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Dietary salt restriction is a well- established approach to lower blood pressure 

and reduce cardiovascular disease risk in hypertensive individuals. However, little is 

currently known regarding the effects of salt restriction on central and peripheral 

hemodynamic responses to exercise in those with hyper- tension. Therefore, this study 

sought to determine the impact of salt restriction on the central and peripheral 

hemodynamic responses to static-intermittent handgrip (HG) and dynamic single-leg 

knee extension (KE) exercise in individuals with hypertension. Twenty-two subjects (14 

men and 8 women, 51 ± 10 yr, 173 ± 11 cm, 99 ± 23 kg) forewent their antihypertensive 

medication use for at least 2 wk before embarking on a 5-day liberal salt (LS: 200 

mmol/day) diet followed by a 5-day restricted salt (RS: 10 mmol/day) diet. Subjects 

were studied at rest and during static intermittent HG exercise at 15, 30, and 45% of 
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maximal voluntary contraction and KE exercise at 40, 60, and 80% of maximum KE 

work rate. Salt restriction lowered resting systolic blood pressure (supine: -12 ± 12 

mmHg, seated: -17 ± 12 mmHg) and diastolic blood pressure (supine: -3 ± 9 

mmHg, seated: -5 ± 7 mmHg, P < 0.05). Despite an ~8 mmHg lower mean arterial 

blood pressure during both HG and KE exercise following salt restriction, neither 

central nor peripheral hemodynamics were altered. Therefore, salt restriction can lower 

blood pressure during exercise in subjects with hypertension, reducing the risk of 

cardiovascular events, without impacting central and peripheral hemodynamics during 

either arm or leg exercise. 

 
NEW & NOTEWORTHY This is the first study to examine the potential blood pressure-

lowering benefit of a salt-restrictive diet in individuals with hypertension without any 

deleterious effects of exercising blood flow. While mean arterial pressure decreased by 

~8 mmHg following salt restriction, these findings provide evidence for salt restriction to 

provide protective effects of reducing blood pressure without inhibiting central or 

peripheral hemodynamics required to sustain arm or leg exercise in subjects with 

hypertension. 

 

Keyword: blood flow; essential hypertension; handgrip exercise; knee extension 

exercise 

 
 
INTRODUCTION 

Hypertension affects more than half of adults globally and represents a major risk 

factor for cardiovascular disease (28). Disconcertingly, the cardiovascular response to 

exercise in individuals with hypertension is characterized by altered central and 

peripheral hemodynamic responses, specifically, an exaggerated increase in blood 

pressure (i.e., the exercise pressor response) and diminished blood flow to the active 

skeletal muscle (3, 9, 15, 19, 32, 36, 39). This exaggerated response has been linked to 

increased risk of cardiovascular events, such as stroke and coronary ischemia both 



 

 

during and following exercise (17, 23, 29 –31, 47). This presents an interesting paradox, 

calling into question the utility of exercise to control blood pressure in hypertensive 

individuals (41). Furthermore, the impaired skeletal muscle perfusion may limit exercise 

tolerance, leading to the early onset of fatigue and limiting physical activity, as well as 

exercise capacity. 

Lifestyle modifications, including exercise and dietary interventions, represent a 

multifactorial approach to ameliorate high blood pressure in hypertensive individuals 

(45). In addition to exercise, lowering one’s salt intake is often recommended, as high-

salt intake is associated with elevated blood pressure (12) and contributes to the 

increased cardiovascular event risk (1). Indeed, lowering dietary salt intake is a well-

studied lifestyle modification that can quickly lower resting blood pressure and, 

subsequently, the risk of cardiovascular disease (16). However, less is known regarding 

the effects of salt restriction on central and peripheral hemodynamic responses to 

exercise in hyper- tensive individuals, which are altered by hypertension and contribute 

to exercise tolerance (3, 9, 15, 19, 32, 36, 39). 

Few studies have examined the effects of salt restriction on central or peripheral 

hemodynamics during exercise in hyper- tension. Previous work in rodents revealed 

that a high-salt diet augmented the exercise pressor response, measured as the change 

in blood pressure from rest to exercise, suggesting an association between salt intake 

and the exercise pressor response (48). Furthermore, mild salt restriction (120 

mmol/day) modestly lowered resting blood pressure but increased peripheral resistance 

in adults with essential hypertension, effects that were carried over to whole body cycling 

exercise, but did not lower the magnitude of the blood pressure response to exercise 

(34). If blood flow is to be maintained in the presence of lower blood pressure during 

exercise, elevated vascular conductance likely contributes to the maintained hyperemic 

response. How- ever, this has yet to be investigated in individuals with hyper- tension. 

