
American Journal of Hypertension 27(3) March 2014 331

Original article

Central hemodynamics, which includes the pressure exerted 
on the heart and brain, commonly differ from peripheral 
pressures and are strongly influenced by arterial stiffness 
and wave reflections.1 Additionally, elevated central hemo-
dynamics, central (aortic) arterial stiffness, and indices of 
aortic wave reflection are associated with increased cardio-
vascular risk.1 The central arterial pressure wave is composed 
of a forward traveling wave generated by left ventricular 
ejection and a later-arriving reflected wave from the periph-
ery.2 Increased arterial stiffness causes an elevation in pulse 
wave velocity (PWV), which causes early return of reflected 
waves from the periphery back to the heart and thus aug-
ments ascending aortic systolic and pulse pressures and left 
ventricular afterload.2 Sympathetic nervous system activity, 
measured by muscle sympathetic nerve activity (MSNA), 
has been shown to be independently related to PWV in 
healthy humans.3,4 Furthermore, elevations in sympathetic 
neural outflow appear to have a stiffening influence on arte-
rial mechanical properties and may contribute to myocardial 
hypertrophy and vascular remodeling.3,5–7

Consumption of a meal is associated with an increase 
in MSNA.8 The postprandial state has been shown to be 
proatherogenic,9 and it is possible that the increase in sym-
pathetic activity after a meal contributes to increased arte-
rial stiffness in conduit arteries and increased cardiac work; 
however, the relationship between acute food intake, MSNA, 
central pressures, and indices of arterial stiffness in humans 
has not been studied. In this context, we tested the hypothesis 
that aortic wave reflection and stiffness and central pressures 
would increase after consumption of a mixed meal. Healthy, 
young adults were studied to determine the acute effects of 
a liquid mixed meal in a population without elevated central 
hemodynamics and levels of arterial stiffness or confound-
ing influences of cardiovascular risk factors.

METHODS

A total of 17 young, healthy adults (9 men/8 women; aged 
29 ± 2  years; body mass index: 24.1 ± 0.5 kg/m2) completed 
the study. Subjects completed written, informed consent. 
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background
Elevated central pressures and arterial stiffness are associated with 
increased peripheral resistance and higher sympathetic nervous 
system activity. Additionally, consumption of a meal is known to be 
sympathoexcitatory. However, the acute effects of a meal on aortic 
wave reflection and stiffness are unknown. Therefore, we tested the 
hypothesis that aortic wave reflection and stiffness would increase 
after a meal.

Methods
We examined these effects using high-fidelity radial arterial pres-
sure waveforms and carotid–femoral pulse wave velocity meas-
ured noninvasively by applanation tonometry before and 60 and 
180 minutes after ingestion of a liquid mixed meal (Ensure; 40% of 
daily energy expenditure) in 17 healthy adults (9 men/8 women; 
aged 29 ± 2 years). Additionally, we measured sympathetic activity 
by microneurography at baseline and up to 60 minutes after the 
meal.

results
Although sympathetic activity increased after the meal, both peripheral 
and central pressures were reduced at 180 minutes from baseline (all 
P < 0.05). Contrary to our hypothesis, augmentation index (14% ± 3% 
vs. 2% ± 3% vs. 8% ± 3%), augmentation index normalized for heart rate 
(8% ± 3% vs. −3% ± 3% vs. 3% ± 3%), augmented pressure (5 ± 1 mm Hg 
vs. 1 ± 1 mm Hg vs. 3 ± 1 mm Hg), and pulse wave velocity (7.1 ± 0.2 m/s 
vs. 6.7 ± 0.2 m/s vs. 6.7 ± 0.1 m/s) were substantially reduced at 60 and 
180 minutes after the meal (all P < 0.05).

conclusions
Taken together, our results suggest that a liquid mixed meal acutely decreases 
central hemodynamics and arterial stiffness in healthy adults, which may be 
a result of meal-related increases in insulin and/or visceral vasodilation.
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Studies were performed after an overnight fast, and subjects 
refrained from exercise, alcohol, and caffeine for 24 hours. 
All subjects followed a 3-day standardized balanced diet that 
supplied 100% of estimated total daily energy expenditure 
before the study. All study protocols were approved by the 
Mayo Clinic Institutional Review Board.

