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Abstract
Introduction: Subclinical kidney dysfunction may con-
tribute to salt-sensitive hypertension. We assessed the
association between the urinary sodium-potassium ratio
(Na/K ratio) and blood pressure (BP) in a general pop-
ulation cohort without diabetes, chronic kidney disease,
cardiovascular disease, or treated hypertension. We in-
vestigated whether any such association was mediated
by the kidney function markers measured glomerular
filtration rate (mGFR), urinary albumin-creatinine ratio
(ACR), and urinary epidermal growth factor-creatinine ratio
(EGF-Cr). Methods: The Tromsø Study is a population-based
study of inhabitants of the municipality of Tromsø, Northern
Norway. Participants aged 50–62 years, without diabetes,
chronic kidney disease, or cardiovascular disease, were in-
vited to the substudy Renal Iohexol Clearance Survey in
Tromsø 6 (RENIS-T6; 2007–09). For the present study, we
excluded participants reporting the use of 1 or more anti-
hypertensive agents, leaving 1,311 RENIS-T6 participants for a

cross-sectional analysis. We measured office BP, 24-h am-
bulatory blood pressure (ABP), and mGFR using iohexol
clearance. Na/K ratio, ACR, and EGF-Cr were measured in
morning urine samples. Results: Urinary Na/K ratio was sig-
nificantly associated with systolic office BP and ABP inde-
pendently of cardiovascular risk factors and kidney function
markers. A one-standard deviation unit increase in the Na/K
ratio was associated with increased systolic ABP by 1.0
(0.3–1.6) mm Hg. Urinary Na/K ratio showed a stronger as-
sociation with office BP than ABP. EGF-Cr, ACR, and mGFR did
not mediate the relationship between urinary Na/K ratio and
systolic BP. Conclusions: In a representative sample of the
middle-aged North-European population without diabetes,
chronic kidney disease, cardiovascular disease, or treated
hypertension, there was a consistent association between
urinary Na/K ratio and BP. The association with BP was not
mediated through kidney function measures, suggesting a
relationship between a diet with high sodium and low po-
tassium and higher BP regardless of kidney function.
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Introduction

Hypertension is globally the most significant contributor
to morbidity and mortality [1]. All patients should be
empowered to make lifestyle changes that may prevent and
improve hypertension and reduce the need for antihy-
pertensive drug therapy [2]. An advisable lifestyle modi-
fication is sodium restriction [2]. The global mean daily
sodium intake is estimated to be approximately 4 g/day,
equivalent to 10 g/day of salt [3], and about twice theWHO
recommended limit [4]. A high sodium intake in the
general population is associated with hypertension, chronic
kidney disease, and cardiovascular disease [5, 6], and so-
dium restriction has a blood pressure (BP)-lowering effect
[7]. However, BP response to a change in sodium con-
sumption is heterogeneous, and the term salt sensitivity has
been applied to persons with the greatest change in BP due
to altered sodium intake [8]. Subclinical kidney dysfunction
with a decrease in whole kidney ultrafiltration and an in-
crease in tubular sodium reabsorption has been implicated
as a cause of salt sensitivity [9]. The renal abnormalities
leading to this increased reabsorption have not yet been
fully elucidated. A diet high in sodium and low in potassium
can stimulate salt reabsorption along the distal nephron
[10]. A low potassium intake may also catalyst renal va-
soconstriction, leading to persistent preglomerular arte-
riolopathy, tubular ischemia, and interstitial inflammation,
generating deviant renal sodium handling, and increasing
BP [11]. On the other hand, a high potassium intake is
associated with lower BP and reduced risk of cardiovascular
disease [12, 13]. Replacing salt with a potassium chloride
salt substitute has reduced the risk of stroke and cardio-
vascular disease mortality [14, 15]. The urinary sodium-
potassium ratio (Na/K ratio) is a proxy for sodium and
potassium intake. It is independent of urine volume and
body weight and has a higher correlation with 24-h urinary
excretion of each electrolyte than the urinary Na or K
concentration alone [16]. Na/K ratio has shown a stronger
association with BP, hypertension, and cardiovascular
disease than urinary sodium or potassium alone [17, 18],
and the association between Na/K ratio and BP is inde-
pendent of the individual urinary levels of Na and K [19].