Furthermore, mild salt restriction improves vascular function in essential hypertension, 

as assessed by the vasodilatory response to the brachial artery flow-mediated dilation 

test (21), which may facilitate enhanced vasodilation during exercise. In combination, 

these previous findings suggest that lowering dietary salt may attenuate the blood 

pressure response to exercise and augment peripheral vasodilation in hypertensive 



 

 

individuals. A better understanding of the hemodynamic responses to exercise with salt 

restriction may, therefore, pro- vide evidence for a nonpharmacological approach to 

alleviate symptoms of hypertension and allow for improved central and peripheral 

hemodynamic responses to exercise, ultimately, improving the safety, efficacy, and 

utility of exercise prescription for the treatment of hypertension. 

Therefore, this study sought to comprehensively investigate the impact of salt 

restriction on central and peripheral hemodynamics during arm and leg exercise in 

subjects with essential hypertension. We hypothesized that salt restriction would lower 

resting blood pressure, attenuate the blood pressor response to exercise, and improve 

blood flow and vascular conductance during both handgrip (HG) and knee extension 

(KE) exercise. 

 

METHODS 
Subjects. A total of 22 subjects with diagnosed essential hypertension (14 men 

and 8 women) were recruited to participate in this study. Antihypertensive medications 

were discontinued for at least 2 wk before experimentation, according to a well-defined 

and previously used protocol (43, 44). The protocol was approved by and written 

informed consent was obtained according to the Institutional Review Board of the 

University of Utah and the Salt Lake City Veterans Affairs Medical Center. 

Protocols. All subjects were studied in a thermoneutral environment, reporting to 

the laboratory fasted and forgoing caffeine and exercise for 24 h before each study visit. 

Subjects reported to the laboratory on a preliminary day to complete a health history 

questionnaire, physical examination, and perform a graded single-leg, knee-extensor 

test to determine maximal work rate. During the experimental phase of the protocol, 

participants completed 5 days of liberal salt (LS) (200 mmol/day) followed by 5 days of 

restricted salt (RS) (10 mL/day) with each diet also containing 100 mmol/day potassium 

and 20 mmol/day calcium, as previously described (43, 44). Testing of the two 

experimental conditions was separated by 7 days, and all medications (non-

antihypertensive) and supplements remained consistent between trials. All food and 

liquids consumed during the RS diet were prepared by the University of Utah’s Center 

for Clinical and Translation Science bionutritionist using the Harris-Benedict equation to 



 

 

calculate daily energy requirements with adjustments for activity level (38). 

Resting blood pressure. Blood pressure was assessed in both the supine and 

seated positions by automated sphygmomanometry (Tango M2, SunTech Medical, 

Morrisville, NC). Following instrumentation, participants were asked to relax and avoid 

movement and conversation for 5 min. Blood pressure was assessed in triplicate with 1 

min of recovery between assessments. Values were averaged to determine resting 

blood pressure (2), which has previously been shown to closely approximate 24-h blood 

pressure in most hypertensive individuals (7). 

HG exercise. Before performing HG exercise, subjects rested in the supine 

position for ~10 min with their right arm abducted at 90°. The elbow joint was extended 

at heart level to allow subjects to perform HG exercise. First, maximal voluntary 

contraction (MVC) was established by taking the highest of three maximal contractions 

using a HG dynamometer (TSD121C, Biopac Systems, Goleta, CA). Static-intermittent 

HG exercise was performed at three relative workloads (15, 30, and 45% of MVC). 

Each exercise intensity was performed for 3 min to ensure the attainment of steady-state 

hemodynamics, and 2 min of recovery was allotted between bouts. Guidance was 

provided by a metronome set at a rate of 1 Hz, and real-time force output was displayed 

to provide visual feedback to the subjects. Rating of perceived exertion (RPE) was 

assessed during the last 30 s of HG exercise, according the Borg 1–10 scale (6). 

Handgrip exercise was performed in 22 subjects (14 men and 8 women). 

KE exercise. The KE paradigm implemented in this study has been described in 

detail previously (24). Briefly, subjects were positioned on an adjustable chair with a 

cycle ergometer (model 828E; Monark Exercise, Vansbro, Sweden) positioned behind 

them. Resistance was created by applying friction to the flywheel, which was turned by 

the subject via a bar connecting the crank arm of the ergometer to a metal boot worn by 

the subject. Subjects rested in this position for ~10 min before starting KE exercise, 

where they maintained 60 contractions/ min using visual feedback from a cadence 

sensor. Each exercise intensity was performed for 3 min to ensure the attainment of 

steady-state hemodynamics and 2 min of recovery was allotted be- tween bouts. RPE 

was assessed during the last 30 s of KE exercise according the Borg 1–10 scale (6). KE 

exercise was performed in 18 subjects (10 men and 8 women). 



