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Arterial stiffness is an independent cardiovascular risk factor. However, the association between sodium/potassium intake and
arterial stiffness in the Chinese population is unclear. Therefore, we performed a large, community-based cross-sectional study to
reach a more definitive conclusion. The study was conducted at the Third Xiangya Hospital in Changsha between August 2017 and
September 2019. Urinary sodium, potassium, and creatinine levels were tested from spot urine samples during physical
examinations of each recruited participant. The 24-hour estimated urinary sodium excretion (€UNaE) and estimated urinary
potassium excretion (eUKE) levels were calculated using the Kawasaki formula (used as a surrogate for intake). The brachial-ankle
pulse wave velocity (baPWV) and ankle brachial index (ABI) were measured using an automatic waveform analyzer. In

22,557 subjects with an average age of 49.3 £+ 10.3 years, the relationships of the ABl and baPWV with the levels of eUNaE, eUKE and
the ratio of sodium to potassium (Na/K ratio) were analyzed. A significant negative relationship was found between the eUKE and
baPWV levels (B =2.41, p < 0.01), whereas the Na/K ratio was positively associated with baPWV (B = 2.46, p < 0.01), especially in the
overweight and hypertensive populations (both pinteraction = 0.04). The association of eUNaE quartiles with baPWV presented a
J-shaped curve after adjusting for confounders. In addition, a positive association was observed between the Na/K ratio and the ABI
(3=0.002, p < 0.01). In this study, high potassium and/or low sodium intake was further confirmed to be related to vascular
stiffness in Chinese individuals.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death
worldwide. Arterial stiffness has been identified as an indepen-
dent CVD risk factor and a predictor of all-cause mortality [1].
Previous studies have demonstrated that arterial stiffness is
involved in the pathology of many diseases, including vascular
calcification, heart failure, atherosclerosis, and ultimately CVD
[2, 3]. Furthermore, studies consistently demonstrate that changes
in arterial stiffness occur in advance of CVD [4]. Thus, assessments
of arterial stiffness are useful for detecting, predicting, and
eventually preventing CVD [5].

Arterial stiffness can be measured by several noninvasive
methods, of which the measurement of pulse wave velocity
(PWV) is the most common [6]. PWV represents the speed of the
pressure wave propagating along the artery and is directly
correlated to the rigidity of the vessel with a higher velocity
indicating increased vessel stiffness [7, 8]. Different measurement

techniques focus on the carotid-femoral pulse wave velocity
(cfPWV), brachial-ankle pulse wave velocity (baPWV), and
segment-specific PWVs [9]. Recently, baPWV, which reflects the
stiffness of both the central conduit and the peripheral arteries,
has been used more frequently than other measurements [10]. An
individual participant data meta-analysis showed that measuring
baPWV is more effective at predicting the risk of CVD than
measuring the Framingham risk score [11]. Moreover, peripheral
arterial disease (PAD) can be diagnosed simply, accurately and
noninvasively by ankle/brachial index (ABI) measurement [12]. The
ABI is calculated by dividing the systolic pressure of each of the
ankles by the highest brachial pressure of either arm [13]. A high
ABI is an important indicator of a high risk of cardiovascular events
in individuals who have been diagnosed with PAD [14, 15].
Dietary intervention helps prevent arterial stiffness [16]. A meta-
analysis including 14 cohorts showed that an 89.3 mmol/day
decrease in average sodium intake was associated with a 2.84%

"Department of Health Management, The Third Xiangya Hospital, Central South University, Changsha, Hunan, China. 2Department of Pharmacology, Xiangya School of
Pharmaceutical Science, Central South University, Changsha, Hunan, China. *Department of Cardiology, The Third Xiangya Hospital, Central South University, Changsha, Hunan,
China. *Department of Health Management, Aerospace Center Hospital, Beijing, China. *Department of Cancer Epidemiology and Prevention Research, Cancer Care Alberta,
Alberta Health Services, Calgary, AB, Canada. ®Departments of Oncology and Community Health Sciences, Cumming School of Medicine, University of Calgary, Calgary, AB,
Canada. “State Key Laboratory of Cardiovascular Disease, Fuwai Hospital, National Center for Cardiovascular Diseases, Peking Union Medical College & Chinese Academy of
Medical Sciences, Beijing, China. 8Hunan Key Laboratory for Bioanalysis of Complex Matrix Samples, Changsha, Hunan, China. °Department of Epidemiology, Hunan Normal
University School of Medicine, Changsha, China. '®These authors contributed equally: Qinyu Yang, Weihong Jiang. ®email: lydia0312@csu.edu.cn