No population-based studies have addressed the asso-
ciation betweenNa/K ratio and BP in the specific context of
kidney function. The present cross-sectional study aimed to
assess the associations between Na/K ratio, BP, and hy-
pertension in a cohort of individuals representative for the
North-European general population without diabetes,
chronic kidney disease, or cardiovascular disease [20, 21].
Further, we aimed to examine if an association is mediated
through the kidney function variablesmeasured glomerular

filtration rate (mGFR), urine albumin-creatinine ratio
(ACR), and urine epidermal growth factor (EGF). We
hypothesized that the U-Na/K ratio is associated with BP
and different hypertension phenotypes independently of
traditional cardiovascular risk factors and that mGFR,
urine ACR, and urine EGF modify this association.

Materials and Methods

Materials
The Renal Iohexol Clearance Survey in Tromsø6 (RENIS-T6) is a

substudy of the population-based Tromsø Study, a prospective study
of inhabitants of the municipality of Tromsø, Northern Norway.
The sixth survey (Tromsø6) was conducted in 2007–2008. An age-
stratified random sample of 19,762 inhabitants between 40 and
87 years of age was invited to participate. A total of 12,984 persons
attended (66%). Among the 3,564 participants aged 50–62, 2,825
reported no previous myocardial infarction, angina pectoris, stroke,
diabetes mellitus, or renal disease. These individuals were invited to
RENIS-T6. A total of 2,107 agreed. One hundred and twenty-five
were excluded because of allergy to contrast media, iodine, latex, or
for other reasons, including 48 who withdrew. Five subjects were
excluded due to technical failure of the iohexol clearance mea-
surement, and 1,627 subjects were included according to a pre-
determined target of 1,600. For the present study, 17 were excluded
due to missing ambulatory blood pressure (ABP) measurements
after repeated attempts. Further, 299 participants reporting the use
of one or more antihypertensive agents (beta-blocking agents,
calcium channel blockers, ACE inhibitors, angiotensin II receptor
blockers, or diuretics) were excluded to limit the possibilities of
reverse causality and because antihypertensive treatments could
potentially affect urinary Na or K excretion, leaving 1,311 partici-
pants for our study, shown in Figure 1.

Measurements
The details of sample procurement in the RENIS-T6 have

previously been described [22]. All data were collected during the
RENIS-T6 visit, besides urine ACR which was measured in the
forerunner Tromsø6 survey. In the RENIS-T6 study, participants
met between 08:00 and 10:00 a.m. at the Clinical Research Unit at
the University Hospital of Northern Norway after an overnight
fast. Office BP, urine Na and K were measured simultaneously, and
ABP over the following day and night.

Office BP was recorded in triplet by trained personnel using an
automatic device (model UA 799; A&D, Tokyo, Japan). The cuff
was chosen according to the measured circumference of the upper
right arm. After a 2-min rest, three attended readings were taken in
a sitting position, separated by 1-min intervals [23]. We used the
mean of the second and third readings in the analyses.

ABP was measured from the completion of the iohexol clearance
measurement, just before the participant left the clinical research
unit, to the next day. A Spacelabs 90207 device was applied
(Spacelab Inc., Redmond, WA, USA), using the appropriate cuff
size. The persons were instructed to keep their arm still during
measurement and avoid strenuous exercise during the measurement
period, but otherwise participate in their normal daily activities. BP
was measured at 20-minute intervals from 08:00 to 22:00 h and at
45min intervals from22:00 to 08:00 h. The registration was valid if it
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was of at least 22 h duration, at least ten readings between 10:00 and
22:00 h, and if there were five readings between midnight and 06:00
h. These criteria were adopted from the International Database on
Ambulatory Blood Pressure in Relation to Cardiovascular Outcome
study [24]. Persons with invalid registration had their ABP mon-
itoring repeated as soon as possible. The fall in BP during sleep, the
nighttime BP dip, was defined as the difference between daytime
mean pressure and nighttime mean pressure, expressed as a per-
centage of the daytime value.

The ambulatory white coat effect was defined as the difference
between the office BP and daytime mean ABP (office BP minus
daytime mean ABP) [2]. Hypertension phenotypes were defined as
white coat hypertension, the untreated condition in which office
BP was ≥140/90 mm Hg, but 24-h ABP <130/80 mm Hg, masked
hypertension, the untreated condition in which office BP
was <140/90 mm Hg, but 24-h ABP ≥130/80 mm Hg, and sus-
tained hypertension as the untreated condition in which office BP
was ≥140/90 mm Hg, and 24-h ABP ≥130/80 mm Hg [2].

GFR was measured with single-sample plasma clearance of
iohexol (mGFR). The serum iohexol concentration was measured
by HPLC. The interassay coefficient of variation for the iohexol
analysis with HPLC during the study period was 3.0%. External
quality control was provided by Equalis (Equalis AB, Uppsala,
Sweden). This method has been validated against gold standard
methods and is accurately described in a previous publication [22].

