
Nutrition Research and Practice 2016;10(3):288-293
ⓒ2016 The Korean Nutrition Society and the Korean Society of Community Nutrition

http://e-nrp.org

 

Elevation of heart-femoral pulse wave velocity by short-term low 
sodium diet followed by high sodium diet in hypertensive patients 
with sodium sensitivity
Moo-Yong Rhee1§, Ji-Hyun Kim1, Sang-Hoon Na2, Jin-Wook Chung3, Jun-Ho Bae3, Deuk-Young Nah3, Namyi Gu4 and Hae-Young Kim5

1Cardiovascular Center, Dongguk University Ilsan Hospital, 27 Dongguk-ro, Ilsandong-gu, Goyang 10326, Korea
2Emergency Medicine and Cardiology, Emergency Medical Center, Department of Internal Medicine, Seoul National University Hospital, Seoul 03080, Korea
3Division of Cardiology, Department of Internal Medicine, College of Medicine, Dongguk University, Gyeongju 38067, Korea
4Department of Clinical Pharmacology and Therapeutics, Dongguk University Ilsan Hospital, Goyang 10326, Korea
5Department of Health Policy and Management, College of Health Science & Department of Public Health Science, Graduate School, Korea University, Seoul 02841, 
Korea

BACKGROUND/OBJECTIVES: We compared changes in heart-femoral pulse wave velocity (hfPWV) in response to low sodium 
and high sodium diet between individuals with sodium sensitivity (SS) and resistance (SR) to evaluate the influence of sodium 
intake on arterial stiffness. 
SUBJECTS/METHODS: Thirty-one hypertensive and 70 normotensive individuals were given 7 days of low sodium dietary approach 
to stop hypertension (DASH) diet (LSD, 100 mmol NaCl/day) followed by 7 days of high sodium DASH diet (HSD, 300 mmol 
NaCl/day) during 2 weeks of hospitalization. The hfPWV was measured and compared after the LSD and HSD. 
RESULTS: The hfPWV was significantly elevated from LSD to HSD in individuals with SS (P = 0.001) independently of changes 
in mean arterial pressure (P = 0.037). Conversely, there was no significant elevation of hfPWV from LSD to HSD in individuals 
with SR. The percent change in hfPWV from the LSD to the HSD in individuals with SS was higher than that in individuals 
with SR. Subgroup analysis revealed that individuals with both SS and hypertension showed significant elevation of hfPWV 
from LSD to HSD upon adjusted analysis using changes of the means arterial pressure (P = 0.040). However, there was no 
significant elevation of hfPWV in individuals with SS and normotension. 
CONCLUSION: High sodium intake elevated hfPWV in hypertensive individuals with SS, suggesting that high sodium intake 
increases aortic stiffness, and may contribute to enhanced cardiovascular risk in hypertensive individuals with SS.
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INTRODUCTION6)

High sodium intake is an important environmental factor 
eliciting hypertension and cardiovascular events. Many trials 
and epidemiological studies have shown reductions in blood 
pressure (BP) and cardiovascular events in response to reduced 
sodium intake [1]. Thus, decreasing dietary sodium intake is 
important to reducing BP and cardiovascular disease. 

Increased arterial stiffness is an important marker of the risk 
of cardiovascular disease and an independent predictor of 
all-cause and cardiovascular mortality [2-5]. Stiffening of the 
aorta increases aortic pulse wave velocity (PWV). Early return 
of reflected waves to the heart leads to increased left ventricular 
afterload, reduced diastolic coronary flow, and damage to 
important organs [6,7]. PWV is highly influenced by BP, as 
elevated BP is an independent predictor of future increases in 

PWV. [8] Studies have suggested that increased arterial stiffness 
is linked to the development of hypertension [9,10]. 