Received: 21 October 2021 Revised: 17 February 2022 Accepted: 4 March 2022
Published online: 25 March 2022

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41371-022-00671-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41371-022-00671-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41371-022-00671-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41371-022-00671-3&domain=pdf
http://orcid.org/0000-0001-9579-4920
http://orcid.org/0000-0001-9579-4920
http://orcid.org/0000-0001-9579-4920
http://orcid.org/0000-0001-9579-4920
http://orcid.org/0000-0001-9579-4920
https://doi.org/10.1038/s41371-022-00671-3
mailto:lydia0312@csu.edu.cn
www.nature.com/jhh

(95% Cl: 0.51-5.08) reduction in PWV [17]. Potassium intake also
plays a role in cardiovascular health. A low-sodium and high-
potassium Mediterranean diet has been shown to be an effective
model for preventing arterial stiffness in older adults[18]. The
Korean Multi-Rural Communities Cohort study found that baPWV
may be positively associated with dietary sodium intake and the
ratio of sodium to potassium (Na/K ratio) in adults over 40 years
old [19]. However, the effects of sodium and potassium on arterial
stiffness are inconsistent with other studies. For example, Zhang's
study indicated a negative relationship between 24 h urinary
sodium excretion and PWV in a Chinese population [20], and
another study indicated that sodium or potassium intake
presented a J-shaped curve relationship to arterial stiffness [21].
In China, the average sodium intake is approximately double the
recommended maximum limit, and the potassium intake is less
than half the recommended level [22, 23]. We reported a similar
result in our previous study [24]. It is uncertain whether there is a
relationship exist between sodium and potassium intake levels
and arterial stiffness in Chinese individuals with a high sodium and
low potassium intake level. Therefore, we used an institution-
based cross-sectional study to evaluate the associations of the ABI
and baPWV with estimated urinary sodium excretion (eUNaE),
estimated urinary potassium excretion (eUKE), and their ratio (Na/
K ratio) in a health check-up population based on data from the
Third Xiangya Hospital located in Changsha, China.

METHODS

Study design and population

The cross-sectional study population comprised more than 20,000
individuals from a mixed urban and rural area who visited the health
management center at the Third Xiangya Hospital in Changsha between
August 2017 and September 2019. In addition to the physical and
laboratory examination, personal details (health-related habits, family
history, and self-reported disease history) were obtained from the National
Physical Examination Questionnaire [24, 25]. Participants with missing
values for age, blood pressure, weight, height, eUNaE, or eUKE were
excluded. Additionally, those aged <18 or >80 years old or with systolic
blood pressure (SBP) < 70 mmHg or >260 mmHg, diastolic blood pressure
(DBP) < 40 mmHg or >140 mmHg, eUNaE >12 g/day or eUKE >4 g/day, or
baPWV >40 m/s were removed from the analysis.

Informed consent and the protocol of the overall physical examination
were reviewed and approved by the institutional review board at the Third
Xiangya Hospital (No. 2018-5S393). The study was approved by an
independent ethics committee at the Third Xiangya Hospital, and all the
participants provided written informed consent according to the general
recommendations of the Declaration of Helsinki.

Measurement of baPWV and ABI

As previously reported [26], the participants’ baPWV and ABI were
measured in a quiet, temperature-controlled room. After the participants
rested for a minimum of 5min in the supine position, an automatic
waveform analyzer (BP-203 RPE Ill, Omron Health Medical, Dalian, China)
was used to measure the ABI and baPWV simultaneously. The cuffs were
wrapped around the extremities (upper arm and ankle) and then
connected to the plethysmography sensor (volume pulse form) and the
oscillometric pressure sensor. Pressure waveforms were recorded at both
the brachial and tibial arteries to assess the transmission time between the
initial increases in these waves. The measurements were performed twice,
and the average values of the left- and right-side assessments were
calculated. The ABI was calculated by dividing the ankle SBP by the highest
brachial SBP of either arm [13]. According to a previous study, lower ABI
values from both sides were used [27]. Given that this study enrolled a
health check-up population, there were only six people with an ABI > 1.40.
Thus, in the current study, the ABI was categorized into three ranges: ABI <
0.90 (abnormal ABI), 0.91 ABI 0.99 (borderline ABI), and 1.00 ABI 1.40
(normal ABI) [28].