Studies were performed in the clinical research unit at the 
Mayo Clinic starting at 7:00 am. Subjects were studied at rest 
in the supine position. A 20-gauge, 5-cm catheter was placed 
in the brachial artery of the left arm under sterile conditions 
after local anesthesia for measurements of blood pressure 
(BP) and for arterial blood samples. Heart rate (HR) was 
measured from an electrocardiogram.

The assessment of arterial wave reflection characteristics 
was performed noninvasively using the SphygmoCor system 
(AtCor Medical, Sydney, Australia) as described previously.2 
Briefly, high-fidelity radial artery pressure waveforms were 
recorded by applanation tonometry of the radial pulse in 
the right wrist using a pencil-type micromanometer (Millar 
Instruments, Houston, TX). The radial BP and waveforms were 
calibrated from the systolic and diastolic brachial artery BP. 
A validated, generalized transfer function was used to generate 
the corresponding aortic pressure waveform. The generalized 
transfer function has been validated using both intra-arteri-
ally10,11 and noninvasively12 obtained radial pressure waves.

Pulse wave analysis of the aortic pressure waveform pro-
vided the following key variables of interest: (i) aortic BPs; 
(ii) aortic augmentation index (AIx; the reflected wave 
amplitude divided by pulse pressure expressed as a percent-
age); (iii) AIx adjusted for HR (AIx@75 bpm); (iv) augmented 
pressure (AP; the amplitude of the reflected wave, defined as 
the difference between the first (forward wave) and second 
systolic shoulders of the aortic systolic BP); and (v) wasted 
left ventricular pressure energy (Ew; the component of extra 
myocardial oxygen requirement attributable to early systolic 
wave reflection). Ew can be estimated as ((π/4)×(augmented 
pressure ×Δtr)×1.333), where 1.333 is the conversion fac-
tor from mm Hg/s to dyne × cm2 × s and Δtr is the systolic 
duration of the reflected wave. Only high-quality recordings, 
defined as an in-device quality index of >80% (derived from 
an algorithm including average pulse height variation, dias-
tolic variation, and the maximum rate of rise of the periph-
eral waveform) were accepted for analysis. In general, 2–3 
measurements were performed to get 2 measurements with 
an acceptable quality index.

To determine central PWV, pressure waveforms were 
recorded at the carotid and femoral arteries using the 
SphygmoCor PWV Vx system (AtCor Medical). Pressure 
waveforms were gated with simultaneous electrocardiogram 
and used to calculate PWV between the 2 sites. Carotid–
femoral PWV (cfPWV) was calculated by determining the 
delay between the appearance of each pressure waveform 
foot in the carotid and femoral sites.13 The distance between 
recording sites was adjusted for parallel transmission in the 
aorta and carotid by correcting for the distance between the 
supra-sternal notch and the carotid, and these corrected dis-
tances were divided by the respective foot-to-foot transmis-
sion delays to give PWV. All pulse wave analysis variables 
were recorded by a single investigator on the right side of 

the subject and are reported as the mean of 2 applanation 
tonometry measurements for each individual.

MSNA was recorded in the peroneal nerve posterior to 
the fibular head with a tungsten microelectrode, as described 
previously.14 Sympathetic bursts in the integrated neurogram 
were identified by a custom-manufactured, semiautomated 
analysis program,15,16 and burst identification was controlled 
visually by a single investigator. The program then compen-
sated for baroreflex latency and associated each sympathetic 
burst with the appropriate cardiac cycle. MSNA was ana-
lyzed and expressed as both burst incidence (bursts per 100 
heartbeats) and frequency (bursts per minute).

Beat-to-beat stroke volume was calculated from the bra-
chial arterial pulse pressure wave by model flow analysis. 
Model flow computes an aortic waveform based on nonlin-
ear pressure–volume, pressure–compliance, and pressure–
characteristic impedance equations, incorporating age, sex, 
height, and body mass.17 Cardiac output (CO) was calculated 
as the average stroke volume measured over 5 minutes mul-
tiplied by the HR measured over the same 5-minute period.