 

 

Peripheral hemodynamics. Both at rest and during HG and KE exercise, blood 

velocity and vessel diameter of the brachial and common femoral artery were 

determined in the right arm and leg, respectively, using an ultrasound Doppler system 

(GE Medical Systems, Milwaukee, WI) operating in duplex mode. The brachial artery 

was insonated approximately midway between the antecubital and axillary regions, 

medial to the biceps brachii muscle. The common femoral artery was insonated 2–3 cm 

proximal to the bifurcation of the common femoral artery. Blood velocity was measured 

using a Doppler frequency of 5 MHz in high-pulsed repetition frequency mode (2–25 

kHz). Sample volume was optimized in relation to vessel diameter and centered within 

the vessel. Vessel artery diameter was obtained during end diastole (corresponding to 

each R wave documented by the simultaneous ECG signal) using the same transducer 

at an imaging frequency ranging from 9 to 14 MHz. An angle of insonation of <60° was 

maintained for all measurements (27). Brachial artery diameter, at rest and during HG 

exercise, was determined offline from end-diastolic, ECG R wave-triggered images 

using automated edge-detection software (Medical Imaging Applications, Coralville, 

Iowa), which has been described in detail previously (35). Common femoral artery 

diameter measured at rest was used as a constant throughout the KE exercise, as the 

common femoral artery does not dilate during exercise (37). Ultrasound Doppler 

measurements were performed continuously, with the last 60 s of each exercise 

intensity used for the determination of limb blood flow. Blood flow, assessed in the arm 

(ABF) and leg (LBF), was calculated with the formula: Blood flow (mL/min) = (Vmean X 

'IT(vessel diameter/2)2 X 60, and vascular conductance (VC), assessed in the arm 

(AVC) and leg (LVC), was calculated as VC (mL·min-1·mmHg) = blood flow/mean 

arterial blood pressure (MAP). 

Central hemodynamics. Heart rate (HR) was monitored from a standard three-

lead ECG. Stroke volume (SV) was calculated from photoplethysmography (Finometer, 

Finapres Medical Systems BV, Amsterdam, Netherlands) measurements and then 

calculated using the Modelflow method, which accounts for age, sex, height, and 

weight (Beatscope version 1.1; Finapres Medical Systems, Amsterdam, The 

Netherlands) (5) and has been documented to accurately track SV during a variety of 

experimental protocols, including exercise (8). Cardiac output (CO) was then calculated 



 

 

from the product of HR and SV. Systolic (SBP), diastolic (DBP), and MAP were 

measured by automated plethysmography (Tango M2, SunTech Medical, Morrisville, 

NC). During exercise, blood pressure was measured in duplicate at minute 1.5 and 

minute 2.5 of each exercise bout. MAP was calculated as MAP (mmHg) = DBP + 

(pulse pressure X 0.33). Total peripheral resistance (TPR) was calculated as TPR = 

MAP/CO. 

Statistical analyses. Statistics were performed using commercially available 

software (SigmaStat 3.10; Systat Software, Point Richmond, CA). Baseline comparisons 

were made using a paired t-test. A 2 X 3 repeated-measures ANOVA (cx< 0.05) (group, 

two levels: LS vs. RS) (workload, three levels: HG exercise: 15, 30, and 45% MVC; 

KE exercise: 40, 60, 80% KE Max) was performed to determine the hemodynamic 

responses. The Holm-Sidak method was used for cx-adjustment and post hoc analysis. 

Because of potential differences in hemodynamic responses based on sex and body 

mass, LS and RS changes in each variable were compared between men and women 

using an unpaired t-test, and a Pearson correlation was used to assess relationships 

between body mass index and salt-induced changes. These analyses revealed that 

neither sex nor BMI influenced the impact of RS on any of the measured variables; for 

this reason, men and women, regardless of BMI, were combined into the overall 

analysis. Subject characteristics presented in the text and tables are expressed as 

means ± SD. Group hemodynamic data presented in figures are expressed as means ± 

SE for clarity. 

 

RESULTS 
Subject characteristics. Subject characteristics and blood chemistries are 

reported in Table 1. Body weight decreased significantly following RS (LS: 99.4 ± 23.7 

kg, RS: 96.5 ±22.4 kg, P < 0.001). In general, blood characteristics fell into the normal 

range. Red blood cell (LS: 5.03 ± 0.57 M/µL, RS: 5.20 ± 0.57 M/µL), hemoglobin (LS: 

14.9 ± 1.3 g/dL, RS: 15.5 ± 1.5 g/dL), and hematocrit (LS: 44.2 ± 4.0%, RS: 45.6 ± 1.5%) 

increased in response to RS (P < 0.05). 

