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Abstract

High dietary sodium intake can lead to hypertension and increased incidence of cardiovascular
disease. We sought to determine the effect of short-term dietary sodium loading on central blood
pressure and arterial stiffness in young (YG; 22-40 years) and middle-aged (MA; 41-60 years)
normotensive adults. YG (n=49; age: 27+1 yrs) and MA (n=36; age: 52+1 yrs) subjects were
randomized, in a cross-over design, to 7 days of low sodium (20mmol/day) or high sodium
(300mmol/day) diet. On the last day of each diet, central pressures, forward and reflected wave
amplitudes (via radial artery applanation tonometry) and carotid-femoral pulse wave velocity (CF-
PWV) were assessed. Central systolic blood pressure (cSBP) was greater after HS in both YG (LS:
96+1 vs. HS: 99+1mmHg; p=0.012) and MA (LS: 106+2 vs. HS: 115+3mmHg; p<0.001).
However, the increase in cSBP was greater in MA (YG: 4£1 vs. MA: 9£2; p=0.02). In MA
subjects, HS elicited greater forward (LS: 25+1 vs. HS: 29+1mmHg; p<0.001) and reflected (LS:
19+1 vs. HS: 23+1mmHg; p<0.001) wave amplitudes. CF-PWV was also greater in MA on HS
but after adjustment for MAP the difference was no longer significant. Our data indicate that HS
intake leads to a greater increase in cSBP in MA adults, which may be the result of increased
forward and reflected wave amplitudes.
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INTRODUCTION

Cardiovascular disease (CVD) continues to be the leading cause of death in the United
States [1], therefore understanding factors that may predispose individuals to CVD remains
important. The mechanical load imposed by the systemic circulation to the left ventricle is a
significant determinant of cardiovascular function [2]. Left ventricular afterload, which is
the impedance to flow from the left ventricle, is largely determined by properties of the
arterial tree [3]. The central aortic pressure waveform is determined by the interaction
between the left ventricle and load imposed by the arterial tree [3] thus assessing aortic
waveforms can provide valuable information on central hemodynamics and cardiovascular
function.

A central aortic pressure wave is composed of a forward traveling wave generated by left
ventricular ejection and a later-arriving reflected wave from the periphery [4]. As arterial
stiffness increases, elevations in central systolic blood pressure (cSBP) can occur due to
increased forward and reflected wave amplitudes and earlier return of the reflected wave to
the proximal aorta. Elevated cSBP can lead to increased left ventricular workload, left
ventricular hypertrophy, and decreased diastolic perfusion pressure resulting in reduced
coronary blood flow [5]. Previous studies have demonstrated aortic stiffness to be predictive
of cardiovascular events and/or poor clinical outcomes in hypertension [6], chronic kidney
disease [7-9] and heart failure [10]. Meta-analyses have shown aortic pulse wave velocity to
be a strong predictor of future cardiovascular events and all-cause mortality [11] and may
improve prediction when added to standard risk factors [12].

Previous work has demonstrated adverse effects of increased dietary sodium intake on
cardiovascular health [13-15]. In a study of normotensive, healthy, young men, high sodium
intake was associated increased cSBP, arterial stiffness, and reflected wave amplitude [16].
Additional studies have found arterial stiffness to be reduced with lower sodium intake in
hypertensive individuals [17] and when compared to age and blood pressure matched
individuals on a normal sodium diet [13].

The aim of this study was to determine the impact of short-term dietary sodium loading on
central blood pressure and its components, forward and reflected wave amplitude, in young
and middle-aged, normotensive adults. We hypothesized that sodium loading would elicit
increases in central systolic pressure and reflected wave amplitude.

METHODS
This was a controlled feeding study in which 85 normotensive adults were randomized, in a
cross-over design, to a low-sodium (LS; 20 mmol sodium/day) and a high-sodium (HS; 300
mmol sodium/day) diet.

Subjects

Study participants were apparently healthy, normotensive adults. Subjects were divided into
two age groups: 49 Young (YG), defined as 22-40 years of age, and 36 Middle-Aged (MA),
defined as 41-60 years of age. Informed consent was obtained from all subjects, and the
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study protocol and procedures were approved by the Institutional Review Board of the
University of Delaware and conform to the provisions of the Declaration of Helsinki.