Arterial blood was drawn from the brachial arterial cath-
eter for analysis of glucose, insulin, norepinephrine, and epi-
nephrine. Samples were analyzed by standard assays in the 
Immunochemical Core Laboratory of the clinical research unit.

After instrumentation, the microelectrode for microneu-
rography was placed. Once a satisfactory site for measure-
ment of MSNA was located, 15 minutes of baseline data were 
recorded with the subject resting quietly. Subsequently, a 
liquid mixed meal (Ensure; Abbot Laboratories, Columbus, 
OH) supplying 40% of each individual’s daily resting energy 
expenditure (58% carbohydrates, 28% fat, and 14% protein) 
was consumed by the subject over a period of 5 minutes. The 
average weight of the liquid mixed meal consumed by our 
subjects was 449 ± 17 grams, and the total average energy 
was 661 ± 25 kcals for each study day. MSNA was measured 
throughout the study or until a satisfactory recording was 
lost (roughly 60 minutes after the meal in most subjects). 
Blood samples were drawn and applanation tonometry 
measurements were conducted at baseline (before the meal) 
and at 60 minutes and 180 minutes after the meal.

Data were collected at 250 Hz, stored on a computer, and 
analyzed offline with signal processing software (WinDaq; 
DATAQ Instruments, Akron, OH). Mean arterial pressure 
(MAP) was calculated as the time integral over the pulse 
pressure. CO was calculated as the average stroke volume 
over a 5-minute period multiplied by the HR measured over 
the same time period. Total peripheral vascular resistance 
(TPR) was calculated as MAP/CO. MAP, HR, stroke volume, 
CO, and TPR were averaged from the last 5 minutes of the 
15-minute MSNA baseline period and from 5-minute peri-
ods during applanation tonometry measurements 60 min-
utes and 180 minutes after the meal.

Group data are expressed as means ± SEM. Aortic wave 
reflection characteristics, carotid–femoral PWV, MSNA, 
central pressures, hemodynamic variables, and blood sam-
ples were analyzed and compared between time points by 
repeated measures analysis of variance using SigmaStat 
software version 12.0 (Systat Software Inc., San Jose, CA). 
Significance was set a priori at P < 0.05.
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RESULTS

All 17 subjects completed the study protocol; however, 
MSNA data was only obtained on 13 subjects. Burst fre-
quency and burst incidence increased from baseline at 45–60 
minutes after the meal (22 ± 2 vs. 32 ± 3 bursts per minute, 
respectively; 36 ± 3 vs. 49 ± 4 bursts per 100 heartbeats, 
respectively; both P < 0.05) (Figure 1). At 60 minutes after 
the meal, HR and CO were elevated (P < 0.05) but all central 
and peripheral pressures were similar to baseline (Table 1). 
However, TPR was reduced from baseline at both 60 and 180 

minutes after the meal (all P < 0.05). Additionally, 180 min-
utes after the meal, MAP and brachial and aortic systolic and 
diastolic BPs were reduced from baseline (all P < 0.05). MAP, 
brachial systolic BP, and brachial pulse pressure were also 
further attenuated at 180 minutes when compared with 60 
minutes after the meal (all P < 0.05).

Similar to our hemodynamic findings, indices of aortic 
wave reflection were reduced (Table  1). Notably, AIx and 
AIx@75 bpm were reduced at 60 and 180 minutes after the 
meal when compared with baseline (AIx: 14% ± 3% vs. 2% ± 
3% vs. 8% ± 3%, respectively; AIx@75bpm: 8% ± 3% vs. −3% 

