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waveforms. FMD was calculated as percent dilation of the 
radial artery from baseline following a 5 min occlusion.
Result RT subjects had an increased AIx (12 ± 3 vs. 
−7 ± 2; P < 0.01), LVEW (429 ± 111 vs. −360 ± 77; 
P < 0.01) and MSNA burst incidence (34 ± 4 vs. 26 ± 4; 
P < 0.01) when compared with AT subjects. There was no 
difference in FMD between groups. MSNA burst incidence 
was also significantly related to AIx in subjects (R2 = 0.61; 
P < 0.01) with a distinct demarcation between RT and AT 
subjects.
Conclusion These results confirm previous reports of 
a positive association between MSNA and AIx in young 
male resistance-trained subjects. Furthermore, RT is associ-
ated with increased arterial stiffness and elevated sympa-
thetic outflow.

Keywords Sympathetic nerve activity · Augmentation 
index · Arterial tone · Exercise · Blood pressure

Abbreviations
1-RM  1 Repetition maximum
AIx  Augmentation index
AIx@75 BPM  Augmentation index corrected to 75 beats 

per minute
AG  Augmentation pressure
AT  Aerobic training
CRP  C-reactive protein
ECG  Electrocardiogram
ED  Ejection duration
FMD  Flow-mediated dilation
HDL  High-density lipoprotein
LDL  Low-density lipoprotein
LVEW  Wasted left ventricular pressure energy
MSNA  Muscle sympathetic nerve activity
RT  Resistance training

Abstract 
Purpose Increased arterial stiffness is associated with 
an impairment of ventricular–vascular coupling efficiency 
and increased risk of cardiovascular mortality. Recently, it 
has been suggested that an increase in arterial stiffness is 
associated with resistance exercise training. Therefore, the 
aims of this study were to compare augmentation index 
(AIx) and left ventricular wasted pressure energy (LVEW) 
as markers of arterial stiffness and ventricular–vascu-
lar coupling efficiency in young aerobic-trained (AT) and 
resistance (RT)-trained subjects. We also investigated the 
relationship of muscle sympathetic nerve activity (MSNA) 
and flow-mediated dilation (FMD) to AIx in both sets of 
subjects to determine if endothelial function or sympathetic 
outflow could explain any differences in arterial stiffness.
Method To achieve our aims, we measured MSNA in 
15 male subjects (8 RT, 7 AT) using microneurography. 
We also used applanation tonometry of the radial pres-
sure waveform to noninvasively synthesize aortic pressure 
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T1  Junction between reflected and incident 
arterial waves

TC  Total cholesterol
TG  Triglycerides
Tr  Duration of the reflected wave
VO2max  Maximal rate of oxygen consumption

Introduction

Recently, resistance training (RT) has become a commonly 
prescribed form of exercise for older adults and patients 
in cardiac rehabilitation programs (Chodzko-Zajko et al. 
2009; Pollock et al. 2000). RT offers many health benefits, 
including greater muscular strength and functional mobility 
(Fiatarone et al. 1990), as well as assisting in the attenu-
ation of age-related osteoporosis (Suominen 2006) and 
sacropenia (Burton and Sumukadas 2010). Despite these 
positive adaptations, the effects of RT on cardiovascular 
function are poorly understood, and some studies have 
found a decreased arterial compliance in subjects who per-
form RT programs in the absence of an aerobic fitness com-
ponent (Barnes et al. 2010; Miyachi et al. 2004).

Even though epidemiological data find an inverse rela-
tionship between muscular strength risk of death from all 
causes (Ruiz et al. 2008), aerobic training (AT) has consist-
ently demonstrated a positive role in preventing and revers-
ing arterial stiffness in healthy adults (Vaitkevicius et al. 
1993). Increased arterial stiffness causes an increase in 
pulse wave velocity, which can contribute to an early return 
of reflected pressure waves from peripheral reflecting sites. 
These early reflected waves consequently increase aortic 
systolic pressure and decrease aortic diastolic pressure, 
thereby widening aortic pulse pressure. As aortic pulse 
pressure rises, afterload and myocardial oxygen demand 
increase, and the left ventricle must waste energy to con-
tinue to eject blood (Nichols and Singh 2002). This type 
of chronic pressure overload has been linked to an increase 
in left ventricular mass in otherwise normal individuals as 
young as 30 years old (Levy et al. 1996). This reflected 
waveform energy can be defined as the ratio between 
peripheral and central pulse pressure, termed “augmenta-
tion index” (AIx). If input frequency (heart rate) (Wilkin-
son et al. 2000) and body length (height) (Langenberg et al. 
2003) are matched, arterial stiffness emerges as the main 
predictor of AIx and has been used as such by previous 
investigators (Wilkinson et al. 1998).