Subjects reported to the laboratory following a 12-hour fast. Additionally, subjects were
instructed to abstain from caffeine, alcohol, and exercise during the 12 hours prior to testing.
A complete medical history was provided by each subject. A resting 12-lead
electrocardiogram (ECG), resting blood pressure, height and weight, and a venous blood
sample were collected. Exclusion criteria included a history of hypertension, cardiovascular
disease, malignancy, diabetes mellitus, and renal impairment. Subjects were also excluded if
they were obese [body mass index (BM1) = 30 kg/m?] or used tobacco products.

Dietary Sodium Perturbation

Twenty-four

This was a controlled feeding study in which all food was prepared by a registered dietitian.
Subjects consumed a 7-day run-in diet (100 mmol sodium/day), and were then randomized
to a 7-day low sodium (LS) diet (20 mmol sodium/day) and 7-day high sodium (HS) diet
(300 mmol sodium/day) (Figure 1). The diet was designed to be eucaloric and the
percentage of carbohydrate, fat, and protein in the diet were 50%, 30%, and 20%,
respectively and remained constant across sodium conditions. Fluid intake was monitored
and recorded daily. Subjects were also instructed to maintain their typical activity levels
throughout the duration of the study.

hour urine and BP collections

On the last day of the LS and HS diets, subjects collected their urine for twenty-four hours
using a cool, dark container. Urine volume, collection time, electrolytes (Easy Electrolyte
Analyzer; Medica, Bedford, MA), and osmolality (3D3 Osmometer; Advanced Instruments,
Norwood, MA) were measured. Sodium excretion was determined. An ambulatory blood
pressure monitor (Spacelabs Medical, I1ssaquah, WA) was worn over the non-dominant arm
for the same twenty-four hour period. Blood pressure was measured every 20 minutes while
the subject was awake and every 30 minutes while the subject was asleep.

Pulse wave analysis (PWA) and Pulse wave velocity (CF-PWV)

Central aortic pressure and carotid-femoral pulse wave velocity (CF-PWV) were assessed at
the end of each diet phase using a SphygmoCor PVx system (AtCor Medical, SphygmoCor
CvMS V9). Pressure waveforms were recorded at the radial artery via applanation tonometry
using a high-fidelity strain-gauge transducer (Millar Instruments). The radial waveforms
were calibrated from brachial systolic and diastolic pressures measured by an automated
oscillometric sphygmomanometer (Dash 2000, GE Medical Systems). A central aortic
pressure waveform was synthesized using a generalized transfer function. Central pressures
and augmentation index (Alx) were derived from this method. Alx is defined as the ratio of
augmented pressure to pulse pressure and is expressed as a percentage. Forward and
reflected wave components were determined by wave separation analysis, performed by the
SphygmoCaor software (version 9), using a modified triangular flow wave [18]. Only
waveforms of high-quality, defined as an operator’s index of = 80, were selected for
analysis.
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Carotid-femoral PWV was determined by recording carotid and femoral waveforms using a
high-fidelity strain gauge transducer (Millar Instruments) sequentially along with an ECG
for reference and pulse transit time was determined by the time delay between the feet of
carotid and femoral waveforms. The distance between the measurement sites was
determined by subtracting the distance between the carotid recording site and the
suprasternal notch, from the distance between the femoral recording site and the suprasternal
notch [19]. CF-PWV was calculated by dividing the distance between the two recording
sites (aortic distance) by the pulse transit time (PWV = Distance/Transit Time).

Statistical Analysis

Baseline characteristics were compared using a two-tailed, unpaired t-test. All other
outcome variables were analyzed using 2x2 repeated measures ANOVA (age group x diet)
to assess main effects of age and diet as well as age x diet interaction. Tukey's post-hoc
testing was performed when appropriate. CF-PWV data were also analyzed with mean
arterial pressure (MAP) as a covariate due to the known effect of blood pressure on arterial
stiffness. The magnitude of change in ¢cSBP from low to high salt was compared between
age groups using an unpaired t-test. Exploratory analyses were also performed to examine
potential sex differences. Statistical significance was defined as a 2-tailed p < 0.05. Data are
presented as mean + SEM.

RESULTS

Baseline subject characteristics for all eighty-five subjects are presented in Table 1. No
differences were observed between the age groups (MA vs. YG) except for a higher BMI in
the MA group (p < 0.05). All subjects completed the run in-diet followed by the two-week
dietary salt perturbation.