From the RENIS-T6 survey, we used a second void morning spot
urine, stored at −80°C, to measure urine Na, K, EGF, and creatinine.
Urine Na and K were measured via the ion-selective electrode
method using a COBAS 8000 autoanalyzer (Roche Diagnostic,
Indianapolis, IN, USA). Urine EGF was measured using a human
EGF immunoassay Quantikine enzyme-linked immunosorbent
assay kit (R&D Systems, Minneapolis, MN, USA). EGF was assessed
in duplicate. Urine creatinine was measured using a colorimetric
method with a COBAS 8000 autoanalyzer (Roche Diagnostic, In-
dianapolis, IN, USA). We calculated the ratios of urine EGF to the
urine creatinine concentration (EGF-Cr) to adjust for differences in
urine concentration [25].

In Tromsø6, morning spot urine samples were collected on
three consecutive days. Albumin and creatinine concentrations
were measured at the time of collection in unfrozen samples. Urine
albumin concentration was measured by an immunoturbidimetric
method with the ABX Pentra Micro Albumin CP (Horiba ABX,
Montpelier, France), whereas creatinine was analyzed by a col-
orimetric method (Jaffe’s reaction) using an autoanalyzer (ABX
Pentra, Horiba ABX, Montpellier, France). For each urine sample,
we calculated the ACR, and the median of the values assessed on
days 1, 2, and 3 were used.

The subjects completed a questionnaire regarding medication
use. Body mass index (BMI; kg/m2) was calculated from measured
height and weight. Fasting blood samples were drawn to measure

Fig. 1. Inclusion of participants in the Renal Iohexol Clearance Survey (RENIS-T6) from themain part of the sixth
Tromsø survey (Tromsø6).
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lipids, HbA1c, creatinine, and cystatin C, as previously described
[22]. We calculated creatinine-cystatin C-based estimated GFR by
applying the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation [26].

Statistical Analyses
Baseline characteristics are summarized for the cohort with a

mean (SD) for normally distributed variables, median for skewed
variables, and n (percentage) for categorical variables. We used
statistical mediation analysis with bootstrapping as implemented in
model 4 of the PROCESS macro for SPSS [27] to assess the asso-
ciations between the BP variables and hypertension phenotypes as
dependent variables in separate models, and Na/K ratio as the in-
dependent variable of interest. We did a two component mediation
analysis to examine the direct and indirect effects, shown in Figure 2.

The direct effect was the effect of urinary Na/K ratio on BP and
hypertension phenotypes, and the indirect effect of Na/K ratio was
through the mediators mGFR, ACR, and EGF-Cr on BP and
hypertension phenotypes. We report the results of all the pathways
shown in Figure 2. We adjusted the mediation analysis for the
covariates age, sex, and traditional cardiometabolic risk factors
(waist-hip ratio, HbA1c, triglycerides, and HDL cholesterol). We
report the mediation analyses direct and indirect effects as beta
coefficients or odds ratios for the Na/K ratio per SD.

The urine albumin assay’s limit of detection in Tromsø 6 is
given at 4 mg/L, but the PENTRA instrument reports albumin
concentrations as low as 1 mg/L. Seventy percent of the
participants had albumin concentration under the limit of
detection. Due to a large number of observations below the
limit and only a fewparticipants with moderately or severely
increased ACR, we 1) used all values of albumin, including
those below limit of detection, 2) substituted all observations
of albumin concentration lower than 4 mg/L with 4 mg/L in
each urine sample, calculated the ratio of albumin concen-
trations with the urine creatinine concentration, and used the
median value of the three samples in the repeated mediation
analysis. As so, we preserved the relative standing of persons
with values below the limit relative to those above the limit and
a relative standing accounting for different urine volumes. The

limit of detection for the EGF assay was 0.7 pg/mL. No par-
ticipants had EGF lower than the limit of detection. In mul-
tivariate linear regression analyses, we tested for collinearity
with the variance inflation factor, tolerance statistics, the ei-
genvalue of the scaled, uncentered cross-products matrix, and
variance proportions. Statistical significance was defined as
two-sided p < 0.05 and the correspondent t-statistics value 1.96
in all analyses. We used SPSS Statistics for Windows, Version
29.0 (IBM SPSS Statistics for Windows, Version 29 0.0; Ar-
monk, NY: IBM Corp.) and Hayes’ PROCESS macro for SPSS
(Hayes, 2022).