Recent reports have suggested that RT alone, in the 
absence of any consistent aerobic exercise, can increase 
arterial stiffness (Bertovic et al. 1999; Miyachi et al. 2004). 
However, other studies have found no change in arterial 
stiffness in response to RT (Casey et al. 2007a; Rakobow-
chuk et al. 2005), with one study even finding an inverse 

relationship between muscular strength and aortic stiff-
ness (Fahs et al. 2010). Additionally, no clear mechanism 
has been identified for any potential effect of RT on aor-
tic stiffness. Elevation of muscle sympathetic nerve activ-
ity (MSNA) has been speculated to be one mechanism 
that could explain deleterious changes to arterial stiffness 
resulting from RT. In support of this, recent evidence has 
found a relationship between aortic wave reflection char-
acteristics and MSNA in healthy men (Casey et al. 2011; 
Swierblewska et al. 2010).

Therefore, the aim of our study was to investigate the 
relationship between aortic wave reflection and MSNA in 
men who participate in either AT or RT. To accomplish this, 
we compared recorded MSNA to AIx, a clinical measure of 
aortic wave reflection characteristics mediated primarily by 
arterial stiffness. We hypothesized that AIx would be more 
positive in RT-trained subjects when compared with AT 
subjects. Furthermore, we hypothesized that there would be 
a direct relationship between MSNA and AIx in our study 
population of active men.

Methods

Subjects

A total of 18 male subjects (9 AT, and 9 RT) were studied. 
Inclusion criteria included >2 years of respective training, 
and AT subjects were required to have a VO2max >50.0 ml/
kg/min and RT subjects were required to have a 1-repeti-
tion maximum bench press >1.0 kg per kg of body weight. 
Additionally, the AT subjects could not have participated 
in regular resistance training and RT subjects could not 
have participated in aerobic training during the previous 
2 year period. All subjects were healthy, non-obese, non-
smokers, with no history of hypertension or aortic coarcta-
tion, and were not taking any medications. Sample size was 
calculated a priori using previously published AIx values 
for sedentary and resistance-trained subjects (Casey et al. 
2007c) using an alpha of 0.05 and power of 90 %. All study 
protocols were approved by the Ohio State University Insti-
tutional Review Board and performed according to the 
Declaration of Helsinki.

Protocol

All studies were performed in a temperature-controlled 
environment (between 22 and 24 °C). Studies were per-
formed following an overnight fast, and all subjects 
refrained from exercise, alcohol, and caffeine for the 24 h 
prior to their testing. Subjects entered the laboratory and 
rested quietly for 15 min while being instrumented. One 
trained investigator measured peripheral blood pressure 
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using manual sphygmomanometry. Aortic wave reflection 
measurements were made in duplicate followed by flow-
mediated dilation (FMD) assessment. A venous catheter 
was then placed under sterile conditions and blood sam-
ples were taken. Subjects then walked to the exercise test-
ing laboratory where maximal oxygen consumption testing 
and 1-repetition maximum (1-RM) strength testing were 
performed. 48 h later, subjects arrived at the laboratory and 
underwent body composition testing. Subjects were then 
allowed 20 min of supine rest and were instrumented with a 
5-lead ECG (Honeywell Simultrace AR-6, Columbus, OH). 
MSNA recordings were then made following an external 
stimulation to locate the peroneal nerve (Grass Instruments, 
West Warwick, RI).

Augmentation index

Applanation tonometry of the radial artery was performed 
non-invasively using the SphygmoCor system (AtCor Med-
ical, Itasca, IL). An ascending aortic pressure waveform 
was derived from the radial artery waveform recorded at the 
wrist with a high fidelity micromanometer (Millar Instru-
ments, Houston, TX) using a previously validated transfer 
function (Gallagher et al. 2004; Pauca et al. 2001), The 
peripheral waveform was calibrated to systolic and dias-
tolic pressures via brachial artery blood pressure assessed 
on the left arm of each subject by one trained investiga-
tor using manual sphygmomanometry. The contour of the 
ascending aortic pressure wave has been extensively classi-
fied by Murgo et al. (1980). These classifications are based 
on key criteria used to define AIx, including the location of 
the inflection point or upstroke of the reflected wave, and 

the augmentation pressure or total pressure added onto the 
incident wave by reflected waves (Fig. 1).