Dietary Salt Perturbation

As expected, 24-hour sodium excretion was significantly greater on the HS diet compared to
LS in both age groups (Figure 2A). However, no difference was observed in 24-hour MAP
between the two dietary conditions in either age group (Figure 2B). Significant increases in
brachial blood pressure (average of 3 measurements in laboratory) were observed for SBP,
DBP, and MAP in the YG group and SBP, MAP, and PP in the MA group on the HS diet
(Table 2).

Central Pressure Measures

cSBP was significantly greater on the HS diet in both YG (LS: 96 + 1 vs. HS: 99 + 1 mmHg,
p = 0.012) and MA groups (LS: 106 + 2 vs. HS: 115 £ 3 mmHg, p < 0.001). A greater
increase in cSBP was observed in the MA group compared to the YG group (YG: 4 + 1 vs.
MA: 9 + 2 mmHg, p = 0.02, Figure 3). Additionally, the HS diet resulted in a greater central
PP in only the MA group (LS: 37 + 2 vs. HS: 44 + 2 mmHg, p < 0.001).

cSBP was greater on high salt in women (W, LS: 99 £ 2 vs. HS: 108 + 3 mmHg; p < 0.001)
and approached significance in men (M, LS: 101 + 2 vs. HS: 104 £ 2 mmHg; p = 0.06). The
change in cSBP in response to the HS diet was greater in women compared to men (8.4
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+1.5vs. 3.3+ 1.7 mmHg; p = 0.027) however there was no effect of age (p=0.105) or a sex
by age interaction (p=0.5).

Forward and Reflected Wave Amplitudes and Arterial Stiffness

The HS diet elicited greater forward (LS: 25 + 1 vs. HS: 29 + 1 mmHg, p < 0.001, Figure
4A) and reflected (LS: 19 + 1 vs. HS: 23 = 1 mmHg, p < 0.001, Figure 4B) wave amplitudes
in the MA group but no differences were observed in the YG group. Forward pressure wave
amplitude was greater in men compared to women on both diets (p<0.05) but was increased
by HS only in the women (W, LS: 24.5 £ 0.7 vs. HS: 27.5 £ 0.9, p<0.001; M, LS: 29.7+£0.8
vs HS: 30.4 £ 0.8 mmHg, p=0.37). The forward pressure wave was greater on HS in MA
women but not YG women (MA, LS: 24.4 £ 1.2 vs. HS: 29 + 1.3, p<0.001; YG, LS: 24.6

+ 0.8 vs. HS: 25.8 + 1.1 mmHg, p=0.171). Reflected pressure wave amplitude was greater in
both men and women on the HS diet (W, LS: 16.2 + 0.8 vs. HS: 19.1 + 1.1, p<0.001; M, LS:
14.3 £ 0.6 vs HS: 15.7 £ 0.7, p=0.017) and was greater in women compared to men on the
HS diet (p = 0.006). The reflected wave amplitude was greater on the HS diet in MA women
but not YG women (MA, LS: 19.4 + 1.0 vs. HS: 23.7+ 1.2, p<0.001; YG, LS: 12.5+ 0.7 vs.
HS: 13.8 £ 0.9, p=0.125). Likewise, the reflected wave amplitude was greater on the high
salt diet in MA men but not YG men (MA, LS: 17 + 1.5 vs. HS: 20.4 + 1.8, p=0.001; YG,
LS: 13.4 £ 0.6 vs. HS: 14 = 0.5, p=0.277).

CF-PWV was also greater following the HS diet in the MA group (LS: 7.1 £ 0.3 vs HS: 7.7
+ 0.5 ms, p = 0.009). However, when CF-PWYV was corrected for MAP (24 hour and
laboratory) the difference was no longer present indicating the changes in CF-PWV were
due to changes in MAP. Alx was significantly increased in both YG (LS: 3.6 £ 1.7 vs HS:
5.5+ 1.8%, p=0.01) and MA (LS: 28.4 + 1.6 vs HS: 31.1 + 1.5%, p = 0.01) on HS. These
diet differences were no longer present when Alx was corrected for HR indicating an
influence of HR on Alx.

DISCUSSION

The novel findings of the present study were that a 7-day HS diet resulted in increases in
cSBP in both YG and MA adults when compared to a LS diet. Additionally, the increase
observed in cSBP was larger in the MA group and was accompanied by increases in both
forward and reflected wave amplitudes. These findings provide evidence that cSBP can be
impacted by increased levels of sodium consumption, particularly in middle age adults.