Results

Baseline Characteristics
A total of 1,311 participants with a mean (SD) age of 58

(3.8) years, BMI of 26.8 (3.8) kg/m2, Na/K ratio 1.43
(0.76), and mGFR 94.3 (14.2) mL/min/1.73 m2 were
included in the study (Table 1). Office BP was 128/82
(17.5/9.6) mm Hg, 24-h ABP 122/76 (12.3/7.9) mm Hg
(Table 2). Figure 3 shows the distribution of mGFR
stratified by sex. Among the 360 participants with urine
albumin above the assay’s limit of detection, 73 partici-
pants had high normal ACR (ACR 1.13–<3.40 mg/
mmol), 12 participants had moderately increased ACR
(ACR 3.40–≤34 mg/mmol), and one participant had
severely increased ACR (ACR >34 mg/mmol).

The Associations between Na/K Ratio and ABP
We found no sign of multicollinearity in the multi-

variate linear regression analyses. Results of the regres-
sion analysis are presented in the supplementary Tables
1–3 (for all online suppl. material, see https://doi.org/10.
1159/000535977).

Fig. 2. Two component mediation analysis.
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There was a significant direct effect of Na/K ratio on
systolic ABP and a borderline significant direct effect on
24-h mean and daytime diastolic ABP. A 1 SD increase in
Na/K ratio corresponded to approximately 1 mm Hg
increase in systolic 24-h mean ABP (Table 3 and online
suppl. Table 1). We found no significant indirect effects of

Na/K ratio through mGFR, ACR, or EGF-Cr (Table 3).
Mediation analysis with ACR substituted for values under
the limit of detection did not change the results (online
suppl. Table 4). Hence, none of the three kidney function
variables mediated the relationship between Na/K ratio
and ABP.

Table 1. Characteristics of the study
population (n = 1,311) Female sex, n (%) 679 51.8

Age, years 57.9 3.8
Waist-hip ratio women 0.86 0.06
Waist-hip ratio men 0.95 0.06
BMI, kg/m2 26.8 3.8
Cholesterol, mmol/L 5.6 0.9
HDL cholesterol, mmol/L 1.6 0.4
LDL cholesterol, mmol/L 3.7 0.9
Triglycerides, mmol/L 1.2 0.6
HbA1c, % 5.5 0.4
U-Na, mmol/L 54.0 33–89
U-K, mmol/L 45.0 26–74
U-Na/K ratio 1.43 0.76
Serum creatinine, µmol/L 66.5 12.0
Cystatin C, mg/L 0.73 0.11
Estimated GFR, mL/min/1.73 m2 103.7 11.2
GFR as single-sample plasma iohexol

clearance, mL/min/1.73 m2
94.3 14.2

ACR (left censored at limit of detection),
mg/mmol

0.75 0.49–1.16

EGF, µg/L 12.3 6.2–23.3
EGF-Cr, µg/mmol 1.91 0.73

Data are mean (SD), median (interquartile range), or number (%) as appropriate.
Estimated GFR, glomerular filtration rate, calculated using the creatinine-cystatin
C-based CKD-EPI equation. ACR, urine albumin-to-creatinine ratio. EGF, urine epi-
dermal growth factor. EGF-Cr, urine epidermal growth factor to creatinine ratio.

Table 2. BP characteristics of the study
population (n = 1,311) Office systolic BP, mm Hg 127.7 17.5

Office diastolic BP, mm Hg 82.3 9.6
Ambulatory systolic BP, 24-h mean, mm Hg 122.2 12.3
Ambulatory diastolic BP, 24-h mean, mm Hg 75.8 7.9
Ambulatory systolic BP, daytime mean, mm Hg 129.2 13.2
Ambulatory diastolic BP, daytime mean, mm Hg 81.4 8.5
Ambulatory systolic BP, nighttime mean, mm Hg 110.0 12.2
Ambulatory diastolic BP, nighttime mean, mm Hg 65.8 8.2
Nighttime systolic BP dip, % 14.7 6.2
Nighttime diastolic BP dip, % 19.1 7.2
Normotensive, n (%) 756 57.7
White coat hypertension, n (%) 103 7.9
Masked hypertension, n (%) 167 12.7
Sustained hypertension, n (%) 285 21.7

Data are mean (SD) or number (%) as appropriate. Normotensive: office BP <140/90
and 24-h mean ABP <130/80. White coat hypertension: office BP ≥140/90 and 24-h
mean ABP <130/80. Masked hypertension: office BP ≤140/90 and 24-h mean
ABP ≥130/80. Sustained hypertension: office BP ≥140/90 and 24-h mean ABP ≥130/80.
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The Na/K ratio was not significantly associated with
nighttime BP dipping, and we found no significant indirect
effects of Na/K ratio through mGFR, ACR, or EGF-Cr
on the dipping pattern (online suppl. Tables 2, 5).
Mediation analysis with ACR substituted for values
under the limit of detection did not change the results
(online suppl. Table 6).