Despite numerous investigations of the causal link between 
high sodium intake and hypertension, few studies have evaluated 
the effects of high sodium intake on arterial stiffness using the 
varied responses to high sodium intake. A high sodium diet 
in hypertensive individuals produces a significant elevation in 
PWV [11]. However, studies have shown a different PWV response 
to sodium intake in normotensive individuals [12,13]. The BP 
response to high sodium intake is not uniform. Individuals with 
sodium sensitivity (SS) have a dramatic response to dietary sodium 
changes, whereas individuals with sodium resistance (SR) have 
no response. We hypothesized that the various PWV responses 
to sodium intake may be influenced by SS.

We measured heart-femoral PWV (hfPWV) after subjects 
consumed high and low sodium diets and determined SS based 
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on changes in 24-hr ambulatory BP to evaluate the influence 
of sodium intake on arterial stiffness depending on the status 
of hypertension and SS.

SUBJECTS AND METHODS

Subject
The study design has been described elsewhere [14-16]. 

Briefly, 108 volunteers were screened and seven dropped out. 
Among the remaining 101 volunteers (mean age 46.0 ± 16.6 
years, range 18-65 years), 31 were hypertensive and 70 were 
normotensive. Participants with stage 2 and 3 hypertension (BP 
≥ 160/100 mmHg), secondary hypertension, angina pectoris, 
myocardial infarction, congestive cardiac failure, stroke, diabetes 
mellitus, or chronic kidney disease (defined: estimated glomerular 
filtration rate by the Modification of Diet in Renal Disease 
equation < 60 mL/min/1.73 m2) were excluded. 

Study design
Participants were asked to maintain their usual dietary pattern 

and physical activity and discontinue medications that affected 
BP or urinary electrolyte excretion, such as anti-hypertensive 
medications, beginning 2 weeks before hospitalization. During 
the 2 weeks of hospitalization, a low-sodium dietary approach 
to stop hypertension (DASH) diet [LSD; 100 mM (5.8 g) NaCl/day] 
was provided during the first 7 days, and a high-sodium DASH 
diet [HSD; 300 mM (17.5 g) NaCl/day] was given during the 
next 7 days. All three meals were prepared by trained dietitians 
in the hospital kitchen. Dietary compliance was checked by two 
trained nutritionists and found to be 99.8%. The 24-hour 
ambulatory blood pressure was measured on the last day of 
each diet period using an automated, non-invasive oscillometric 
device (P6 Pressurometer; Del Mar Reynolds, Irvine, CA, USA) 
attached to the left upper arm. An increase of more than 4 
mmHg (P < 0.05) in the 24-hour ambulatory mean arterial 
pressure in response to the high salt diet was defined as sodium 
sensitive, while any change less than this was considered sodium 
resistant [14]. Hypertension was defined as a systolic blood 
pressure (SBP) ≥ 140 mmHg or a diastolic blood pressure (DBP)
≥ 90 mmHg at the office, a previous diagnosis of hypertension, 

or the current use of antihypertensive medications [17].

Measurement of pulse wave velocity
Heart-femoral PWV (hfPWV) was measured using an automated 

device (VP-2000, Colin Co. Ltd., Komaki, Japan) after removing 
the 24-hour ambulatory BP monitoring device. This device and 
the measurement method have been described in detail elsewhere 
[18,19]. The subjects were allowed to rest in a supine position 
for 15 min prior to the measurements, which were performed 
in a quiet controlled room (22 ± 1°C). Systolic and diastolic BP 
and mean arterial pressure (MAP) of both arms were obtained 
simultaneously during measurement of the hfPWV. The study 
protocol and informed consent form were approved by the 
Institutional Review Board of Dongguk University Ilsan Hospital 
(IRB No. 2008-1-9), and written informed consent was obtained 
from all participants.

Statistical analysis

All statistical tests were two-sided, and the level of significance 
was set to 0.05. Continuous variables were expressed as the 
means ± standard deviation, and categorical variables were 
described by numbers and percentages in parentheses. Pearson’s 
chi-square test or the independent t-test were performed to 
analyze the categorical data or continuous data, as appropriate, 
to compare baseline records of the groups. 