The negative effects of increased sodium intake on cardiovascular health in humans has been
well documented [13-15, 20]. As CVD disease continues to be the leading cause of death in
the US [1], it is important to identify measures that can provide information about an
individual's risk for future cardiovascular events and if lifestyle choices impact these
measures. Evidence from previous studies on multiple populations suggest that central
pressure is a better predictor of cardiovascular events than brachial pressure [21-23]. The
heart, kidneys, and major arteries supplying the brain are exposed to central rather than
brachial pressure [24]. When referring to the heart specifically, increased cSBP can result in
increased left ventricular workload and left ventricular hypertrophy [5], which could
contribute to future cardiovascular events.
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The increase in cSBP observed in our YG group is in agreement with Starmans-Kool et al.
[16], who also reported an increase in ¢cSBP in normotensive, healthy young men after a high
sodium diet. The present study also reports data on a MA group, providing information on a
larger age range. While both groups exhibited increases in cSBP, the increase was
significantly greater in the MA group. The larger increase in the MA group suggests a
potential link between dietary salt and increased risk for future cardiovascular events in
middle age.

A central aortic pressure wave is comprised of two separate components, a forward traveling
wave from the heart and a reflected wave from sites of impedance mismatch in the periphery
[4]. Augmentation index (Alx), a surrogate measure of wave reflection, has been widely
used but can be influenced by wave reflection timing, heart rate, body height, and other
factors [25-28]. Wave separation analysis allows for evaluation of the forward and reflected
waves individually. The reflected wave can influence both central pressure and flow
waveforms [29]. In young individuals, reflected waves arising from multiple points in the
arterial tree predominantly enhance diastolic perfusion pressure in the coronary circulation
[28]. The net effect of these reflected waves on systole versus diastole is determined by the
pulse wave velocity of the aorta and its interaction with muscular arterial segments. When
reflected waves arrive during systole, they can augment pressure and impact left ventricular
afterload [30]. Furthermore, wave reflections have been found to be predictive of
cardiovascular events in hypertensive individuals [31] and of incident heart failure in an
adult, multiethnic population free of cardiovascular disease [30]. The forward wave
amplitude has been shown to be an important predictor of incident cardiovascular disease
and has been proposed to be due to a mismatch between aortic diameter and pulsatile flow
[32]. However, Phan et al. [33] more recently demonstrated that forward wave amplitude is
also strongly influenced by wave reflections that are re-reflected/rectified at the heart,
highlighting the importance of assessing both forward and reflected wave amplitudes.

In the present study, significant increases in both the forward and reflected wave amplitudes
following the HS diet were found only in the MA group. To our knowledge, this is the first
study to demonstrate the negative impact of a HS diet on forward and reflected wave
amplitudes in MA adults. It appears the increases in forward and reflected wave amplitudes
are contributing to the larger augmentation of cSBP observed in the MA group. It should be
noted that Starmans-Kool et al. [16] reported increased reflected wave amplitudes following
a high sodium diet in young, healthy males. We have also demonstrated that the CSBP
response to dietary sodium appears to be greater in women. More work is needed to fully
elucidate the potential sex differences in the aging response to dietary sodium.

The increases in reflected wave amplitude demonstrated in the MA group are of clinical
importance as this can have adverse consequences on the heart. As age increases, wave
reflection returns to the aorta during mid-to-late systole resulting in increased left ventricular
afterload [2]. Increases in the wave amplitude can further contribute to this augmentation.
This increased wave reflection can have deleterious effects on left ventricular structure and
function [34]. Specifically, left ventricular hypertrophy and fibrosis have been linked to this
increased systolic load [35].
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The mechanism(s) responsible for the increases in cSBP and wave amplitudes seen in this
study are yet to be defined. Rodent [36, 37] and human [38, 39] studies have indicated that
increased reactive oxygen species (ROS) leading to reduced nitric oxide (NO) bioavailability
can be attributed to sodium loading. Impaired NO release could result in increased wave
reflection due to its action as a regulator of arterial diameter [40] as high dietary sodium has
been shown to impair both conduit artery and microvascular function [38, 41-43]. Further
investigation into the specific mechanisms is warranted.