The Associations between Na/K Ratio, Office BP, and
the Ambulatory White Coat Effect
Na/K ratio showed a stronger direct effect with office

BP than ABP (Table 4). The standardized regression
coefficients indicated a 3.6 mm Hg increase in systolic
office BP per SD unit increase in Na/K ratio (Table 4;
online suppl. Table 3). For the diastolic office BP, the rise
was 1.4 mm Hg per SD unit Na/K ratio increase (Table 4;
online suppl. Table 3).

We found no significant indirect effects of Na/K ratio
through mGFR, ACR, or EGF-Cr (Table 4). Mediation
analysis with ACR substituted for values under the limit

of detection did not change the results (online suppl.
Table 7).

There were significant associations between the Na/K
ratio and the ambulatory white coat effect (office BPminus
daytime mean ABP) (Table 4; online suppl. Table 3). The
estimated increase in the systolic white coat effect was
2.7 mm Hg per SD unit increase in Na/K ratio. The
corresponding value for the diastolic white coat effect was
1.0 mm Hg per SD unit (Table 4; online suppl. Table 3).
We found no significant indirect effects of Na/K ratio
through our kidney function variables (Table 4).Mediation
analysis with ACR substituted for values under the limit of
detection did not change the results (online suppl. Table 7).

The Associations between Na/K Ratio and Hypertension
Phenotypes
There was a significant direct effect of Na/K for white

coat hypertension and sustained hypertension, but not for
masked hypertension (Table 5). We found no significant
indirect effects of Na/K ratio through mGFR, ACR, or

Fig. 3. Population pyramid showing the frequency of mGFR by sex.
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EGF-Cr formasked- or sustained hypertension, but a partial
complementary mediation effect through EGF-Cr for white
coat hypertension (Table 5). Mediation analysis with ACR
substituted for values under the limit of detection did not
change the results (online suppl. Table 8). Hence, the kidney
function variables in our study did not mediate the rela-
tionship between Na/K ratio and sustained hypertension.

Discussion

The present study is, according to our knowledge, the
first study to assess the association between urinary Na/K
ratio, BP, and hypertension phenotypes in the context of
kidney function markers including GFR assessed with gold
standard measurement, ACR, and a validated biomarker of
functional renal tubular mass (EGF-Cr). In multivariate

models, the Na/K ratio was significantly associated with
systolic ABP, office BP, and sustained hypertension.
Compared to ABP measurements, the Na/K ratio showed a
stronger association with office BP, and the increase in the
standardized coefficient for the Na/K ratio corresponded to
the white coat effect. The markers of kidney function did
not mediate the relationship between urinary Na/K ratio,
systolic BP, or sustained hypertension.

No population-based studies have addressed the asso-
ciation between Na/K ratio and BP in the specific context of
kidney function, but some studies included the estimated
glomerular filtration rate as a covariate in the data analyses
[18, 28]. In a cross-sectional study by Tabara et al. of a
middle-aged population in Japan, the association between
Na/K ratio and office BP was independent of cardiovascular
risk factors and estimated GFR (standardized coefficient of
urinary Na/K ratio to systolic office BP 0.12 [p < 0.001]).

Table 3. Mediation analysis for the urinary Na/K ratio for the associations with ABP (n = 1,311)

Total effect p value Direct effect p value Relationship Indirect effect T-statistic Conclusion

24-h mean ABP as dependent variable

Systolic BP 0.93 0.035 0.94 (0.31–1.56) 0.033 M1 −0.00 (−0.04 to 0.23) −0.08 No mediation
M2 0.02 (−0.00 to 0.09) 0.83 No mediation
M3 −0.02 (−0.11 to 0.06) −0.57 No mediation

Diastolic BP 0.37 0.072 0.37 (−0.03–0.77) 0.070 M1 −0.00 (−0.02 to 0.01) −0.19 No mediation
M2 0.00 (−0.02 to 0.06) 0.15 No mediation
M3 −0.01 (−0.06 to 0.05) −0.20 No mediation

Mean daytime ABP as dependent variable

Systolic BP 0.93 0.007 0.94 (0.27–1.62) 0.006 M1 −0.00 (−0.04 to 0.03) −0.23 No mediation
M2 0.02 (−0.00 to 0.09) 0.62 No mediation
M3 −0.02 (−0.11 to 0.06) −0.55 No mediation