The difference in hfPWV values at each time point and 
changes in hfPWV between groups (SS vs. SR, hypertensives 
vs. normotensives) were compared by analysis of covariance 
(ANCOVA) method with adjustment for age, gender, body mass 
index (BMI), and MAP obtained simultaneously during the 
measurement of hfPWV, fasting blood glucose, and total 
cholesterol. Within subject changes were identified by one-way 
repeated-measures ANOVA with adjustment for changes in MAP 
[20]. During subgroup analysis, individuals were divided according 
to the presence of hypertension and SS (hypertensives with SS, 
hypertensives with SR, normotensives with SS and normo-
tensives with SR). 

Comparative changes in hfPWV across three time points 
among four subgroups were identified using one-way repeated 
ANOVA for each group and two-way repeated ANOVA for all 
groups, and a mixed effect model for repeated measurements 
under control of a time-varying covariate (MAP) and time- 
invariant covariates (age, sex, BMI, fasting blood glucose, and 
total cholesterol) while applying an unstructured covariance 
structure. All analyses were conducted using an alpha error of 
0.05 and SPSS ver. 20 (SPSS, Chicago, IL, USA) or SAS version 
9.3 (SAS Institute Inc., Cary, NC, USA).

RESULTS

Characteristics of participants
The baseline demographic and clinical characteristics of the 

study population are shown in Table 1 and elsewhere. [14-16] 
The mean age of the SS group was higher than that of the 
SR group. The MAP value in the SS group was higher than that 
in the SR group; however, the BMI and heart rate did not differ 
between groups. Hypertensive individuals were older than 
normotensive individuals. The BMI and MAP values of hyper-
tensive individuals were higher than those of normotensive 
individuals. There were no participants with proteinuria 
identified by the urine dipstick test.

Comparison of PWV after each diet period: SS vs SR, and 
hypertensives vs normotensives

The hfPWV were higher in the SS group than the SR group 
after 7 days of the HSD, but no difference was observed after 
7 days of the LSD. However, the difference was not significant 
after adjustment for age, gender, BMI, heart rate, MAP, fasting 
blood glucose, and total cholesterol (ANCOVA P > 0.05, Fig. 1 A). 
Hypertensive individuals had higher hfPWV values than 
normotensive individuals after 7 days of the LSD and HSD upon 
adjusted analysis (ANCOVA P = 0.034 and 0.006, respectively; 
Fig. 1 B). The least squares mean difference was 46.9 cm/sec 
(95% CI 3.5-90.3) after LSD and 77.7 cm/sec (95% CI 23.4-132.1) 
after HSD.
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Sodium response status Hypertension status Subgroup

SS
(n = 28)

SR
(n = 73)

P-value
HT

(n = 31)
NT

(n = 70)
P-value

SS-HT
(n = 16)

SS-NT
(n = 12)

P-value
SR-HT

(n = 15)
SR-NT

(n = 58)
P-value

Age (years) 54.4 ± 12.9 42.8 ± 16.9 < 0.001  57.7 ± 9.8 40.8 ± 16.5 < 0.001  58.6 ± 8.0 48.8 ± 16.2 0.074  56.7 ± 11.7 39.2 ± 16.2 < 0.001

Gender, men (%) 11 (39.3) 40 (54.8) 0.163 18 (58.1) 33 (47.1) 0.311 8 (50.0) 3 (25.0) 0.253 10 (66.7) 30 (51.7) 0.388

Body mass index (kg/m2) 25.3 ± 4.0 24.1 ± 3.6 0.192  25.8 ± 4.2 23.9 ± 3.4 0.019  26.6 ± 4.3 23.4 ± 2.7 0.032  24.8 ± 4.0 24.0 ± 3.5 0.424

Mean arterial pressure (mmHg) 98.3 ± 12.6 90.3 ± 12.5 0.005 103.3 ± 9.6 87.8 ± 11.4 < 0.001 102.7 ± 9.4 92.5 ± 14.4 0.033 104.0 ± 10.0 86.8 ± 10.5 < 0.001

Heart rate (beat per minutes) 67.5 ± 7.4 67.0 ± 9.3 0.810  68.5 ± 9.5 66.6 ± 8.4 0.327  66.8 ± 7.0 68.5 ± 8.1 0.547  70.3 ± 11.6 66.2 ± 8.5 0.131