Table 1. Hemodynamics and waveform characteristics

Characteristic Baseline 60 min postmeal 180 min postmeal

HR, bpm  62 ± 2  66 ± 2* 65 ± 2

MAP, mm Hg  85 ± 2  85 ± 2  80 ± 2*,**

Brachial SBP, mm Hg 114 ± 2 116 ± 2 108 ± 2*,**

Brachial DBP, mm Hg  66 ± 2 64 ± 2 61 ± 2*

Brachial PP, mm Hg  48 ± 2 52 ± 2 47 ± 1**

Aortic SBP, mm Hg 100 ± 2 96 ± 2 93 ± 2*

Aortic DBP, mm Hg  67 ± 2 65 ± 2 62 ± 2*

Aortic PP, mm Hg 33 ± 2 32 ± 1 31 ± 1

CO, L/min 5.8 ± 0.3 6.3 ± 0.3* 6.0 ± 0.3

TPR, mm Hg/L/min 15.2 ± 0.7 13.8 ± 0.6* 13.7 ± 0.6*

Augmented pressure, mm 
Hg

 5 ± 1  1 ± 1*  3 ± 1*,**

ED, ms 330 ± 4 323 ± 5 315 ± 6*

Ejection %  34 ± 1  36 ± 1*  34 ± 1**

PP amplification, % 148 ± 5 166 ± 4* 155 ± 4**

Ew, dyne × cm2 × s 1,053 ± 282  210 ± 185*  525 ± 181*

Data are mean ± SEM.
Abbreviations: CO, cardiac output; DBP, diastolic blood pressure; ED, ejection duration; Ew, wasted energy; HR, heart rate; MAP, mean arte-

rial pressure; PP, pulse pressure; SBP, systolic blood pressure; TPR, total peripheral resistance.
*P < 0.05 vs. baseline; **P < 0.05 180 minutes vs. 60 minutes.

Figure 1. Muscle sympathetic nerve activity (MSNA) before the meal and 45–60 minutes after consumption of a liquid mixed meal. Burst frequency 
measured in bursts/minute; burst incidence measured in bursts/100 heart beats. Data are mean ± SEM. *P < 0.05 vs. baseline.
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± 3% vs. 3% ± 3%, respectively; all P < 0.05) (Figure 2a,b) and, 
although still reduced at 180 minutes compared with base-
line, were higher when compared with 60 minutes after the 
meal (AIx: 8% ± 3% vs. 2% ± 3%, respectively; AIx@75bpm: 
3% ± 3% vs. −3% ± 3%, respectively; all P < 0.05). AP and 
Ew were reduced at 60 and 180 minutes from baseline (all 
P  <  0.05) (Table  1), and ejection duration was reduced 
180 minutes after the meal when compared with baseline 
(P  <  0.05). However, ejection percentage and pulse pres-
sure amplification were augmented at 60 minutes compared 
with baseline, yet attenuated at 180 minutes compared with 
60 minutes (all P < 0.05). Lastly, AP was augmented at 180 
minutes when compared with 60 minutes after the meal 

(P < 0.05). cfPWV was also reduced at both 60 and 180 min-
utes after the meal when compared with baseline (6.7 ± 0.1 
vs. 6.7 ± 0.2 vs. 7.1 ± 0.2 cm/s, respectively; P < 0.05 for both); 
however, there was no difference in cfPWV between 60 and 
180 minutes after the meal (Figure 2c).

Glucose, insulin, and norepinephrine were elevated at 
60 minutes compared with baseline (P  <  0.05) (Table  2); 
however, epinephrine was reduced at 60 minutes after the 
meal (P < 0.05). Glucose and insulin were both reduced at 
180 minutes compared with 60 minutes (P < 0.05) but were 
still elevated above baseline (P < 0.05). Norepinephrine also 
remained elevated at 180 minutes compared with baseline 
(P < 0.05).

Previously, we have shown that indices of aortic wave 
reflection are related to MSNA but that the relationship is 
different between men and women.18 Additionally, vasocon-
strictor responsiveness to sympathetic stimulation is differ-
ent between sexes.19–21 Therefore, we explored potential sex 
differences in our data; however, we found none. Although 
women had higher baseline levels of AIx and AIx@75 bpm, 
there were no sex differences in the response to the meal.

DISCUSSIOn

Our most salient findings from this study are that con-
sumption of a liquid mixed meal acutely reduces central 
hemodynamics, indices of aortic wave reflection, and central 
arterial stiffness in healthy, young adults. Because consump-
tion of a meal has been shown to be sympathoexcitatory, we 
hypothesized that arterial stiffness and central hemodynam-
ics would be elevated due to their known association with 
MSNA.3,22 However, we found that healthy adults dem-
onstrated reductions in measures of arterial stiffness and 
indices of aortic wave reflection and attenuations in both 
peripheral and central pressures up to 180 minutes after a 
meal. The mechanisms for the favorable effects of an acute 
meal on vascular function observed in this study are unclear 
but may be related to increased levels of insulin or postpran-
dial visceral vasodilation.