Diastolic BP 0.41 0.063 0.41 (−0.03–0.85) 0.065 M1 0.00 (−0.02 to 0.02) 0.04 No mediation
M2 0.00 (−0.02 to 0.07) 0.07 No mediation
M3 −0.00 (−0.05 to 0.05) 0.06 No mediation

Mean nighttime ABP as dependent variable

Systolic BP 0.89 0.006 0.90 (0.26–1.54) 0.006 M1 −0.00 (−0.03 to 0.02) −0.09 No mediation
M2 0.03 (−0.00 to 0.09) 0.97 No mediation
M3 −0.04 (−0.12 to 0.04) −0.81 No mediation

Diastolic BP 0.29 0.18 0.30 (−0.13–0.73) 0.17 M1 −0.00 (−0.02 to 0.02) −0.18 No mediation
M2 0.01 (−0.00 to 0.06) 0.45 No mediation
M3 −0.02 (−0.07 to 0.03) 0.67 No mediation

The total effect is the direct and indirect effect of urinary Na/K ratio on ABP. The direct effect is the effect of urinary Na/K ratio on
ABP, and the indirect effect of Na/K ratio is through the mediators mGFR, ACR, and EGF-Cr on ABP. Direct and indirect effects are
reported beta coefficients (95% confidence intervals based on 5,000 bootstrap samples) for the Na/K ratio per SD. Relationships:
M1: Na/K ratio (SD)> mGFR> ABP (mm Hg). M2: Na/K ratio (SD)>ACR> ABP (mm Hg). M3: Na/K ratio (SD)>EGF-Cr> ABP (mm Hg).
Covariates: age, sex (male or female), waist-hip ratio, HbA1c, triglycerides, and HDL cholesterol, ambulatory blood pressure (ABP),
glomerular filtration rate as a single-sample plasma clearance of iohexol (mGFR), urine albumin creatinine ratio (ACR), urine
epidermal growth factor to the urine creatinine concentration (EGF-Cr).
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Only one previous study has included estimated GFR and
ACR as covariates in its analyses [28]. This cross-sectional
study by Hedayati et al. [28], which also included a large
African American population, showed a significant asso-
ciation between Na/K ratio and office BP after adjustment
for cardiovascular risk factors, including estimated GFR
and ACR. However, these studies included subjects with
diabetes and treated hypertension, and the Na/K ratios
were substantially larger than observed in the present study
[18, 28]. Although in line with our results, the individual or
combined effect of adjustments for estimated GFR and
ACR was not reported.

However, estimated GFR is an insensitive marker early
of renal impairment [29]. Estimated GFR is influenced by
non-GFR components such as age, sex, muscle mass,
dietary protein intake, and exercise, resulting in sys-
tematic overestimation and underestimation of kidney
function, which may influence the effect of kidney
function on BP [30]. Previous studies [18, 28] may have
biased results from non-GFR-related confounders. Ac-
cordingly, to investigate the influence of GFR on the Na/
K-BP association, we measured the GFR using plasma

iohexol clearance. Further, ACR is a marker of kidney
damage and endothelial dysfunction, and thus may be an
important mediator for the effect of Na/K ratio on BP [29,
31]. High sodium and low potassium consumption may
disrupt the endothelial glycocalyx barrier, induce endo-
thelial stiffening, and trigger endothelial dysfunction with
increasing ACR and BP [32–34]. A diet high in sodium
and low in potassium may also cause kidney glomerular
and tubulointerstitial injury, leading to an increased ACR,
deviant salt handling, and salt-sensitive hypertension [11,
35]. In our study, mGFR and ACR did not mediate the
association between the Na/k ratio, BP, and hypertension.

Furthermore, EGF, a marker of functional tubular mass,
may contribute to BP regulation [36–38]. In animal studies,
EGF has been shown to regulate ENaC-mediated sodium
transport in the distal part of the kidney tubule [38]. An
increased renal cortical expression of the EGF receptor has
been found in salt-sensitive prehypertensive and hyper-
tensive rats [37]. However, it is unknown whether this
expression is a cause or a consequence of salt-sensitive
hypertension [36]. Intrarenal EGFmay represent a potential
molecular mechanism underlying kidney dysfunction and

Table 4. Mediation analysis for the urinary Na/K ratio for the associations with office BP and the white coat effect as dependent
variables (n = 1,311)

Total effect p value Direct effect p value Relationship Indirect effect T-statistic Conclusion

Office BP

Systolic BP 3.68 <0.001 3.68 (2.81–4.54) <0.001 M1 0.01 (−0.03 to 0.06) 0.33 No mediation
M2 0.01 (−0.01 to 0.09) 0.51 No mediation
M3 −0.02 (−0.14 to 0.10) −0.30 No mediation