Data are the means ± SD. Mean blood pressure was measured simultaneously with pulse wave velocity. SS, individuals with sodium sensitivity; SR, individuals with sodium 
resistance; HT, individuals with hypertension; NT, individuals with normotension; SS-HT, individuals with sodium sensitivity and hypertension; SS-NT, individuals with sodium 
sensitivity and normotension; SR-HT, individuals with sodium resistance and hypertension; SR-NT, individuals with sodium resistance and normotension. Pearson’s chi-square 
test or the independent t-test were performed for the categorical data or continuous data, as appropriate.

Table 1. Baseline characteristics of the study participants.

(A)

(B)

Fig. 1. Heart-femoral pulse wave velocity (hfPWV) values at baseline, after 7 days 
of the low sodium DASH diet (LSD), and after 7 days of a high sodium DASH 
diet (HSD). (A) No difference in hfPWV values was observed between sodium 
sensitive (SS) and sodium resistant (SR) individuals after adjusting for age, gender, 
body mass index (BMI), mean arterial pressure (MAP), fasting blood glucose level, 
and total cholesterol level (analysis of covariance P > 0.05). Individuals with SS 
showed a higher value of hfPWV after 7 days of the HSD compared to that after 
7 days of the LSD, both in the unadjusted (paired t-test P = 0.001) and adjusted 
analysis (one-way repeated measures analysis of variance adjusted with change of 
MAP P = 0.037). (B) Hypertensive individuals (HT) had a higher hfPWV value than 
normotensive individuals (NT) after 7 days of the LSD and HSD in adjusted analysis 
for confounders (analysis of covariance P = 0.034 and 0.006, respectively). HT 
showed a higher value of hfPWV after 7 days of the HSD than after 7 days of 
the LSD upon unadjusted analysis (paired t-test P = 0.046), but not adjusted 
analysis (one-way repeated measures analysis of variance adjusted with change of 
MAP P = 0.210). The difference in hfPWV values between groups was analyzed by 
analysis of covariance, adjusted with age, gender, BMI, heart rate, MAP obtained 
simultaneously during the measurement of hfPWV, fasting blood glucose, and total 
cholesterol. The change in hfPWV from LSD to HSD was analyzed by one-way 
repeated-measures analysis of variance adjusted with the change of MAP, which 
was obtained simultaneously during measurement of hfPWV.

Fig. 2. Percent changes in heart-femoral pulse wave velocity (hfPWV) in each 
group. The percent change in sodium sensitive individuals (SS) was higher than that in 
sodium resistant individuals (SR). No significant difference in the percent change in hfPWV 
was observed between hypertensive (HT) and normotensive individuals (NT). The 
percentchangesin hfPWV between groups (SS vs. SR, and HT vs. NT) were compared 
by analysis of covariance using age, gender, body mass index, mean arterial pressure, 
fasting blood glucose level, and total cholesterol level as covariates.

Change of PWV after HSD from LSD: SS vs SR, and hypertensives 
vs normotensives

When the study population was divided into SS and SR, 
individuals with SS had a higher hfPWV value after 7 days of 
the HSD than after 7 days of the LSD upon both unadjusted 
analysis (paired t-test P = 0.001) and adjusted analysis including 
MAP as a covariate (one-way repeated-measures ANOVA P =
0.037). These findings indicated that MAP independent elevation 
of hfPWV occurred in response to the HSD (Fig. 1 A). Individuals 
with SR showed no change in hfPWV after switching to the 
HSD from the LSD (paired t-test P = 0.966 and one-way repeated- 
measures ANOVA adjusted with change of MAP P = 0.891).

When the study population was divided into hypertensive 
and normotensive individuals, those with hypertension showed 
a higher hfPWV after 7 days of the HSD than after 7 days of 
the LSD upon unadjusted analysis (paired t-test P = 0.046), but 
not during analysis including MAP as a covariate (one-way 
repeated-measures ANOVA adjusted with change of MAP P = 
0.210, Fig. 1 B). Individuals with normotension, there was no 
change in hfPWV after HSD from LSD (paired t-test P = 0.695 
and one-way repeated-measures ANOVA adjusted with change 
of MAP P = 0.991). 