 

 



 

 

Table 1. Subject characteristics during liberal salt condition 
 Liberal Salt Reference Range 
Anthropometric measures 
     Age, yr 50.5±10.1  
     Sex (men/women), n 14/8  
     Height, cm 173.1±10.8  
     Weight, kg 99.4±23.3  
     BMI, kg/m2 33.0±5.7  
     KE Max work rate, W 35.3±16.7  
     HG Max force, kg 20.1±4.1  
Blood measures 
     WBC, K/uL 6.38±1.96 3.20-10.60 
      Sodium, mmol/L 141.4±3.1 136-144 
      Potassium, mmol/L 4.4±0.4 3.3-5.0 
      Chloride, mmol/L 103.0±4.2 102-110 
      Carbon dioxide, mmol/L 23.3±2.3 20-26 
      BUN, mg/dL 15.1±3.1 8-24 
      Creatinine, mg/dL 0.94±0.15 0.72-1.25 
      Glucose, mg/dL 98.8±11.9 64-128 
      Calcium, mg/dL 9.6±0.6 8.4-10.5 
      Protein, total, g/dL 7.1±0.5 6.5-8.4 
      Albumin g/dL 4.5±0.2 3.5-5.0 
      HgbAIC, % 5.7±0.4 <6.0 
Values are means ± SD. BMI, body mass index; KE Max work rate, knee extension exercise maximum 
work rate; HG Max force, handgrip exercise maximum force; WBC, white blood cell; BUN, blood urea 
nitrogen; HgbA1C, glycated hemoglobin. 
 
Table 2. Resting hemodynamics 
 Liberal Salt Restricted Salt 
Supine hemodynamics 
     Brachial artery blood flow mL/min 87 ± 42 86 ± 42 
     Brachial artery vascular conductance, mL ∙ min-1 ∙ mmHg-1 0.8 ± 0.4 0.9 ± 0.4 
     Systolic blood pressure, mmHg 135 ± 15 122 ± 13* 
      Diastolic blood pressure, mmHg 84 ± 10 80 ± 7* 
      Mean arterial pressure, mmHg 102 ± 9 94 ± 9* 
     Heart rate, beats/min 64 ± 11 64 ± 13 
     Stroke volume, mL 120 ± 34 118 ± 53 
     Cardiac output, L/min 7.5 ± 2.0 7.3 ± 3.0 
     Total peripheral resistance, mmHg ∙ mL-1 ∙min 14.3 ± 3.4 14.6 ± 4.5 
Seated hemodynamics 
     Femoral artery blood flow, mL/min 391 ± 129 339 ± 128* 
     Femoral artery vascular conductance, mL∙min-1∙mmHg-1 3.9 ± 1.4 3.7 ± 1.6 
     Systolic blood pressure, mmHg 141 ± 15 124 ± 13* 
     Diastolic blood flow, mmHg 84 ± 9 78 ± 10* 
     Mean arterial pressure, mmHg 103 ± 9 94 ±10* 
     Heart rate, beats/min 66 ± 11 65 ± 10 
     Stroke volume, mL 111 ± 42 100 ± 37 
     Cardiac output, L/min 7.2 ± 2.5 6.5 ± 2.4 
     Total peripheral resistance, mmHg ∙ mL-1 ∙min 15.7 ± 5.1 15.8 ± 5.0 
Values are means ± SD; n = 22 (14 men/8 women). Resting comparisons were made using a paired t-
test. *P < 0.05, significant difference between liberal and restricted salt groups. 

 



 

 

Resting hemodynamics. Resting hemodynamic variables for LS and RS are 

reported in Table 2. SBP, DBP, and MAP were significantly reduced following RS 

compared with LS (P < 0.001) (Table 2). HR, SV, CO, and TPR were, generally, not 

different between LS and RS in both the supine and seated positions at rest. ABF 

and AVC were not different between LS and RS conditions before HG exercise in the 

supine position. LBF was significantly lower during RS compared with LS in the seated 

position before knee extension exercise (P < 0.05), although LVC was unaltered by RS. 

Hemodynamic response to HG exercise. During HG exercise, SBP, DBP, and 

MAP increased significantly with exercise intensity (P < 0.001) (Fig. 1A). The RS 

induced significant reductions in SBP (-12 mmHg), DPB (-5 mmHg), and MAP (-8 

mmHg) at rest persisted during HG exercise, as blood pressure remained significantly 

lower across all exercise intensities compared with LS (P < 0.001). As such, the 

magnitude of the change in MAP during HG exercise was not different between LS and 

RS conditions (Fig. 1B). There were no differences in HR, SV, CO, and TPR 

between LS and RS conditions. HR and CO increased significantly with HG exercise 

intensity (P < 0.001) (Table 3), while SV and TPR were not different across exercise 

intensities or condition. ABF and AVC increased significantly with HG exercise intensity 

(Fig. 1, C and D) (P < 0.001), but there were no differences between the LS and RS 

conditions. RPE increased with each increase in intensity (P < 0.001) but was not 

different between LS and RS conditions (Table 3). 