Diastolic BP 1.39 <0.001 1.39 (0.91–1.86) <0.001 M1 0.01 (−0.03 to 0.05) 0.42 No mediation
M2 0.00 (−0.08 to 0.05) 0.16 No mediation
M3 −0.01 (−0.06 to 0.05) −0.22 No mediation

Ambulatory white coat effect

Systolic BP 2.74 <0.001 2.72 (2.10–3.34) <0.001 M1 0.01 (−0.03 to 0.06) 0.33 No mediation
M2 0.01 (−0.01 to 0.09) 0.51 No mediation
M3 −0.02 (−0.14 to 0.10) −0.30 No mediation

Diastolic BP 0.98 <0.001 0.98 (0.63–1.33) <0.001 M1 0.01 (−0.03 to 0.05) 0.42 No mediation
M2 0.00 (−0.08 to 0.05) 0.16 No mediation
M3 −0.01 (−0.06 to 0.05) −0.22 No mediation

The total effect is the direct and indirect effect of urinary Na/K ratio on office BP and the white coat effect. The direct effect is the
total effect is the direct and indirect effect of urinary Na/K ratio on office BP and the white coat effect. The direct effect is the effect
of urinary Na/K ratio on office BP and the white coat effect, and the indirect effect of Na/K ratio is through themediators mGFR, ACR,
and EGF-Cr on office BP and the white coat effect. Direct and indirect effects are reported beta coefficients (95% confidence
intervals based on 5,000 bootstrap samples) for the Na/K ratio per SD. Relationships: M1: Na/K ratio (SD) > mGFR > office BP (mm
Hg) andwhite coat effect (mmHg). M2: Na/K ratio (SD) >ACR-> office BP (mmHg) andwhite coat effect (mmHg). M3: Na/K ratio (SD)
>EGF-Cr > office BP (mm Hg) and white coat effect (mm Hg). Covariates: age, sex (male or female), waist-hip ratio, HbA1c, tri-
glycerides, and HDL cholesterol, ambulatory blood pressure (ABP), glomerular filtration rate as a single-sample plasma clearance of
iohexol (mGFR), urine albumin-creatinine ratio (ACR), urine epidermal growth factor to the urine creatinine concentration (EGF-Cr).
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salt sensitivity [36].We have not found previous studies that
have assessed the association between Na/K ratio and BP in
the context of EGF. In our study, urine EGF-Cr did not
mediate the association betweenNa/K ratio, BP, masked- or
sustained hypertension. Inconsistent effect modification by
urine EGF-Cr was demonstrated with a small partial me-
diation effect on white coat hypertension, but no significant
mediation effect was shown with the ambulatory white coat
effect as a continuous dependent variable. Thus, the me-
diation effects via EGF on white coat hypertension cannot
be ascribed significance until confirmatory findings in other
cohorts [39].

TheNa/K ratio showed a stronger association with office
BP than ABP, and the increase in the standardized coef-
ficients corresponded to the ambulatory white coat effect.
The ambulatory white coat effect has been shown to in-
crease with increasing age and BMI [40]. The direct effect of
urinary Na/K ratio was highly significant after adjustment
for cardiometabolic risk factors, and we found no signif-
icant indirect effects through mGFR, ACR, or EGF-Cr.

Guyton and coworkers proposed that hypertension
could not occur with a preserved natriuresis, which would
restore plasma volume and normotension [41]. Recent
studies have shown that subclinical kidney dysfunction
may be implicated as a cause of salt sensitivity [9, 42]. In

our study of a middle-aged population without diabetes,
chronic kidney disease, cardiovascular disease, or treated
hypertension, kidney function variables did not mediate
the association between urinary Na/K ratio, systolic BP,
or sustained hypertension. Thus, although we cannot
make inferences about causality in this cross-sectional
study, the findings support that a high-sodium and/or
low-potassium diet alone may stimulate salt reabsorption
along the distal nephron, leading to an increased BP [43,
44]. However, recent insights have launched new hy-
potheses as potential explanations for salt sensitivity,
suggesting primary vascular dysfunction, primary sym-
pathetic nervous system dysfunction, immune activation,
and skin hypertonicity to be involved [10].

