified the interaction
term age × Na/K (Model 1) and the interaction terms
between age and Na/Cre (Model 2) and K/Cre (Model 3) as
significant determinants for SBP. The number of measure-
ments in each subgroup is summarized in Supplementary
Table 3.

Discussion

In this cross-sectional analysis of a large general population
with twice-measured clinical values, we clarified that the
positive association of urinary Na/K and BP was indepen-
dent of the ratio composition, i.e., the same Na/K values
calculated as high Na-to-high K ratio and low Na-to-low K
ratio had similar influences on BP. Na/K is therefore a
simple risk marker for hypertension that does not require
consideration of the Na and K excretion levels. The asso-
ciation between Na/K and BP may not be uniform across
age by decade, particularly when the association of Na and
K is analyzed separately. Age-dependent nutritional inter-
vention may be a better approach to decrease Na/K.

Urinary excretory Na and K levels were oppositely
associated with SBP in accordance with previous studies
[14], and the ratio of Na and K showed a linear additive
association with BP. Importantly, the association of Na/K
with BP was independent of the Na and K levels, i.e., even a
smaller amount of Na intake may have the potential to be a
risk factor for increasing BP when K intake is limited.
Similar results, i.e., an association of Na/K with BP that did
not differ by the amount of daily salt intake, were reported
from another observational study [15]. In addition to the
reduction of salt intake, a well-established method to reduce
BP [16], our finding emphasizes the importance of K sup-
plementation for BP reduction. Such a BP-lowering effect
has been reported in several studies [17, 18]. We previously
reported [11] a positive association of vegetable, fruit, and
dairy product consumption with urinary K excretion levels,
whereas a lower education level was associated with smaller
amounts of K excretion.

The results of the present study indicate the possibility
that a high salt intake may not always be deleterious when
the K consumption is adequate. Previous experimental
studies in humans [19] and animals [20] have reported that
K supplementation may compensate for the BP-raising
effect of salt loading. However, considering the large dif-
ferences in the absolute levels of Na/Cre and K/Cre among
the Na/K quartiles, it might be difficult to maintain Na/K
sufficiently enough to lower the BP levels via only K
supplementation. Furthermore, as this study had a cross-
sectional setting, the longitudinal effect of the compensatory
action of K must be clarified.

The positive association between Na excretion level and
BP was prominent in the older subpopulation. Because
older persons are more likely to be salt-sensitive [21] as a
result of reduced kidney function, Na excretion levels may
be more closely associated with BP than K excretion levels
are. Previously, our findings in the same population [9],
namely, that decreases in Na excretion due to renal func-
tional decline were larger than those in K excretion, also
supported this consideration. Although we adjusted for

Fig. 1 Differences in SBP by Na/K quartiles and urinary Na/Cre and
K/Cre. Upper panel: Values are the estimated SBP difference and 95%
confidence intervals calculated by the linear mixed model using the
low-Na and low-K subgroup of the first Na/K quartile as a reference.
The model included measurement term as a random effect, while the
following factors were included as fixed effects: age, sex, body mass
index, alcohol consumption, antihypertensive medication, eGFR,
fasting condition, and measurement season. Study participants were
subdivided by Na/K quartiles (baseline: Q1: <1.97, Q2: <2.82, Q3:
<3.98, and Q4 ≥3.98; second visit: Q1: <1.79, Q2: <2.54, Q3: <3.57,
and Q4 ≥2.57), as well as the medians of Na/Cre (baseline: 167 mEq/
gCre; second visit: 146 mEq/gCre) and K/Cre (baseline: 59 mEq/gCre;
second visit: 58 mEq/gCre) (Supplementary Figure 3). The number of
measurements, as well as the mean Na/K, Na/Cre, and K/Cre, of all
subgroups are summarized in Supplementary Table 2. §P= 0.153, #P
< 0.001. Lower panel: crude mean SBP calculated by the linear
regression model included measurement term as a random effect
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renal function (eGFR) in this analysis, this step might not
have been adequate to control for individual differences in
salt sensitivity because several factors, particularly muscle
mass decline, in the older population may have large
influences on serum Cre levels [22]. In contrast, in the
younger population, the K, but not Na, excretion level was
inversely associated with BP, suggesting salt wasting as a
primary factor for lower BP in healthy individuals with
better renal function. The results of previous interventional
studies [23, 24] reporting BP-lowering effects of K sup-
plementation in middle-aged normotensive individuals
support our present findings. For public health practitioners,
age-dependent nutritional intervention, i.e., salt restriction
in older persons and K supplementation in younger

individuals, may be a better approach to decrease Na/K with
an aim to reduce the BP.