Pulse wave analysis of the derived aortic pressure 
waveform provided the following variables: augmenta-
tion index, AIx@75 BPM, augmentation pressure, ejec-
tion duration (ED), the point at which reflected and inci-
dent waves merge (T1), and the duration of the reflected 
wave (Tr). Augmentation index of the derived waveform 
was calculated as the difference between the first and 
second systolic peaks, expressed as a percentage of the 
pulse pressure of the central arterial waveform (Fig. 1). 
Pulse pressure amplification was calculated as the ratio of 
peripheral pulse pressure to central pulse pressure. Wasted 
left ventricular pressure energy (LVEW) was estimated as 
LVEW = [(π/4) × (augmented pressure × Tr) × 1.333] in 
dyne × cm2, as previously reported (Casey et al. 2011). A 
single observer obtained duplicate, high-quality measure-
ments from all subjects as defined by an in-device quality 
index of >80 %.

Blood samples

Venous blood samples were drawn through a 20-gauge 
catheter placed in the antecubital vein from seated subjects 
without a tourniquet who had rested for 20 min. Samples 
were drawn in sterile syringes and immediately transferred 
into sterile vacutainers containing lithium heparin. Sam-
ples were spun at 15,000 RPM for 5 min, transferred into 
cryotubes, and frozen for subsequent analysis. C-reactive 
protein (CRP), high density lipoprotein (HDL), trigylcer-
ides (TG), and total cholesterol (TC) were measured using 
a point of care device (Cholestech LDX, Hayward CA). 

Fig. 1  Augmentation index 
corrected to 75 beats/min 
(AIx@75 BPM) in aerobic- and 
resistance-trained subjects. 
Aerobically trained subjects had 
a negative augmentation index, 
which was significantly lower 
than that of the resistance-
trained subjects. *P < 0.01 
between groups
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Low-density lipoprotein (LDL) was estimated using the 
Friedwald equation (25).

Body composition

Percentage body fat was calculated using the Bod Pod 
air-displacement plethysmography device (Life Measure-
ments Instruments, Concord, CA), shown to be an accurate 
method for assessing body composition in adults (Biaggi 
et al. 1999). Prior to measurement, a system volume cali-
bration using a cylinder of a known volume (50.1461 l) 
and calibration of the scale using two 10 kg weights was 
performed. Fasting-state body weight was measured to 
the nearest 0.1 kg using a calibrated electronic scale, after 
which subjects entered the Bod Pod chamber wearing only 
a tight-fitting swimsuit and swim cap. Body volume meas-
urements were taken in duplicate and repeated if meas-
ures were not within 150 ml of each other (Dempster and 
Aitkens 1995). Body density was calculated as mass/body 
volume, and body fat percentage was calculated by using 
Siri’s formula (Siri 1993). Body mass index (BMI) was cal-
culated as kilogram body mass divided by height in meters 
squared.

Flow‑mediated dilation

Following 10 min of supine rest, the right arm of each sub-
ject was extended and supported at an angle of ~80° from 
the torso. The brachial artery was imaged ~6 cm distal to 
the antecubital fossa longitudinally using B-mode ultra-
sound (GE Vivid 7) with a 12-MHz linear array probe. 
Baseline images were recorded throughout the procedure at 
30 frames per second. Baseline diameter was imaged for 
1 min after which a pneumatic cuff was placed ~3 cm dis-
tal to the olecranon process. Following this baseline period, 
the cuff was inflated to >250 mmHg for a period of 5 min. 
The cuff was then rapidly deflated, and the reactive hyper-
emia resulted in a shear stress on vessel walls, causing 
nitric oxide-mediated vasodilation (Joannides et al. 1995). 
Recording continued for 3 min following cuff release and 
the peak dilation was recorded during this time. FMD was 
calculated as the percentage change in vessel diameter from 
baseline measurement: FMD = (peak diameter − baseline 
diameter)/baseline diameter × 100. Vessel diameters were 
detected using custom-designed wall tracking software to 
eliminate observer bias.

Graded exercise testing

All subjects performed a maximal treadmill exercise test 
using the Bruce protocol (Bruce and Hornsten 1969) to 
determine maximum oxygen uptake (VO2max). Subjects 
wore nose clips and breathed into a one-way mouthpiece, 

which allowed expired gases to be collected in a mixing 
chamber. The volume of expired air, oxygen consumption, 
and carbon dioxide production were determined using gas 
analyzers and a pneumotachometer attached to a calibrated, 
computerized metabolic cart (Parvomedics, Sandy, UT). 
Oxygen consumption values were calculated every 15 s and 
the two highest consecutive values were averaged to deter-
mine the absolute maximal oxygen consumption in l/min. 
Body mass was divided into absolute oxygen consumption 
to yield a value relative to body mass and is reported here 
as relative VO2max in units of ml of O2/kg of body mass/
min. The test was terminated when subjects reached self-
determined exhaustion, which was verified by at least two 
of the three following criteria: (1) plateau in oxygen con-
sumption despite an increase in workload, (2) respiratory 
exchange ratio greater than 1.1, and (3) heart rate within 
±10 beats of age-predicted maximum, as predicted by 
220-age.