A strength of this general population cohort study is the
exclusion of participants with cardiovascular disease, kidney
disease, diabetes, and antihypertensive medication at base-
line, limiting the possibility for reverse causality. Previous
studies on the association between Na/K ratio and BP have
included subjects with either cardiovascular disease, diabetes,
or treated hypertension [18, 28, 45–48]. Further, the accurate
measurement of GFR using iohexol clearance reduces the
risk of bias and residual confounding or effect modification
compared to using estimated GFR. Also, ABPmeasurements
are more strongly associated with target organ damage than

Table 5. Mediation analysis for the
urinary Na/K ratio for the associations
with hypertension phenotypes (n =
1,311)

Direct effect p value Relationship Indirect effect Conclusion

Normotension versus white coat hypertension (n = 824)

1.31 (1.06–160) 0.011 M1 1.0 (0.99–1.01) No mediation
M2 1.0 (0.99–1.02) No mediation
M3 1.04 (1.01–1.10) Partial mediation

Normotension versus masked hypertension (n = 889)

0.88 (0.71–1.07) 0.21 M1 1.0 (0.98–1.01) No mediation
M2 1.02 (0.99–1.09) No mediation
M3 1.01 (0.99–1.04) No mediation

Normotension versus sustained hypertension (n = 1,041)

1.27 (1.09–1.48) 0.012 M1 1.0 (0.99–1.01) No mediation
M2 1.0 (0.99–1.02) No mediation
M3 1.0 (0.99–1.02) No mediation

The direct effect is the effect of urinary Na/K ratio on hypertension phenotype, and
the indirect effect of Na/K ratio is through the mediators mGFR, ACR, and EGF-Cr on
hypertension phenotype. Effects are expressed as odds ratios (95% confidence in-
tervals based on 5,000 bootstrap samples) for the Na/K ratio per SD. Relationships: M1:
Na/K ratio (SD) > mGFR > hypertension phenotype. M2: Na/K ratio (SD)->ACR->
hypertension phenotype. M3: Na/K ratio (SD) >EGF-Cr > hypertension phenotype.
Covariates: age, sex (male or female), waist-hip ratio, HbA1c, triglycerides, and HDL
cholesterol, ambulatory blood pressure (ABP), glomerular filtration rate as a single-
sample plasma clearance of iohexol (mGFR), urine albumin-creatinine ratio (ACR),
urine epidermal growth factor to the urine creatinine concentration (EGF-Cr).
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office BP and provide the opportunity to study dipping
patterns and the ambulatory white coat effect [2, 49].

However, there are several limitations. Excretion mea-
sured in multiple controlled 24-hour urine collections is the
gold standard method to assess electrolyte intake [50].
Controlled 24-hour urine collection is also the gold standard
method for urine biomarker quantification. However, the
method is subjected to error by incompleteness of the
collection and is demanding to perform adequately in
population studies [50]. Thorough control of 24-hour urine
collections is crucial for accurate and reliable results. Ne-
glecting this process can introduce a systematic bias in the
estimation of electrolyte intake [50, 51]. However, when
strict control measures are applied in larger population
studies, there is a chance of unintentionally introducing a
similar bias. In this regard, we would like to emphasize that
the utilization of the Na/K ratio offers advantages in
mitigating systemic errors arising from incomplete 24-hour
urine collections that can confound results in association
studies [51, 52]. There is amoderate correlation between 24-
h urine collections and single-second void morning spot
urine Na/K ratio (r = 0.6) and between 24-h urine col-
lections and single-spot urine EGF-Cr (r = 0.6) [16, 25, 51].
Spot urine samples, on the other hand, will give rise to
greater random errors in estimates of sodium and potas-
sium intake and will bias the relationship between Na and K
intake and BP toward the null. Furthermore, potassium
intake is negatively correlated with sodium intake and BP
and modifies the relationship between sodium intake and
BP. When potassium and sodium are measured in spot
urine samples, the correlation of their errorsmay complicate
the interpretation of coefficients in linear models. It is
important to acknowledge that this study should be con-
sidered as hypothesis-generating, and additional investi-
gations employing multiple random spot urine samples for
a more accurate estimation of the urinary Na/K ratio are
warranted [52]. Moreover, the population in the RENIS-T6
consists almost exclusively of North-European middle-aged
persons with generally normal or near normal kidney
function, limiting broad generalizations to other healthy and
sick populations. Further limitations include residual con-
founding, and we did not exclude potential hypertension
patients with ongoing BP follow-up and guided lifestyle
interventions.

Conclusion

In this study of a healthy middle-aged population,
the Na/K ratio showed a consistent association with
systolic BP and sustained hypertension. This effect was

not mediated through the kidney function variables
mGFR, ACR, or EGF-Cr. Our findings do not support
the suggestion that kidney function mediates the re-
lationship between sodium and potassium intake and
BP. A high-sodium and low-potassium diet may be
sufficient to stimulate salt reabsorption, leading to
increased BP. Longitudinal and interventional studies
should address this and other explanations for salt
sensitivity.
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