Hemodynamic response to KE exercise. During KE exercise, SBP, DBP, and 

MAP increased with KE exercise intensity (P < 0.001) (Fig. 2A). The RS induced 

significant reductions in SBP (-10 mmHg), DPB (-7 mmHg), and MAP (-9 mmHg) 

at rest, which persisted during KE exercise, as blood pressure remained significantly 

lower across all exercise intensities compared with LS (P < 0.001). Similar to HG 

exercise, the magnitude of the change in MAP during knee extension exercise was not 

different between LS and RS conditions (Fig. 2B). There were no differences in HR, 

SV, CO, and TPR between LS and RS conditions. HR and CO increased significantly 

with KE exercise intensity (P < 0.001), while SV and TPR were not different across 

exercise intensities and conditions (Table 4). LBF and LVC increased significantly with 

KE exercise intensity (P < 0.001) (Fig. 2, C and D); however, there were no 



 

 

differences between LS and RS conditions. RPE increased with each increase in 

intensity (P < 0.001) but was not different between LS and RS conditions (Table 4). 

 

 
Fig. 1. Peripheral hemodynamic response to handgrip exercise in subjects with hypertension during 
liberal or restricted salt intake. A: systolic blood pressure (SBP), diastolic blood pressure (DBP), and 
mean arterial pressure (MAP) response to handgrip (HG) exercise. B: change in mean arterial pressure 
from baseline during handgrip exercise at 15, 30, and 45% maximum voluntary contraction (MVC). C: 
brachial artery blood flow response to HG exercise. D: brachial artery vascular conductance response to 
HG exercise. Values are expressed as means ± SE for A; individual (Œ) and mean (bars) data with SD 
are presented in B, C, and D. Data includes n = 22 (14 men and 8 women). A 2 X 3 repeated-measures 
ANOVA (group, 2 levels: liberal vs. restricted salt) (workload, 3 levels: HG exercise: 15, 30, and 45% 
MVC) was performed to compare hemodynamic responses. The Holm-Sidak method was used for cx-
adjustment and post hoc analysis. *P < 0.05, treatment effect. †P < 0.05, vs. 15%, both liberal and 
restricted salt groups. ‡P < 0.05, vs. 30%, both liberal and restricted salt groups. 

 



 

 

DISCUSSION 
Lifestyle modifications, including lowering dietary salt in- take and exercise, are 

often prescribed as a first-line therapy for the treatment of hypertension, yet little is 

known regarding the effects of salt restriction on central and peripheral hemodynamics 

during exercise. To our knowledge, this is the first study to comprehensively investigate 

the effects of restricted salt (RS) on the central and regional, peripheral hemodynamic 

responses to both arm and leg exercise in subjects with hyper- tension. Novel findings 

from this study include marked reductions in resting SBP, DBP, and MAP evoked by 

RS, which were maintained over a range of HG and KE exercise intensities (low, 

moderate, and high). Contrary to our hypothesis of an exercise pressor-lowering effect, 

the magnitude of change in MAP during both HG and KE exercise was not different 

between RS and LS conditions, suggesting a similar exercise pressor response, 

despite a lower starting and exercise-induced blood pressure. Finally, RS did not 

alter blood flow or vasodilation during HG or KE exercise. Collectively, these results 

indicate that restricting dietary salt intake evokes a significant and clinically meaningful 

reduction in blood pressure at both rest and during exercise but does not alter the 

peripheral hemodynamic response to exercise in hypertensive individuals. 

Impact of salt restriction on resting and exercise-induced blood pressure. The 

impact of salt intake on blood pressure and cardiovascular disease outcomes in 

hypertensive individuals has been well described (46). The strong link between dietary 

salt and health is exemplified in the manifestation of elevated blood pressure in most, 

but not all, individuals upon increasing salt intake (46). Interestingly, the negative impact 

of a high-salt diet has also been associated with vascular dysfunction, independent of 

blood pressure effects (4), suggesting a salt-induced increase in blood pressure is not a 

prerequisite for diminished cardiovascular health. Indeed, the underlying mechanism(s) 

mediating altered cardiovascular function in response to in- creased salt intake in 

hypertensive individuals has been the topic of much investigation and remains to be 

fully elucidated. Currently, the pathophysiology of salt-induced hypertension has been 

linked to numerous pathways, including the renin- angiotensin-aldosterone system, the 

endothelin system, nitric oxide (NO), and oxidative stress, the sympathetic nervous 

system, atrial natriuretic peptides, and CYP450-derived metabolites of arachidonic acids 



 

 

(11). By examining the impact of salt restriction on central and peripheral 

hemodynamics during exercise, the current study has the potential to provide useful 

insight into how these aforementioned mechanisms, all of which impact peripheral 

hemodynamics during exercise, con- tribute to the pathophysiology of salt-induced 

hypertension. 