There are a number of studies exploring the cardiovas-
cular responses to various macronutrient meals in healthy 
adults, and of particular interest is the role of insulin in 
mediating these responses.23,24 Specifically, the carbohydrate 
content of a meal, which results in distinct changes in the 
magnitude of postprandial glucose and insulin, has been 
shown to result in different reductions in AIx in healthy, 
postmenopausal women, with greater reductions as a result 

Table 2. Blood results

Arterial sample Baseline 60 min postmeal 180 min postmeal

Glucose, mg/dl 94 ± 2 142 ± 2* 108 ± 4*,**

Insulin, mg/dl 4 ± 1 56 ± 6* 19 ± 2*,**

Epinephrine, mg/dl 29 ± 4 20 ± 2* 26 ± 4

Norepinephrine, mg/dl 134 ± 12 179 ± 14* 167 ± 14*

Data are mean ± SEM.
*P < 0.05 vs. baseline; **P < 0.05 180 minutes vs. 60 minutes.

Figure 2. Acute effects of a liquid mixed meal on indices of aortic wave 
reflection and pulse wave velocity. (a) Augmentation index (AIx), (b) aug-
mentation index normalized for a heart rate of 75 bpm (AIx@75bpm), and  
(c) carotid–femoral pulse wave velocity (cfPWV) at baseline (before the 
meal), 60 minutes and 180 minutes after consumption of a liquid mixed 
meal. Data are mean ± SEM. *P < 0.05 vs. baseline; †P < 0.05 180 minutes vs. 
60 minutes.
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of a high-carbohydrate, high-fat meal as opposed to a low-
carbohydrate, high-fat meal.25 Greenfield et al.25 also dem-
onstrated that the observed reductions in AIx and central 
pressures in insulin-resistant, postmenopausal women after 
high- and low-carbohydrate, high-fat meals were similar to 
those in insulin-sensitive subjects. Insulin is greatest after 
high-carbohydrate meals and has been shown to stimulate 
vasodilation in the skeletal muscle and to result in greater 
increases in superior mesenteric artery flow than increases 
due to protein, fat, or water intake.26 Therefore, it appears 
that the 14-fold increase in insulin concentration we found 
in this study is likely involved in driving the peripheral vaso-
dilation and reductions in central and peripheral pressures. 
In support of this idea, Westerbacka et  al.24 demonstrated 
that physiological doses of insulin significantly decreased 
aortic wave reflection in healthy men before any effects on 
forearm blood flow, peripheral pressures, or TPR, which 
would indicate that insulin likely influences the distensibility 
of large to medium conduit arteries before arterioles. These 
findings are consistent with our observation of marked 
reductions 60 minutes after a meal in aortic wave reflection 
indices (AIx and AP) and cfPWV. However, because PWV is 
heavily influenced by distending pressure, the attenuation in 
cfPWV could be partially mediated by the slight decreases in 
aortic systolic pressure after a meal (Table 1).

The reductions in central hemodynamics and indices of 
aortic wave reflection may also result from substantial post-
prandial visceral vasodilation. Along these lines, ingestion 
of a meal results in intestinal hyperemia with significant 
increases in superior mesenteric artery blood flow velocity 
and volume.27 During both ingestion and absorption of a 
meal, distinct cardiovascular processes occur that result in 
increased sympathetic nervous system activity, CO, BP, HR, 
and splanchnic and renal vascular resistance, with concur-
rent increases in blood flow throughout the gastrointestinal 
tract.28 This increased blood flow to the digestive organs in 
the postprandial state results in compensatory reductions in 
flow to other organs, including skeletal muscles.28