Physical examination and laboratory measurements
As previously reported [29], we used the Kawasaki formulas to estimate 24-
hour urinary sodium and potassium excretion from spot urine samples.
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These estimates were used as surrogates for intake in the current study.
The midstream urine of the subjects was collected in labeled containers.
After the collection was completed, each sample was quickly sent to the
clinical laboratory department to detect the sodium and potassium
contents within 2 hours using the ion-selective electrode method (Beijing
LEADMAN Biochemical Co., Ltd, China). The methods of physical
examination, as well as the definitions of hypertension, hyperlipidemia,
diabetes, and cardiovascular disease, were also detailed in our previous
study [29].

Statistical analyses

All statistical analyses were performed using SAS 9.4 (SAS Institute Inc.,
Cary, North Carolina, USA). Continuous variables are shown as the means +
standard deviation (SD), and categorical variables are reported as
percentages (%) and numbers (n). Multivariable linear regressions were
performed to evaluate the changes and their 95% confidence intervals
(Cls) for baPWV and ABI by the levels of eUNaE, eUKE and the Na/K ratio.
The association of baPWV and ABI with the eUNaE, eUKE levels and the Na/
K ratio in quartile subgroups were also performed. Potential covariates
were adjusted for age, sex, body mass index (BMI), smoking, alcohol use,
and the presence of hypertension, diabetes mellitus, dyslipidemia and
cardiovascular disease. In addition, given that the Na/K ratio is associated
with blood pressure rather than the PWV value [30], we adjusted SBP and
antihypertensive drugs and creatinine instead of hypertension in model 4.
In assessing the associations of the Na/K ratio with baPWV and ABI, the
influence of participant sex (female or male), age (<45 years, 44-55 years
and >45 years), body mass index (BMI) (<18.5 kg/mz, 18.5-23.9 kg/mz, >24
kg/m?), and hypertension status (yes or no) were investigated using
interaction tests adjusted for the abovementioned covariates. All the p
values were two-tailed.

RESULTS
A total of 22,606 subjects enrolled in physical examinations, which
included assessment with an automatic waveform analyzer,
between August 2017 and September 2019. Based on the baPWV
and ABI measurements, one subject was excluded because his
baPWV was >40 m/s. Furthermore, we excluded 48 subjects based
on their eUNaE and eUKE levels. Among these subjects, 13 had
eUNaE levels >12g/day, and 35 had eUKE levels >4 g/day.
Ultimately, 22,557 subjects were included in the analyses (Fig. 1).
Table 1 lists the characteristics according to the quartile of the
Na/K ratio. The mean age of the participants was 49.3 +10.3 years

22,606 enrolled into physical
examination

{ 1: baPWV>40m/s ]

A 4

22,605 had reasonable
baPWYV and ABI

f 13: eUNaE>12 g/day
'L 35: eUKE>4 g/day

A 4

22,557 analyzed

Fig. 1 Flow chart of participant selection. The subjects were
screened based on the analytical methods used in the study. Note:
baPWV brachial-ankle pulse wave velocity, ABI ankle brachial index,
eUNaE estimated urinary sodium excretion, and eUKE estimated
urinary potassium excretion.
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Table 1. Characteristics of participants in the whole study population and by quartile of Na/K ratio.
Characteristics® (mean + SD) Total (N =22,557) Q1 (n=5648)
Age (years) 493 +10.3 48.6 +10.3

BMI (kg/m?) 247+33 246+33

SBP (mmHg) 125.6+16.9 1223+ 15.9

DBP (mmHg) 775+11.7 758+11.4
Waist (cm) 84.5+9.7 84.1 £10.1

FSB (mmol/L) 5.72+1.56 5.81+1.83

TC (mmol/L) 5.14+0.99 5.15+1.01

TG (mmol/L) 2.04+197 2.05+1.97
LDL-C (mmol/L) 2.88+0.85 2.91+0.87
HDL-C (mmol/L) 1.32+£0.29 1.31+£0.30
Estimated UNa (g/day)® 420+1.22 3.14+0.82
Estimated UK (g/day)® 1.93+0.58 2.20+0.47

Salt intake (g/day)® 10.69 +£3.11 7.98 +2.08

NaK ratio 2.52+1.62 1.43+£0.22
BaPWV(m/s) 1403.43 £272.50 1381.95 + 260.85
ABI(the lower side) 1.10+0.08 1.10 +0.08
Ankle SBP (mmHg) 137.49+22.20 133.94 £ 21.55

Brachial SBP (mmHg)