The results of our study should be interpreted in the context of its strengths and limitations.
Our assessment of forward and reflected wave amplitude was based on pressure
measurements. Future studies with both pressure and flow measurements will allow us to
better assess the impact of dietary salt on forward and backward pressure, as well as specific
determinants of arterial hemodynamics such as aortic characteristic impedance, stroke
volume and systemic vascular resistance. In addition, our sample consisted of normotensive
young and middle-aged adults and may not be generalizable to older or hypertensive adults.
The effects of salt on central hemodynamics are likely to be greater in hypertensive subjects
(a population with a high proportion of salt-sensitive individuals), and this should be the
focus of future studies. Lastly, the sex comparisons made in the present study should be
interpreted with caution give the smaller sample sizes when making these comparisons.

In conclusion, data from the current study provide new information regarding the effects of
dietary salt on central blood pressure. We demonstrated that a HS diet leads to increases in
cSBP in both YG and MA adults. The increase in cSBP was larger in the MA group which
may be attributed to increases in forward and reflected wave amplitudes. Taken together,
these new findings provide additional evidence that high dietary salt intake negatively
impacts cardiovascular health.
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Highlights
. High dietary sodium intake augments central systolic blood pressure.
. The increase in central systolic BP in response to sodium is larger in middle-
aged adults.
. Greater forward and reflected wave amplitudes may contribute to the larger

increase central systolic blood pressure.
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Randomized, Crossover

! 7 Day 7 Day
I Screening Medium Sodium Low Sodium
Visit (100 mmol sodium/day) | (20 mmol sodium/day)

|
|
|

Laboratory HR PWA PWA
Laboratory BP CF-PWV CF-PWV
Height & Weight 24-Hr BP 24-Hr BP

24-Hr Urine 24-Hr Urine

Figure 1.
Schematic representation of protocol. BP, Blood Pressure; CF-PWYV, Carotid-Femoral Pulse

Wave Velocity; HR, Heart Rate; PWA, Pulse Wave Analysis.

J Am Soc Hypertens. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Muth et al. Page 13

A Diet: p<0.001 @l Young (n=49)
Age Group: p=0.941 = Middle-Aged (n=36)

Interaction: p=0.789
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B Diet: p=0.560
Age Group: p=0.128
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Figure 2.
(A) 24-hour sodium (Na) excretion and (B) 24-hour mean arterial pressure (MAP) on LS

and HS diets. Values are mean + SEM. HS, High Sodium; LS, Low Sodium. *p < 0.05 vs
LS.
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Change in cSBP (mmHg)

Page 14

159

34

0
Young (n=49) Middle-Aged (n=33)

Change in central systolic pressure in all subjects. Values are mean = SEM. cSBP, central
systolic pressure; HS, High Sodium; LS, Low Sodium. #p< 0.05 vs Young.
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Figure 4.
(A) Central forward and (B) central reflected wave amplitude on LS and HS diets in all

subjects. Values are mean + SEM. HS, High Sodium; LS, Low Sodium. *p< 0.05 vs LS.
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Table 1

Baseline Subject Characteristics

Characteristic

Young Middle-Aged

N
Males/Females
Age (yr)

Mass (kg)
Height (cm)

49 36
30/19 13/23
27+1 52 + 1#

71.6+15 73.0+£1.9
173.8+1.2 1704 +1.3

Body Mass Index (kg/m?)  23.6+04 5519 +05#

Values are mean + SEM.

#,0< 0.05 vs Young.
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Table 2
Hemodynamic Measures
Young Middle-Aged

LS HS LS HS
Brachial SBP (mmHg) 1142 q1742% 114+2 122 £ 277
Brachial DBP (mmHg) 64+1 67+1% 69+ 17 702
Brachial MAP (mmHg) 79+1 g2+1” 86 + 27 90+ 2%
Brachial PP (mmHg) 50+ 1 50+ 1 46 +2 53+2%
Central SBP (mmHg) 96+1 99+1% 106 + 2% 115+ 377
Central PP (mmHg) 31+1 32+1 37 + 2% 44 +27F
HR (bpm) 601  g74q* 592 554+2*
CF-PWV (ms™) 61+02 59202 71+03# 77:05%
Augmentation Index (%) 36+17 554+18*% 284+167 31.1+15%%

Page 17

Values are mean + SEM. CF-PWV, Carotid-Femoral Pulse Wave Velocity; DBP, Diastolic Blood Pressure; HS, High Sodium; LS, Low Sodium;
MAP, Mean Arterial Pressure; PP, Pulse Pressure; SBP, Systolic Blood Pressure.

*
p<0.05vs LS.

#,0< 0.05 vs Young.

*ok

PWV not different between diets when corrected for MAP. Augmentation Index not different between diets when corrected for HR.
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