 
Table 3. Central hemodynamics and ratings of perceived exertion during handgrip exercise 
 Liberal Salt Restricted Salt 
Heart rate, beats/min 
      15% MVC 71 ± 14 69 ± 15 
      30% MVC 74 ± 12 72 ± 15 
      45% MVC 79 ± 13†‡ 77 ± 15†‡ 
Stroke volume, mL 
      15% MVC 115 ± 43 116 ± 50 
      30% MVC 120 ± 36 119 ± 54 
      45% MVC 117 ± 36 114 ± 46 
Cardiac output, L/min 
      15% MVC 8.1 ± 2.5 7.7 ± 2.8 
      30% MVC 8.5 ± 2.6 8.1 ± 3.4 
      45% MVC 9.1 ± 2.8†‡ 8.3 ± 3.2† 
Total peripheral resistance, mmHg∙mL-1∙min 
      15% MVC 14.5 ± 3.9 14.5 ± 3.8 
      30% MVC 14.2 ± 3.6 14.3 ± 4.1 
      45% MVC 14.3 ± 3.4 14.7 ± 4.1 
Rating of perceived exertion, AU 
      15% MVC 2.7 ± 1.0 2.2 ± 0.6 
      30% MVC 5.1 ± 1.4† 4.5 ± 1.2† 
      45% MVC 7.9 ± 2.0†‡ 7.7 ± 1.6†‡ 
Values are means ± SD; n = 22 (14 men/8 women). A 2 X 3 repeated- measures ANOVA (group, 2 
levels: liberal vs. restricted salt) (workload, 3 levels: HG exercise: 15, 30, and 45% MVC) was performed 
to determine the hemodynamic responses. The Holm-Sidak method was used for cx-adjustment and post 
hoc analysis. †P < 0.05, vs. 15%. ‡P < 0.05, vs. 30%. 
 

Previous work using nearly identical dietary salt interventions as the current 

study reported congruent reductions in resting MAP (approximately -10 mmHg) in 

hypertensive individuals (43, 44). A more conservative salt restriction study (100 –120 

mmol/day) reported a significant reduction in SBP (-7 mmHg), albeit substantially less 

of a reduction than the current study (-17 mmHg), suggestive of a dose-response 

relationship between salt intake and the reduction in resting blood pressure afforded by 

RS (34). However, baseline health status (i.e., normotensive vs. hypertensive) likely 

accounts for some of these observed differences, as a greater drop in blood pressure 

would be expected in hypertensive individuals. In the present investigation, RS lowered 



 

 

resting blood pressure in the supine and upright positions (Table 2), quite possibly 

through a diuretic-like effect by reducing plasma volume, as indicated by the ~3-kg 

decrease in body weight and concomitant in- creases in red blood cell count, 

hemoglobin concentration, and hematocrit. Interestingly, this reduction in blood 

pressure was not accompanied by concomitant changes in cardiac output or total 

peripheral resistance (Table 2). Regardless of the precise mechanism(s), a lowering of 

blood pressure at rest and at any given exercise intensity is advantageous and 

represents a reduced risk of further cardiovascular complications. 

During exercise, individuals with hypertension exhibit an exaggerated blood 

pressure response to exercise, which has been linked to an increased risk of future 

cardiovascular disease (3, 29, 36, 39, 47) and has been postulated to contribute to an 

increased risk of cardiovascular events during and following exercise (17, 23, 30, 31). 

Interestingly, this exaggerated exercise blood pressure response may be partially 

attributable to heightened group III and IV afferent feedback (25), which results in 

augmented sympathetic activation (9), the latter of which is strongly associated with 

reductions in vascular conductance (13). This reduction in vascular conductance 

creates a hemodynamic challenge, which may limit exercise capacity and increase the 

risk of future cardiovascular risks (17, 23, 30, 31). Reducing resting and exercising 

blood pressure in hyper- tension is critical to improve the safety, efficacy, and utility of 

exercise in this prominent form of cardiovascular disease. 

Given previous findings that salt augments sympathetic nervous system 

responsiveness (18, 20), it is reasonable to hypothesize that alterations in salt intake 

may alter the magnitude of the exercise pressor reflex. Yamauchi et al. (48) reported an 

amplification of the exercise pressor reflex with high-salt feeding in rodents, suggesting 

salt-mediated neuro- vascular control, and potential sensitization of the medullary 

circuits involved in sympathetic outflow. However, a change in resting blood pressure, as 

is commonly observed in humans following alterations in dietary salt intake (18, 20), 

was not observed, potentially indicating a fundamentally different physiology compared 

with human hypertensive individuals. In the current study, the RS-induced reduction in 

blood pressure at rest persisted during both HG and KE exercise; however, there was 

no indication that the magnitude of the change in blood pressure during exercise was 



 

 

altered. Omvik and Lung- Johansen (34), using a relatively mild salt restriction (140 

mmol/day) regimen, reported a decrease in resting seated systolic (-7 mmHg) and 

diastolic (-5 mmHg) blood pressure in response to 9 mo of mild RS (100 –120 

mmol/day), which also remained consistent across a range of exercise intensities, 

supporting the current findings. 