124.95 +16.42

122.51+15.74

Male sex % (n) 62.6 (14,130) 63.1 (3,566)
Current alcohol users % (n) 38.4 (7,769) 38.2 (1,918)
Current smokers % (n) 37.9 (7,657) 40.6 (2,038)
Hypertension % (n)® 26.8 (6,040) 21.5 (1212)
Dyslipidemia % (n)® 41.7 (9,401) 43.5 (2,455)
Diabetes mellitus % ()" 9.1 (2,048) 9.7 (548)
CVD % (n) 1.1 (245) 1.3 (74)

Q2 (n=5630) Q3 (n=5641) Q4 (n=5638) Perend”
49.2+10.0 495+ 10.2 498+ 10.5 <0.001
247 +3.2 248+3.2 249+3.2 <0.001
124.6 + 16.1 127.0+£17.0 128.7+17.8 <0.001
769+ 114 78.1+11.80 79.2+12.05 <0.001
84.4+96 84.4+95 85.0+9.5 <0.001
570+ 1.53 5.67+143 5.70+1.41 <0.001
5.15+0.99 5.15+0.99 5.12+0.98 0.22
2.02+1.86 2.00£1.88 2.10£1.15 0.28
2.90+0.84 2.92 +£0.86 2.81£0.83 <0.001
1.32+0.29 1.33+0.30 1.33+0.29 0.007
4.02+0.83 459+0.92 5.05+1.32 <0.001
2.10+0.42 1.99+0.39 142 +£0.65 <0.001
10.23 £2.1 11.69+2.34 12.86+3.3 <0.001
1.91x0.11 231+£0.13 443 +2.26 <0.001
1383.87 + 256.52 1408.71 + 274.56 1439.19 + 292.74 <0.001
1.10+0.08 1.10+0.08 1.11 £ 0.08 <0.001
136.18 £ 21.46 138.56 + 22.10 141.29 + 23.00 <0.001
123.96 + 15.89 125.70 £ 16.51 127.64 +£17.07 <0.001
62.7 (3,531) 61.7 (3,479) 63.0 (3,554) 0.64
38.1 (1,939) 38.8 (1,967) 38.6 (1,945) 0.55
38.7 (1,966) 35.4 (1,797) 36.8 (1,856) <0.001
24.0 (1,351) 28.0 (1,582) 33.6 (1,895) <0.001
41.2 (2,319) 41.4 (2,332) 40.7 (2,295) 0.006
8.6 (481) 8.8 (494) 9.3 (525) 0.57
1.0 (57) 0.9 (48) 1.2 (66) 0.35

Note: SD standard deviance; BMI body mass index; SBP systolic blood pressure; DBP diastolic blood pressure; FSB fasting serum glucose; SCr serum creatinine;
TC total cholesterol; TG triglycerides; LDL-C low-density lipoprotein cholesterol; HDL-C high-density lipoprotein cholesterol; UNa urinary sodium excretions; UK

urinary potassium excretions; UCr urinary creatinine excretions.
The variance is similar between the groups.

2Sum may not always add up to total because of missing values: 2332 individuals missing smoke and alcohol value, 6 individuals missing blood pressure value,
59 individuals missing fasting serum glucose values, 38 individuals missing LDL-C values.

PPyeng Were obtained using generalized linear models for continuous variables and logistic regression for categorical variables;

“24-hour urinary sodium and potassium levels were estimated using the Kawasaki formula.

9Hypertension was defined as self-reported hypertension diagnosed by a physician, self-reported regular use of AHM, or systolic/diastolic blood pressure at
recruitment > 140/90 mmHg. A total of 22,551 individuals were classified by the definition.

®Dyslipidemia was defined as meeting any of the following criteria: (1) TC = 6.22 mmol/L; (2) LDL-C = 4.14 mmol/L; (3) HDL-C < 1.04 mmol/L; (4) TG = 2.26 mmol/L;
(5) use of antihypertensive medicines; or (6) self-reported dyslipidemia diagnosed by a physician. A total of 22,521 individuals were classified by the definition.
fDiabetes mellitus was defined as self-reported diabetes diagnosed by a physician, self-reported regular use of antidiabetic medications, or fasting glucose at

recruitment >7.0 mmol/L. 22,506 individuals were classified by the definition.

old, and 62.6% (n = 14,130) were male. A total of 26.8% of the
participants were diagnosed with hypertension, 9.1% with
diabetes mellitus, 41.7% with dyslipidemia, and 1.1% with
cardiovascular disease. In total, 37.9% of the individuals were
self-reported current smokers, and 38.4% of the individuals were
self-reported current alcohol users. Univariate analysis revealed
significant positive associations between the urinary Na/K ratio
quartiles and age, BMI, SBP, DBP, waist circumference (WC),
fasting serum glucose (FSB), low-density lipoprotein cholesterol
(LDL-C), baPWV, ankle SBP, brachial SBP and ABI (all pyend <
0.01). In addition, a significant positive association was found
between urinary Na/K ratio quartiles and high-density lipopro-
tein cholesterol (HDL-C) levels (pyeng = 0.007). The percentage
of hypertension (pyeng < 0.01) was significantly positively related
to the urinary Na/K ratio quartile, while the percentages of
current smokers (pyeng <0.01) and dyslipidemia (pyeng = 0.006)
were significantly negatively related to the urinary Na/K ratio
quartile.