The percent changes in hfPWV after 7 days of the HSD from 
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Group n
hfPWV P-value (time) P-value (time*group)

Baseline LSD HSD Unadjusted Adjusted Unadjusted Adjusted

SS-HT 16 911.9 ± 108.3ab 890.1 ± 128.6a  952.7 ± 110.2b < 0.001† 0.052§ 0.016‡ 0.087§

SS-NT 12 811.8 ± 127.2 742.4 ± 97.9  784.7 ± 118.3 < 0.001† 0.250§

SR-HT 15 960.1 ± 123.3 982.1 ± 140.1 1002.0 ± 197.6 < 0.001† 0.124§

SR-NT 58 731.4 ± 125.7 725.8 ± 110.9  721.2 ± 109.6 < 0.001† 0.749§

P-value (time across all groups): Unadjusted: 0.014‡ Adjusted: 0.189§

P-value (group): Unadjusted: < 0.001‡ Adjusted: < 0.001§

Data are the means ± SD. Different letters represent statistically significant differences in the adjusted mixed effect model for repeated measurements. † Unadjusted p-values 
were obtained using one-way repeated ANOVA for each group. ‡ Unadjusted p-values were obtained using two-way repeated ANOVA for all groups. § Adjusted p-values 
were obtained using the mixed effect model for repeated measurements under control of a time-varying covariate (mean arterial pressure) and time-invariant covariates (age, 
sex, body mass index, fasting blood glucose, and total cholesterol). hfPWV, heart-femoral pulse wave velocity; LSD, low sodium DASH diet; HSD, high sodium DASH diet; 
SS-HT, individuals with sodium sensitivity and hypertension; SS-NT, individuals with sodium sensitivity and normotension; SR-HT, individuals with sodium resistance and 
hypertension; SR-NT, individuals with sodium resistance and normotension.

Table 2. Changes in heart-femoral pulse wave velocity among four subgroups divided by the status of hypertension and sodium sensitivity.

that after 7 days of the LSD [(hfPWV after HSD-hfPWV after 
LSD/hfPWV after LSD) × 100] were compared (Fig. 2). Individuals 
with SS had a significantly higher percent change than those 
with SR (ANCOVA, least squares mean difference 6.1 cm/sec, 
95% CI 1.3-11.0, P = 0.014). Although hypertensive individuals 
tended to have a higher percent change in hfPWV than 
normotensive individuals, this difference was not statistically 
significant (ANCOVA, P = 0.185). 

Change of PWV: subgroup analysis
Upon subgroup analysis by dividing individuals according to 

the presence of hypertension and SS, only individuals with 
hypertension and SS showed significantly higher hfPWV after 
HSD compared to LSD in the analysis using the mixed effect 
model for repeated measurement under control of time-varying 
and time-invariant covariates (Table 2).

DISCUSSION

In the present study, there was significant elevation of hfPWV 
after HSD from LSD in individuals with SS, but not in individuals 
with SR. Further analysis including time varying effects revealed 
significant elevation of hfPWV in individuals with hypertension 
and SS, but not in individuals without hypertension or SS. 

Several studies demonstrated the effects of high sodium 
intake on vascular reactivity in individuals with hypertension 
[11,21,22]. Liu et al. [23] showed a greater change in symmetric 
ambulatory arterial stiffness index in sodium sensitive individuals. 
However, this is the first study to compare the effects of SS 
in individuals with hypertension to those without hypertension 
on aortic stiffness in response to high sodium intake.