Impact of salt restriction on resting and exercise-induced blood flow and vascular 

conductance. Attenuated blood flow during exercise is characteristic of hypertension 

arising from increased peripheral resistance and diminished vasodilatory capacity, as 

assessed by vascular conductance (15, 32). Considering this impaired blood flow in 

hypertensive individuals, along with the vascular impact of dietary salt (10), the current 

RS intervention afforded a unique opportunity to evaluate the impact of alterations in 

dietary salt on peripheral hemodynamics during exercise. In contrast to our hypothesis, 

blood flow and vascular conductance during HG and KE exercise were unaltered by RS. 

Because of the novelty of this finding, there is currently no clear explanation for these 

null changes following RS in the literature. Dietary salt has been linked to changes in 

endothelial function, as measured by flow-mediated dilation (FMD) and ACh infusion in 

hypertensive, normotensive, salt- sensitive, and salt-resistant individuals (22, 42). 

However, it is important to recognize that endothelial and vascular function, while 

related to blood flow, do not dictate blood flow during exercise, as the contribution of 

endothelium-derived vasodilating factors, including NO and prostaglandins, to exercise 

hyperemia is minimal (22). Given previous findings that salt augments sympathetic 

nervous system responsiveness (18, 20), it is reasonable to hypothesize that alterations 

in salt intake may alter the magnitude of the exercise pressor reflex. In agreement with 

the current findings, Yamauchi et al. (48) reported a reduction in the exercise pressor 

reflex following a low-salt diet in rats, yet this change in pressure was not associated 

with a concomitant change in blood flow during simulated exercise. Together, these 

findings suggest that high blood pressure is not obligatory to maintain blood flow in 

hypertension, and salt restriction may represent a practical approach to lower exercising 

blood pressure, without compromising skeletal muscle blood flow, and improve safety 

during exercise in individuals with hypertension. 



 

 

 
Fig. 2. Peripheral hemodynamic response to knee extension exercise in subjects with hypertension during 
liberal or restricted salt intake. A: systolic blood pressure (SBP), diastolic blood pressure (DBP), and 
mean arterial pressure (MAP) response to knee extension (KE) exercise. B: change in mean arterial 
pressure from baseline during KE exercise. C: femoral artery blood flow response to knee extension (KE) 
exercise. D: femoral artery vascular conductance response to KE exercise. Values are expressed as 
means ± SE for A, individual (circles) and mean (bars) data with SD are presented in B, C, and D. Data 
includes n = 18 (10 men/8 women). A 2 X 3 repeated-measures ANOVA (group, 2 levels: liberal vs. 
restricted salt group) [workload, 3 levels: KE exercise: 40, 60, 80% KE maximum (Max)] was performed 
to compare the hemodynamic responses. The Holm-Sidak method was used for cx-adjustment and post 
hoc analysis. *P < 0.05, group effect. †P < 0.05, vs. 40%, both liberal and restricted salt groups. ‡P < 
0.05, vs. 60%, both liberal and restricted salt. 

 

Surprisingly, the observed reductions in MAP did not trans- late to an 

improvement in vasodilation, as assessed by vascular conductance (VC), during HG or 

KE exercise (Figs. 1 and 2). According to Ohm’s law, a change in blood pressure would 

be expected to evoke a corresponding change in VC when blood flow remains constant, 

as was the case during HG and KE exercise. However, as elegantly described by 

O’Leary (33), under high-flow conditions, such as exercise, the relationship between 



 

 

blood flow and VC is quite steep and nonlinear, indicating that a rather large change 

in MAP evokes only a modest change in VC. Furthermore, during the small muscle 

mass exercise used in the current study, blood flow increased ~6-fold during HG 

exercise and ~10-fold during KE exercise, whereas MAP only increased by 20 to 30 

mmHg from rest to exercise. Clearly, the much larger magnitude of change in blood flow 

dictated the change in VC, even though reductions in blood pressure evoked by RS 

were physiologically impressive and clinically meaningful. 
 
Table 4. Central hemodynamics and ratings of perceived exertion during knee extension exercise 
 Liberal Salt Restricted Salt 
Heart rate, beats/min 
        40% Max 81 ± 13 82 ± 14 
        60% Max 89 ± 14† 90 ± 16† 
        80% Max 100 ± 19†‡ 102 ± 21†‡ 
Stoke volume, mL 
        40% Max 113 ± 44 112 ± 44 
        60% Max 115 ± 46 103 ± 47 
        80% Max 115 ± 53 111 ± 45 
Cardiac output, L/min 
        40% Max 9.5 ± 4.0 9.1 ± 3.8 
        60% Max 10.2 ± 3.9 9.8 ± 3.8 
        80% Max 11.5 ± 4.9†‡ 11.2 ± 4.6†‡ 
Total peripheral resistance, mmHg/mL/min 
        40% Max 13.6 ± 4.0 13.3 ± 4.9 
        60% Max 12.9 ± 3.5 12.9 ± 4.3 
        80% Max 12.5 ± 3.7 12.2 ± 4.2 
Rating of perceived exertion, Au 
        40% Max 3.9 ± 1.3 3.4 ± 1.3 
        60% Max 6.3 ± 1.4† 6.2 ± 1.1† 
        80% Max 7.7 ± 1.7†‡ 8.1 ± 1.1†‡ 
Values are means ± SD; n = 18 (10 men/8 women). A 2 X 3 repeated- measures ANOVA (group, 2 
levels: LS vs. RS) [workload, 3 levels: KE exercise: 40, 60, and 80% KE maximum (Max)] was performed 
to compare hemodynamic responses. The Holm-Sidak method was used for cx-adjustment and post hoc 
analysis. †P < 0.05, vs. 40% Max. ‡P < 0.05 vs. 60% Max. 