SPRINGER NATURE

We used a multivariate linear regression model to analyze the
associations of baPWV and ABI with the levels of eUNaE, eUKE and
the Na/K ratio. The results are shown in Table 2. We found that the
eUKE level was negatively associated with baPWV (B =-17.25, p <
0.01 and 3 =-17.84, p < 0.01 in models 3 and 4, respectively) and
that the Na/K ratio was positively associated with baPWV (8 =
241, p<0.01 and P=243, p<0.01 in models 3 and 4,
respectively). No significant relationship was found between the
levels of eUNaE and baPWV. A positive association of ankle SBP
with an increase in the eUNaE level was observed after adjusting
for age, sex, BMI, smoking status, and alcohol use (B =1.06, p <
0.01). A similar result was also observed for the eUNaE level and
brachial SBP (3 =0.66, p <0.01). In addition, the eUKE level was
negatively associated with ankle and brachial SBP (3 =-1.98, p <
0.01, B=-1.51, p<0.01, respectively), and the Na/K ratio was
positively associated with ankle and brachial SBP (3 =0.71, p<
0.01, =0.40, p<0.01, respectively). Furthermore, among the
ABI <0.9 population, the eUNaE level was positively correlated
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Table 2. Adjusted associations of baPWV and ABI with eUNaE, eUKE levels and the Na/K ratio.

Variables eUNaE eUKE Na/K ratio

baPWV (n = 22,557) B 95% ClI P B 95% Cl P B 95% Cl P
Model 1 1.72 -1.19, 4.63 0.25 -37.46 -43.60, -31.32 <0.01 6.33 4.13, 853 <0.01
Model 2 0.56 -2.05, 3.17 0.67 -29.09 -34.63, -23.54 <0.01 5.27 3.30, 7.23 <0.01
Model 3 -1.12 -3.46, 1.21 0.35 -17.25 -22.21,-12.28 <0.01 241 0.66, 4.17 <0.01
Model 4 -1.70 -4.15, 0.77 0.18 -17.84 -22.83,-12.85 <0.01 243 0.67, 4.18 <0.01

Ankle SBP (n = 22,557) B 95% Cl P B 95% Cl P i 95% Cl P
Model 1 1.94 1.70, 2.17 <0.01 -1.17 -1.67, -0.67 <0.01 0.89 0.71, 1.07 <0.01
Model 2 1.06 0.84, 1.28 <0.01 -1.98 -2.45, -1.51 <0.01 0.71 0.55, 0.88 <0.01

Brachial SBP (n = 22,557) B 95% ClI P B 95% Cl P B 95% ClI P
Model 1 1.35 1.18, 1.52 <0.01 -0.74 -1.11, -0.37 <0.01 0.53 0.39, 0.66 <0.01
Model 2 0.66 0.49, 0.82 <0.01 -1.51 -1.86, -1.16 <0.01 0.40 0.27, 0.52 <0.01

ABI (£0.90) (n=352) B 95% ClI P B 95% Cl P B 95% ClI P
Model 1 0.006 0.000, 0.012 0.06 0.020 0.006, 0.034 <0.01 -0.001 -0.006, 0.005 0.85
Model 2 0.006 0.000, 0.012 0.04 0.011 -0.003, 0.026 0.12 0.002 -0.003, 0.007 0.45
Model 3 0.006 0.000, 0.012 0.04 0.010 -0.005, 0.025 0.18 0.002 -0.003, 0.008 0.34
Model 4 0.006 0.000, 0.012 0.04 0.010 -0.004, 0.025 0.17 0.002 -0.003, 0.007 0.38

ABI (0.91-0.99) (n = 1834) B 95% ClI P B 95% Cl P B 95% Cl P
Model 1 0.000 —-0.001, 0.001 0.51 0.002 0.000, 0.004 0.06 -0.001 -0.001, 0.000 0.07
Model 2 0.000 —-0.001, 0.001 0.48 0.002 0.000, 0.004 0.09 -0.001 -0.001, 0.000 0.13
Model 3 0.000 -0.001, 0.001 0.52 0.002 0.000, 0.004 0.09 -0.001 -0.001, 0.000 0.12
Model 4 0.000 -0.001, 0.001 0.36 0.002 0.000, 0.004 0.12 -0.001 -0.001, 0.000 0.1