Gates et al. [21] showed rapid improvement in carotid artery 
compliance in older adults (> 50 year of age) with stage 1 
hypertension in response to sodium intake restriction. A high 
correlation was observed between changes in BP and carotid 
artery compliance, and the effect of sodium restriction on 
lowering BP was explained to be exerted by improved large 
artery compliance [21]. Todd et al. [11] evaluated changes in 
vascular reactivity in response to different amounts of sodium 
intake in hypertensive individuals. A moderate correlation was 
found between changes in PWV and BP (r = 0.52), and their 
results suggested that dietary sodium loading may increase 

PWV via both BP independent and dependent effects. The 
absence of a BP-dependent elevation in vascular reactivity can 
be explained by the mixed study population of hypertensive 
individuals with SS or SR. Approximately half of the hypertensive 
individuals had SS [14,24,25], and those with SR might cancel 
out the elevation of aortic stiffness in individuals with SS. 
Furthermore, their study did not exclude the mixed effects of 
the study population because they included prehypertensive 
and hypertensive individuals taking antihypertensive medications.

In normotensive individuals, the vascular reactivity response 
to sodium intake was various. Normotensive individuals with 
low sodium intake had a lower PWV than normotensive individuals 
with normal sodium intake in a study by Avolio et al. [12]. 
Dickinson et al. [26] showed improved endothelial-dependent 
vasodilation by reducing sodium intake. However, in a study 
by Todd et al. [13], no increase in aortic PWV was observed 
in normotensive individuals after dietary sodium loading. The 
various responses of normotensive individuals may have been 
caused by the study populations. Individuals with stage 1 
hypertension were included in the studies of Avolio et al. [12] 
and Dickinson et al. [26], although the authors defined them 
as normotensive individuals. 

Increase in arterial stiffness is caused by various mechanisms, 
such as progressive elastic fiber degeneration [27], recruitment 
of inelastic collagen fibers and increase of arterial wall smooth 
muscle mass [28], endothelial dysfunction [29], and etc. An 
endothelial dysfunction is a suggestive mechanism of the 
increase in arterial stiffness due to high sodium intake. Short- 
term high sodium intake in animal and human studies induced 
endothelial dysfunction without elevation of BP [30,31].

The limitation of our study is that we didn’t show the 
long-term effect of high sodium intake on changes of arterial 
stiffness. No prospective studies have evaluated the long-term 
effect of high sodium intake on arterial stiffness, until now. If 
we consider the results of Avolio et al. [12], a chronic effect 
of high sodium intake could be expected. In that study, the 
intervention duration was from 8 months to 5 years. Although 
baseline PWV data were not provided to enable a comparison 
to PWV after the intervention, a lower PWV in the intervention 
group compared to that in the control group suggests a long-term 
effect of sodium intake on arterial stiffness. In our investigation, 
the study population was small. Power analysis revealed that 
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the approximate fhPWV values of the four groups were 900, 
800, 900, and 750 with a standard deviation of 140, and the 
resulting effect size was calculated to be 0.46. Power analysis 
suggested that a sample size of 14 subjects per groups resulted 
in a power of 0.81 with an alpha level of 0.05. Although the sample 
size was adequate except for the group with normotension and 
SS, the results of our study need to be evaluated in a larger 
population. In terms of dietary intervention, all participants 
were given a 2 week course of DASH diet as a background 
diet without a wash-out period. The DASH diet can reduce BP 
within 2 weeks [32]; thus, the order of diet was not randomized 
because it was expected that elevation of blood pressure by 
the HSD would be lower when the LSD was followed by the 
HSD rather than when the order was the HDS followed by the 
LSD. However, it is not certain if the results of the present study 
will be reproduced if the DASH diet is not used as a background 
diet and the order of the diet is the HSD followed by the LSD. 

In conclusion, high sodium intake elevated hfPWV in 
hypertensive individuals with SS. Our results suggest that 
increased aortic stiffness due to high sodium intake may 
contribute to enhance cardiovascular risk beyond the BP elevation 
in hypertensive individuals with SS. 

REFERENCES

1. He FJ, MacGregor GA. A comprehensive review on salt and health 
and current experience of worldwide salt reduction programmes. 
J Hum Hypertens 2009;23:363-84.

2. Blacher J, Guerin AP, Pannier B, Marchais SJ, Safar ME, London GM. 
Impact of aortic stiffness on survival in end-stage renal disease. 
Circulation 1999;99:2434-9.