 

Perspectives. Although the magnitude of change in blood pressure from rest to 

exercise was similar between RS and LS, indicating that alterations in salt intake did not 

modify the exercise pressor reflex, the absolute reduction in blood pressure during 

exercise was quite impressive. This finding is potentially of high clinical importance, 

considering the associations between absolute blood pressure, end organ damage, the 

development of cardiovascular disease, and mortality (29, 47). As a first-line defense in 

the treatment of hypertension, the current findings highlight the importance and utility (no 

hemodynamic consequences) of combining dietary modifications, through salt 



 

 

restriction, with exercise training to lower the risk of cardiovascular events during and 

after exercise. Furthermore, although the current investigation used only Caucasian 

males and females, it should be noted that African-Americans suffer disproportionately 

from hypertension (26) and may benefit even more from salt restriction, as was 

indicated from the DASH diet study (40). Salt sensitivity typically affects half of all 

Caucasian Americans and nearly 75% of all African Americans (14). Therefore, follow-

up studies examining hemodynamic changes to exercise following salt restriction based 

on race are warranted. Additionally, the use of only 5 days of salt restriction to 

significantly lower blood pressure and examine the effects of peripheral hemodynamic 

changes during exercise is a rather short intervention compared with previous salt 

restriction studies, which have lasted weeks to months. Future studies using long-term 

salt restriction may be necessary to see additional alterations to peripheral 

hemodynamics and vascular function associated with exercising blood flow. Finally, the 

observed changes in blood pressure represent a highly integrative and complex 

response at rest and during exercise. Additional studies using microneurography, neck 

pressure/neck suction, and post exercise cuff occlusion may help elucidate the 

mechanisms by which dietary salt impacts muscle sympathetic nerve activity, 

baroreflex, metaboreflex, and mechanoreflex sensitivity. 

Experimental considerations. The restricted salt diet followed the liberal salt diet; 

therefore, it is possible that an ordering effect may have occurred. To avoid such an 

ordering effect, all subjects were familiarized with the testing procedures before the salt 

interventions to avoid any unwanted learning effect. Additionally, careful attention was 

made to follow guidelines for the assessment of blood pressure. Lastly, when compared 

with previous investigations using identical dietary interventions in a counterbalanced 

experimental design, the reported changes in BP between studies are similar. Together, 

these precautions suggest that an ordering effect likely did not occur. In the present 

investigation, 5 of the 22 subjects studied were salt-insensitive and did not have a 

decrease in resting mean arterial blood pressure of greater than 5 mmHg following salt 

restriction. Regardless of salt sensitivity, dietary salt restriction is thought to have 

pleiotropic effects on blood vessels, heart, kidneys, and brain, which warranted not 

excluding these individuals, as they may have experienced additional alterations to 



 

 

exercising hemodynamics independent of blood pressure. The current study did not 

have a control, nonhypertensive group; instead, the hypertensive subjects acted as their 

own control group, performing both liberal salt and restricted salt diets. Further 

investigation examining the impact of salt restriction on exercising hemodynamics in 

nonhypertensive or salt-insensitive hypertensive individuals is warranted and may 

provide additional evidence for salt restriction having universal benefits regardless of 

starting blood pressure. 

Conclusions. This study is the first to comprehensively investigate the effects 

of RS on both central and peripheral hemodynamics during rest, as well as during arm 

and leg exercise in individuals with hypertension. Salt restriction evoked marked 

reductions in resting blood pressure that persisted over a wide range of exercise 

intensities during HG and KE exercise. The magnitude of the blood pressure change 

from rest to exercise was similar between RS and LS, implying that dietary salt may not 

play a major role in modifying the exercise pressor reflex in hypertensive men and 

women. Despite substantial reductions in blood pressure, neither blood flow nor 

vascular conductance was altered during exercise. Overall, restricted salt intake 

provides a safe and effective means to lower blood pressure in salt-sensitive 

hypertensive individuals, while not altering the central and peripheral hemodynamic 

response to exercise regardless of salt sensitivity. 
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