ABI (1.00-1.40) (n = 20,365) B 95% ClI P B 95% Cl P B 95% ClI P
Model 1 0.003 0.002, 0.003 <0.01 -0.002 -0.004, -0.001 <0.01 0.002 0.001, 0.002 <0.01
Model 2 0.002 0.001, 0.002 <0.01 -0.003 -0.004, -0.001 <0.01 0.002 0.001, 0.002 <0.01
Model 3 0.001 0.001, 0.002 <0.01 -0.002 -0.003, 0.000 0.03 0.001 0.001, 0.002 <0.01
Model 4 0.001 0.000, 0.002 <0.01 -0.002 —-0.004, 0.000 0.01 0.001 0.001, 0.002 <0.01

Model 1 was not adjusted for other factors.

Model 2 was adjusted for age, sex, body mass index, alcohol and smoking status.
Model 3 was adjusted for age, sex, body mass index, alcohol and smoking status, hypertension, diabetes mellitus, dyslipidemia and cardiovascular disease.
Model 4 was adjusted for age, sex, body mass index, alcohol and smoking status, creatinine, systolic blood pressure, antihypertensive drug use, diabetes

mellitus, dyslipidemia and cardiovascular disease.

with the ABI (both 3 =0.006, p = 0.04 in models 3 and 4). We also
found that the eUKE level was negatively correlated with the ABI
(B=-0.002, p=0.003, 3 =-0.002, p=0.01, in models 3 and 4,
respectively), while the eUNaE level (both $=0.001, p<0.01 in
models 3 and 4) and the Na/K ratio (both =0.001, p<0.01 in
models 3 and 4) were positively correlated with the ABI in the
normal group.

Figure 2 illustrates the association of baPWV and ABI with the
levels of eUNaE, eUKE and the Na/K ratio in quartile individuals
after adjusting for confounding factors. As shown in Fig. 2A-C,
associations of the eUNaE level with baPWV presented a J-shaped
curve (B =-0.91, pyend = 0.49). In addition, a dose-response trend
in baPWV was observed with a decrease in the eUKE level (
=-11.46, Pyeng <0.0001). A positive dose-response trend in
baPWV was observed for the Na/K ratio (3=7.04, pyend <
0.0001). Additionally, no significance was observed between the
ABI and the eUKE level (3 = 0.00, pyeng = 0.73) (Fig. 2E). Figure 2D
and F illustrates the obvious dose-response trend in the ABI with
an increase in the eUNaE level and Na/K ratio (both (3 =0.03,
Prrend < 0.0001).

Figure 3 illustrates the forest plots of changes in the baPWV and
ABI per unit increase in the Na/K ratio across various subgroups.
The positive association of the Na/K ratio with baPWV was more
significant in the overweight population (increment of 4.282 cm/s,
95% Cl: 1.935 to 6.612) than in the normal weight (increment of
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-0.426 cm/s, 95% ClI: -3.114 to 2.261) and underweight popula-
tions (increment of 3.148 cm/s, 95% Cl: -10.740 to 17.035,
Dinteraction = 0.04). Moreover, the positive association of the Na/K
ratio with baPWV was more significant in hypertensive patients
(increment of 5.347 cm/s, 95% Cl: 1.115-9.579) than in the normal
population (increment of 1.158 cm/s, 95% Cl: -0.599 to 2.915,
Pinteraction = 0.04). No significant differences in the associations
between the Na/K ratio and baPWV were noted between the
subgroups by age and sex (all pinteraction > 0.05). In addition, no
significant differences were found in the associations between the
Na/K ratio and the ABI between the subgroups by sex, age, BMI
and hypertensive status (all Pinteraction > 0.05).

DISCUSSION
In this large cross-sectional study, we investigated the association
between urinary sodium and/or potassium excretion and baPWV
and ABI in Chinese individuals. Overall, our study further
confirmed that the intake of sodium and potassium were
associated with arterial stiffness after adjusting for confounding
factors, and this association was more significant in overweight
and hypertensive populations.