3. Laurent S, Boutouyrie P, Asmar R, Gautier I, Laloux B, Guize L, 
Ducimetiere P, Benetos A. Aortic stiffness is an independent predictor 
of all-cause and cardiovascular mortality in hypertensive patients. 
Hypertension 2001;37:1236-41.

4. Laurent S, Katsahian S, Fassot C, Tropeano AI, Gautier I, Laloux B, 
Boutouyrie P. Aortic stiffness is an independent predictor of fatal 
stroke in essential hypertension. Stroke 2003;34:1203-6.

5. Willum-Hansen T, Staessen JA, Torp-Pedersen C, Rasmussen S, Thijs 
L, Ibsen H, Jeppesen J. Prognostic value of aortic pulse wave 
velocity as index of arterial stiffness in the general population. 
Circulation 2006;113:664-70.

6. Laurent S, Alivon M, Beaussier H, Boutouyrie P. Aortic stiffness as 
a tissue biomarker for predicting future cardiovascular events in 
asymptomatic hypertensive subjects. Ann Med 2012;44 Suppl 
1:S93-7.

7. Safar ME, London GM, Plante GE. Arterial stiffness and kidney 
function. Hypertension 2004;43:163-8.

8. Aatola H, Hutri-Kähönen N, Juonala M, Viikari JS, Hulkkonen J, 
Laitinen T, Taittonen L, Lehtimäki T, Raitakari OT, Kähönen M. 
Lifetime risk factors and arterial pulse wave velocity in adulthood: 
the cardiovascular risk in young Finns study. Hypertension 2010;55: 
806-11.

9. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, 
Benjamin EJ, Vasan RS, Mitchell GF. Aortic stiffness, blood pressure 
progression, and incident hypertension. JAMA 2012;308:875-81.

10. Najjar SS, Scuteri A, Shetty V, Wright JG, Muller DC, Fleg JL, 
Spurgeon HP, Ferrucci L, Lakatta EG. Pulse wave velocity is an 

independent predictor of the longitudinal increase in systolic blood 
pressure and of incident hypertension in the Baltimore Longitudinal 
Study of Aging. J Am Coll Cardiol 2008;51:1377-83.

11. Todd AS, Macginley RJ, Schollum JB, Johnson RJ, Williams SM, 
Sutherland WH, Mann JI, Walker RJ. Dietary salt loading impairs 
arterial vascular reactivity. Am J Clin Nutr 2010;91:557-64.

12. Avolio AP, Clyde KM, Beard TC, Cooke HM, Ho KK, O'Rourke MF. 
Improved arterial distensibility in normotensive subjects on a low 
salt diet. Arteriosclerosis 1986;6:166-9.

13. Todd AS, Macginley RJ, Schollum JB, Williams SM, Sutherland WH, 
Mann JI, Walker RJ. Dietary sodium loading in normotensive healthy 
volunteers does not increase arterial vascular reactivity or blood 
pressure. Nephrology (Carlton) 2012;17:249-56.

14. Shin SJ, Lim CY, Rhee MY, Oh SW, Na SH, Park Y, Kim CI, Kim SY, 
Kim JW, Park HK. Characteristics of sodium sensitivity in Korean 
populations. J Korean Med Sci 2011;26:1061-7.

15. Rhee MY, Lim CY, Shin SJ, Oh SW, Park YS, Kim JW, Park HK, Kim 
CI, Park CY, Kim SW. Elevation of morning blood pressure in sodium 
resistant subjects by high sodium diet. J Korean Med Sci 2013;28: 
555-63.

16. Rhee MY, Yang SJ, Oh SW, Park Y, Kim CI, Park HK, Park SW, Park 
CY. Novel genetic variations associated with salt sensitivity in the 
Korean population. Hypertens Res 2011;34:606-11.