Interestingly, these hemodynamic changes appear to be 
dependent on the direct effects of specific macronutrients. 
Potentially because of the effects of hyperinsulinemia on 
measures of aortic wave reflection and PWV, a high-car-
bohydrate meal has also been shown to result in different 
cardiovascular and regional vascular responses when com-
pared with a high-fat meal. Specifically, a high-carbohydrate 
meal has been associated with greater increases in glucose, 
insulin, and norepinephrine, as well as more immedi-
ate increases in superior mesenteric artery blood flow.29 
Kearney et  al.30 have also demonstrated that a physiologi-
cal insulin infusion combined with a high-fat meal resulted 
in significantly greater decreases in TPR and superior mes-
enteric artery vascular resistance than those that resulted 
from a high-fat diet alone. A mixed meal has been shown to 
result in significant decreases in TPR and leg vascular resist-
ance, with parallel increases in cardiac index and calf blood 
flow.31 Similarly, we found a significant reduction in TPR at 
60 and 180 minutes after the meal compared with baseline, 
whereas CO and HR were augmented 60 minutes after the 
meal. Moreover, consumption of a mixed meal was found to 
result in postprandial hemodynamic changes most similar to 

hyperinsulinemia, when compared with hyperglycemia and 
hypertriglyceridemia.31

There are several experimental considerations in this study. 
First, this study was part of a larger invasive study examin-
ing the thermic effect of food, and therefore, we do not have 
a control group for comparison. Although we recognize the 
importance of considering the macronutrient content of the 
meal and the actual form of the meal itself for comparison 
(i.e., liquid, solid, mixed), previous studies have examined the 
effects of liquid water intake on measures of MSNA, BP, and 
central hemodynamics. Ahuja et  al.23 found that in healthy 
adults, consumption of food plus water, when compared with 
water consumption alone, resulted in significantly greater 
drops in peripheral pressure (diastolic BP, MAP) and cen-
tral hemodynamics (central BP and pulse pressure, AP, and 
AIx) and a greater rise in HR. Additionally, water ingestion 
has been shown to increase MSNA, resulting in peripheral 
vasoconstriction with little to no effect on arterial pressure.32 
Although these studies and data mentioned previously,25,30 
which have examined similar measures with various macro-
nutrient content meals, have been completed, we believe the 
integration of MSNA, arterial stiffness, central hemodynam-
ics, and arterial blood sampling contribute important meth-
odological understanding of the acute arterial consequences 
after a mixed meal. Additionally, we did not control for men-
strual cycle in our female subjects. Vascular responsiveness 
has been shown to be influenced by menstrual cycle phase, 
with notable differences in central pressures and augmenta-
tion index.33 This could have introduced substantial variability 
in our measurements in young women and could have poten-
tially masked any sex differences.

To our knowledge, this is the first study to examine the 
acute effects of a liquid mixed meal on measures of arte-
rial stiffness and central hemodynamics in healthy young 
adults. Although we did not anticipate reductions in central 
pressures and arterial stiffness with a sympathoexcitatory 
response, our findings are consistent with the vasodilatory 
effects of systemic elevations in insulin, augmented mesen-
teric blood flow, and decreased TPR that occur after a meal. 
Our findings provide insight into the postprandial sympa-
thetic–hemodynamic interactions and raise important ques-
tions regarding these interactions in aging adults and in 
patient populations with reduced endothelial function and 
cardiovascular disease. For example, a direct and propor-
tional association exists between postprandial dysmetabo-
lism and both coronary artery disease and cardiac events in 
diabetic and glucose-intolerant patients.34 The consumption 
of high-fat and high-glucose meals has also been shown to 
be associated with higher free radical formation, resulting 
in increased inflammation and endothelial dysfunction in 
both healthy adults and diabetic patients.35 Additionally. 
increased amplitude of reflected pressure waves to the heart 
is associated with an increased risk of experiencing adverse 
cardiovascular events,36–38 and increased arterial stiffening 
can lead to altered blood flow and augmentation of left ven-
tricular and aortic pressure, resulting in increased cardiac 
work.39 Therefore, our findings imply liquid mixed meals 
may be beneficial for vascular health because of their asso-
ciation with reductions in measures of arterial stiffness and 
cardiac work. Aging, obesity, and various disease states (e.g., 
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diabetes, atherosclerosis, hypertension) are all associated 
with reduced endothelial dysfunction, which appears to be 
further impaired by postprandial dysmetabolism. Therefore, 
future studies should address the impact of different types of 
meals on sympathetic neural activity, central pressures, and 
aortic wave reflection variables in both healthy young and 
aging individuals, in diabetics, and in those with endothelial 
dysfunction at risk for cardiovascular disease.
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