Arterial stiffness is recognized as a major contributor to
mortality and survival in cardiovascular events [17, 31]. Previous
studies have indicated that the association between the eUNaE
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level and CVD events was J-shaped among high-risk populations
[32] or the general population [33]. In the current study, we found
that associations of the eUNaE level (which was used as a
surrogate for intake) with baPWV presented a J-shaped curve. This
result was similar to that noted in other studies [20, 21] and may
provide clues for the J-shaped association of salt intake with CVD
events [32, 33]. However, the mean eUNaE level in the current
study was lower than that in Zhang's and PURE-China’s studies
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[20, 33]. Thus, further studies are needed to verify the J-shaped
association and “safe” zone of sodium intake. As mentioned
before, a meta-analysis demonstrated that the average sodium
intake was reduced by 89.3 mmol/day and that baPWV was
reduced by 2.84% [17]. In contrast, Zhang's study indicated that
the eUNaE level was negatively associated with baPWV (3
=-21.48, p=0.005). Our study's results indicated that no
significant trend was found between the eUNaE level and baPWV,
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Fig. 2 The association of baPWV and ABI with eUNaE, eUKE levels and the Na/K ratio in quartile subgroups. A The associations of eUNaE
with baPWV in quartile eUNaE subgroups. Q1: § = —18.87, p<0.01; Q2: f=—-11.37, p=10.04; Q3: =1.76, p=0.89; Q4: $ =2.78, p=0.41. B
The associations of eUKE with baPWV in quartile eUKE subgroups. Q1: f = 15.66, p = 0.08; Q2: p = 5.81, p = 0.85; Q3: f = -65.75, p = 0.03; Q4:
= —4.271, p=0.64. C The relationship of the Na/K ratio with the baPWV in quartile Na/K ratio subgroups. Q1: p = —28.60, p = 0.06; Q2:
f=19.06, p=0.45; Q3: p =67.34, p<0.01; Q4: p =-2.53, p = 0.06. D The associations of eUNaE with ABI in quartile eUNaE subgroups. Q1: p =
0.003, p=0.16; Q2: $ =0.09, p =0.08; Q3: p =-0.003, p =0.51; Q4: f =0.000, p = 0.84. E The associations of eUKE with ABI in quartile eUKE
subgroups. Q1: f = —0.009, p < 0.01; Q2: § = 0.006, p = 0.61; Q3: p = 0.021, p = 0.07; Q4: p = 0.003, p = 0.41. F The associations of the Na/K ratio
with the ABI in quartile eUNaE subgroups. Q1: f = 0.004, p = 0.44; Q2: $ =-0.001, p =0.904; Q3:  =0.010, p=0.21; Q4: $ =0.001, p =0.01.
Note: baPWV, brachial-ankle pulse wave velocity; ABI, ankle brachial index; Na/K ratio, ratio of estimated urinary sodium excretion to
potassium excretion; eUNaE, estimated urinary sodium excretion; and eUKE, estimated urinary potassium excretion. Adjusted by age, sex,
body mass index, alcohol and smoking status, hypertension, diabetes mellitus, dyslipidemia and cardiovascular disease.
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Fig. 3 Forest plots of changes in the baPWV and ABI per unit
increase in the Na/K ratio. A The associations of the Na/K ratio with
baPWV in certain subgroups. B The associations of the Na/K ratio with
the ABI in certain subgroups. Note: baPWV brachial-ankle pulse wave
velocity; ABI ankle brachial index; Na/K ratio, ratio of estimated
urinary sodium excretion to potassium excretion. Adjusted by age,
sex, body mass index, alcohol and smoking status, hypertension,
diabetes mellitus, dyslipidemia and cardiovascular disease.

whereas a negative association was found in the lowest eUNaE
group. We hypothesized that the observed deviation might be
primarily attributed to sampling bias, measurement of surrogates
for sodium and potassium intake, average amount of sodium and
potassium intake, and status of blood pressure. Furthermore,
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previous studies indicated no significant decreasing or increasing
trend between sodium intake and arterial stiffness among
normotensive individuals [17, 34], and other studies confirmed
that sodium intake leads to a greater increase in arterial stiffness in
a male subgroup [35]. Since the Na/K ratio is related to baPWV in
the entire population, we analyzed the associations of the Na/K
ratio with baPWV in different subgroups.

Moreover, we found that the eUKE level was negatively
correlated with baPWV in the current study, which is consistent
with previous studies [36, 37]. In addition, a positive dose-
response trend in baPWV was observed for the Na/K ratio. Because
the involvement of eUNaE in baPWV was nearly null, the positive
relationship between baPWV and the Na/K ratio may be mainly
attributed to a decrease in eUKE. In addition, a significant
association between the Na/K ratio or eUKE and baPWV was
unaffected by adjustment for blood pressure, suggesting that
mechanisms other than blood-pressure effects may play a role.
Sun’s study illustrated a causative link between reduced dietary
potassium and arterial stiffness and uncovered the underlying
mechanisms that integrate enhanced intracellular calcium influx,
activated CREB signaling, and elevation of autophagy [38].
However, no direct association was observed between Na/K and
baPWV after adjusting for blood pressure in Tabara’s study [30].
Thus, more studies are still needed to reveal the true relationship
between dietary potassium and arterial stiffness in the future.