Na/K has been reported to be more closely associated
with BP than the estimated salt intake [1, 7]. A plausible
explanation for the superior association of Na/K has been
suggested to be the opposite effects of Na and K with
respect to BP. However, considering the present findings, a
weak association of urinary Na with BP in the younger
population may be another reason because the equation for
salt intake estimation only requires urinary Na levels [4, 5].
The strong inverse association of urinary K with BP in
younger populations may compensate for the weak asso-
ciation of Na in this age group and account for the positive
association of Na/K with BP across all age groups.

Table 2 Linear mixed model
analysis for SBP

Model 1 Model 2

Coefficient t P Coefficient t P

Na-K level (high Na−high K or low Na−low K) 0.113 0.36 0.722 0.039 0.12 0.903

Na/K 1.703 14.53 <0.001

Na/K quartiles

Q1 reference

Q2 1.628 3.99 <0.001

Q3 3.474 8.41 <0.001

Q4 6.557 13.71 <0.001

A total of 11,940 observed values (Fig. 1) were used for the analysis. Measurement term (baseline or follow-
up) was considered as a random effect, while the following factors were further included in the model as
fixed-effect factors: age, sex, body mass index, alcohol consumption, antihypertensive medication, eGFR,
fasting condition, and measurement season

Fig. 2 Age-dependent association of urinary Na/K, Na/Cre, and K/Cre
with SBP. Values are estimated SBP differences and 95% confidence
intervals calculated by the linear mixed model using the first quartiles
of the youngest subgroup as a reference. The model included mea-
surement term as a random effect, while the following factors were
included as fixed effects: sex, body mass index, alcohol consumption,
antihypertensive medication, eGFR, fasting condition, and measure-
ment season. Age was not included in the model to stratify the parti-
cipants by decade. Study participants were subdivided by quartiles of

Na/K (baseline: Q1: <1.97, Q2: <2.82, Q3: <3.98, and Q4: ≥3.98;
second visit: Q1: <1.79, Q2: <2.54, Q3: <3.57, and Q4: ≥2.57), Na/Cre
(baseline: Q1: <115, Q2: <167, Q3: <232, and Q4: ≥232 mEq/gCre,
second visit: Q1: <98, Q2: <146, Q3: <208, and Q4: ≥208 mEq/gCre)
and K/Cre (baseline: Q1: <44, Q2: <59, Q3: <77, and Q4: ≥77 mEq/
gCre, second visit: Q1: <42, Q2: <58, Q3: <76, and Q4: ≥76 mEq/
gCre). The number of measurement values in each subgroup is shown
in Supplementary Table 3
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An advantage of this study is the large population size
with repeated measurements of urinary Na/K after 5 years.
Although urinary electrolyte and BP values involve random
measurement errors, the use of repeated measurements may
have decreased bias. However, there are several limitations
in this study. First, we used spot urine samples (obtained at
the health check-up program performed as part of the cohort
study), which may not always r
epresent daily salt intake. Indeed, the estimated daily salt
intake in this study population was slightly lower than that
estimated by the National Health and Nutrition Survey (9.9
g/day). However, as we used repeated measurements of
urinary Na/K that helped to close the estimation of 24-h
urine Na/K [25], the slight discrepancy in daily salt intake
would not cause a serious bias. Second, several samples
were obtained under nonfasting conditions, although a pre-
vious study reported a diurnal variation in urinary Na/K
[26]. We therefore adjusted for fasting time in the analyses
to avoid potential bias. Third, our study population was
monolithic, comprising only Japanese individuals, for whom
the within-country variation in salt intake was small [27].
Additional studies in other populations are warranted to
generalize the present findings.

In summary, our study emphasizes the usefulness of
urinary Na/K as a risk factor for hypertension, irrespective
of excretion levels of Na and K. Age-dependent nutritional
approaches, such as salt restriction in older populations and
K supplementation in younger populations, may decrease
the urinary Na/K and thereby prevent hypertension.
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