17. Mancia G, Fagard R, Narkiewicz K, Redón J, Zanchetti A, Böhm M, 
Christiaens T, Cifkova R, De Backer G, Dominiczak A, Galderisi M, 
Grobbee DE, Jaarsma T, Kirchhof P, Kjeldsen SE, Laurent S, Manolis 
AJ, Nilsson PM, Ruilope LM, Schmieder RE, Sirnes PA, Sleight P, 
Viigimaa M, Waeber B, Zannad F; Task Force Members. 2013 
ESH/ESC Guidelines for the management of arterial hypertension: 
the Task Force for the management of arterial hypertension of the 
European Society of Hypertension (ESH) and of the European 
Society of Cardiology (ESC). J Hypertens 2013;31:1281-357.

18. Rhee MY, Na SH, Kim YK, Lee MM, Kim HY. Acute effects of cigarette 
smoking on arterial stiffness and blood pressure in male smokers 
with hypertension. Am J Hypertens 2007;20:637-41.

19. Nah DY, Lee CG, Bae JH, Chung JW, Rhee MY, Kim JH, Kim YS, 
Kim YK, Lee MM. Subclinical renal insufficiency range of estimated 
glomerular filtration rate and microalbuminuria are independently 
associated with increased arterial stiffness in never treated 
hypertensives. Korean Circ J 2013;43:255-60.

20. Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and 
risk of atherosclerotic events. Arterioscler Thromb Vasc Biol 2003;23: 
554-66.

21. Gates PE, Tanaka H, Hiatt WR, Seals DR. Dietary sodium restriction 
rapidly improves large elastic artery compliance in older adults with 
systolic hypertension. Hypertension 2004;44:35-41.

22. He FJ, Marciniak M, Visagie E, Markandu ND, Anand V, Dalton RN, 
MacGregor GA. Effect of modest salt reduction on blood pressure, 
urinary albumin, and pulse wave velocity in white, black, and Asian 
mild hypertensives. Hypertension 2009;54:482-8.

23. Liu Z, Peng J, Lu F, Zhao Y, Wang S, Sun S, Zhang H, Diao Y. Salt 
loading and potassium supplementation: effects on ambulatory 
arterial stiffness index and endothelin-1 levels in normotensive and 
mild hypertensive patients. J Clin Hypertens (Greenwich) 2013;15: 
485-96.

24. Sullivan JM, Ratts TE. Sodium sensitivity in human subjects. Hemod-
ynamic and hormonal correlates. Hypertension 1988;11:717-23.

25. Weinberger MH, Miller JZ, Luft FC, Grim CE, Fineberg NS. Definitions 



Moo-Yong Rhee et al. 293

and characteristics of sodium sensitivity and blood pressure resistance. 
Hypertension 1986;8:II127-34.

26. Dickinson KM, Keogh JB, Clifton PM. Effects of a low-salt diet on 
flow-mediated dilatation in humans. Am J Clin Nutr 2009;89:485-90.

27. Avolio A, Jones D, Tafazzoli-Shadpour M. Quantification of alterations 
in structure and function of elastin in the arterial media. Hyper-
tension 1998;32:170-5.

28. Bank AJ, Wang H, Holte JE, Mullen K, Shammas R, Kubo SH. 
Contribution of collagen, elastin, and smooth muscle to in vivo 
human brachial artery wall stress and elastic modulus. Circulation 
1996;94:3263-70.

29. Kinlay S, Creager MA, Fukumoto M, Hikita H, Fang JC, Selwyn AP, 

Ganz P. Endothelium-derived nitric oxide regulates arterial elasticity 
in human arteries in vivo. Hypertension 2001;38:1049-53.

30. Safar ME, Benetos A. Factors influencing arterial stiffness in systolic 
hypertension in the elderly: role of sodium and the renin-angiotensin 
system. Am J Hypertens 2003;16:249-58.

31. Boegehold MA. The effect of high salt intake on endothelial function: 
reduced vascular nitric oxide in the absence of hypertension. J Vasc 
Res 2013;50:458-67.

32. Akita S, Sacks FM, Svetkey LP, Conlin PR, Kimura G; DASH-Sodium 
Trial Collaborative Research Group. Effects of the Dietary Approaches 
to Stop Hypertension (DASH) diet on the pressure-natriuresis 
relationship. Hypertension 2003;42:8-13.