Furthermore, we found that the association of the Na/K ratio
with arterial stiffness was more significant in the hypertensive and
overweight populations. In 2019, Michelle et al. first indicated that
the urinary Na/K ratio was associated with cfPWV in diabetic
hypertensive patients [39]. The PURE study showed that the
association between the Na/K ratio and CVD events was only
significant in patients with hypertension [33]. We hypothesized
that a high urinary Na/K ratio or a low eUKE excretion level may
increase susceptibility to accelerated arterial stiffness in the
hypertensive population. A previous study [40] found that the
association between the urinary Na/K ratio and carotid athero-
sclerosis tended to be more significant in normal-weight
individuals, which was inconsistent with the current study. Both
sodium and potassium closely interact and greatly influence the
process of essential cellular functions and mortality [41, 42]. Thus,
whether the combined effect of sodium and potassium is different
in certain populations still requires further research.

A positive association was found between eUNaE and ankle or
brachial SBP. Moreover, a high eUNaE level had a higher ABI
(1.0-1.4) in the current study, which was similar to that noted in
Hu's study [12]. In addition, a negative association was noted
between the eUKE level and the ABI. Research on the relationship
between the ABI and the eUKE level is rarely reported. Using the
ApoE-deficient mouse model, Yong Sun found that increased
dietary potassium (2.1%) attenuated vascular calcification and
aortic  stiffness. Researchers believe that a low potassium
concentration activates a cCAMP response element-binding protein
signal that subsequently enhances autophagy and promotes
vascular smooth muscle cell calcification [38]. Moreover, we found
a positive association of the Na/K ratio with the ABI (1.0-1.4). For
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the first time, at least to our knowledge, a direct correlation was
observed between the ABI and the Na/K ratio in the general
population. We also analyzed the associations between the Na/K
ratio and the ABI between the subgroups by sex, age, BMI and
hypertensive status. Unfortunately, no significant relationship was
found in our study. More studies on the effect of sodium or
potassium intake on ABI are needed.

Our study has several limitations. First, we did not use the gold
standard 24-hour urine test to evaluate sodium and potassium
intake. In He's study, they compared estimated sodium intake with
that measured by the gold-standard method of multiple
nonconsecutive 24-h urine collections and assessed their relation-
ship with mortality. The results indicated that 24-h urine collection
measured sodium intake showed a linear relationship with
mortality, while the average estimated sodium appeared to show
a J-shaped relationship with mortality. They concluded that the
average estimated sodium was systematically biased, with over-
estimation at lower levels and underestimation at higher levels
[43]. Thus, the truly relationship between sodium intake and
arterial stiffness still need furether study. Second, we had only one
institution in which physical examinations were performed in
Changsha. Hence, our results may not be generalizable to China.
Third, some confounding factors, such as physical activity, were
not completely adjusted, which might mask or attenuate the true
associations. Finally, due to the nature of a cross-sectional study,
we were unable to determine any causal relationship between
arterial stiffness and the urinary Na/K ratio. The exact causal
relationship between the urinary Na/K ratio and arterial stiffness
requires further verification.

CONCLUSION

Our study further confirmed that a lower sodium and/or increased
potassium intake was associated with arterial stiffness, especially
in overweight and hypertensive populations in the Chinese
population. The relationship of sodium intake with baPWV
resembles a J-shaped curve, which is similar to what has been
proposed in the case of cardiovascular mortality. Prospective
cohort studies or randomized clinical trials with large numbers of
subjects are needed to confirm the observed relationship.

Summary
What is known about topic

Arterial stiffness is an independent cardiovascular risk factor.
Arterial stiffness is associated with the intake of sodium and
potassium.

The effects of sodium and potassium intake on arterial stiffness
may be inconsistent among various population.

What this study adds

The association of eUNaE quartiles with baPWV presents a
J-shaped curve after adjusting for confounders.

A significant negative relationship is found between the eUKE
and baPWV levels, whereas the Na/K ratio is positively
associated with baPWV, especially in the overweight and
hypertensive populations.

The positive association of the Na/K ratio with the ABI is
observed for the first time in the current study.
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