MSNA

Muscle sympathetic nerve recordings were obtained at the 
peroneal nerve, posterior to the fibular head as previously 
described by Sundlöf and Wallin (1977), using a tungsten 
microelectrode (FHC inc, Bowdoin, ME). The recorded 
signal was amplified 100,000-fold, band pass filtered (700–
2000 Hz), rectified, and integrated (resistance–capacitance 
integrator circuit; time constant 0.1 s) using a nerve traf-
fic analyzer system (model 662C-3, University of Iowa 
Bioengineering). MSNA, heart rate, and respiration were 
recorded continuously and digitized at 250 Hz for later 
analysis using signal processing software (Dataq Instru-
ments, Akron, OH). MSNA was quantified as total activity 
(average burst × burst frequency), burst frequency (bursts/
min), and burst incidence (bursts/100 heart beats). Accept-
able neurograms were defined by the following criteria: (1) 
spontaneous bursts synchronous with preceding R waves 
on the electrocardiogram and (2) a signal to noise ratio of 
greater than 3:1.

Statistical analyses

Subject characteristics were compared using a two-tailed 
independent t test. Differences in MSNA, hemodynamic 
variables, and AIx variables between RT and AT subjects 
were evaluated using a two-tailed independent t test and 
corrected for alpha inflation using a Bonferroni–Holmes 
correction. To assess whether MSNA could explain the var-
iance in AIx corrected to a heart rate of 75 BPM (AIx@75 
BPM), a multivariable regression model analysis was per-
formed. The model included height, body fat percentage, 
relative VO2max, 1-RM scaled to body weight, resting hem-
atocrit, HDL, LDL, TG, TC, CRP, MSNA total activity, 
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burst frequency, and burst incidence. Stepwise backward 
elimination was performed and MSNA burst incidence, 
HDL, and body composition were retained at a P ≤ 0.05. 
Data are presented as mean ± SEM. Significance for the 
critical-α level was set a priori at 0.05. All data was ana-
lyzed using STATA (version 11.1, College Station, TX).

Results

The mean age for RT and AT subjects was 24.5 ± 1.5, and 
22.2 ± 1.6, respectively. Groups were significantly differ-
ent (P < 0.01) with respect to weight and body mass index, 
but no significant difference in body composition was iden-
tified. There was also a significant difference between AT 
and RT subjects in absolute maximal oxygen consump-
tion (P < 0.01), and this remained significant when scaled 
to body weight (P < 0.0001). Furthermore, RT subjects 
had a significantly greater maximal 1-RM bench press 
(P < 0.01), which also remained significant after being 
scaled to body weight (Table 1). No difference in FMD of 

the brachial artery was noted between groups. Of 18 total 
subjects, acceptable neurograms were obtained in eight AT 
and seven RT subjects. Therefore, MSNA total activity, 
burst frequency, burst incidence, and their relationship to 
aortic wave reflection characteristics were only calculated 
in a total of 15 subjects.

Aortic wave reflection differences in RT and AT 
subjects

Mean arterial pressure was the only significant differ-
ence noted in the periphery (P < 0.05), while the only 
significant difference in the aorta was systolic blood pres-
sure (P < 0.01). There was a significant difference in AIx 
between AT and RT subjects (P < 0.01), which remained 
significant after correction to a heart rate of 75 beats per 
minute (Fig. 1; P < 0.01). In RT subjects, the augmenta-
tion pressure was greater (P < 0.01), and reflected pres-
sure waves arrived sooner (P < 0.05) than in AT subjects. 
MSNA was also significantly greater in RT subjects com-
pared with AT subjects when measured as total activity, 

Table 1  Subject characteristics

All data are resting values and are presented as mean ± SEM

1-RM 1 repetition maximum bench press, BMI body mass index, CRP C-reactive protein, FMD flow-medi-
ated dilation, HDL high-density lipoprotein, HR resting heart rate, kcal kilocalories, LDL low-density lipo-
protein, MET metabolic equivalent, TC total cholesterol, TG triglycerides, VO2max maximal oxygen con-
sumption

* P < 0.05 between groups

Aerobic subjects (n = 9) Resistance subjects (n = 9) P value

Age (years) 24.5 ± 1.5 22.2 ± 1.6 0.17

Height (in) 71.1 ± 0.7 71.4 ± 0.8 0.74

Weight (kg) 67.5 ± 2.6 82.6 ± 1.9 0.0001*

BMI (kg/m2) 20.7 ± 0.7 25.0 ± 0.4 0.001*

Body fat (%) 10.9 ± 1.7 12.9 ± 1.9 0.42

Resting HR (beats/min) 47 ± 2 60 ± 4 0.005*

Physical activity (MET h/week) 72.0 ± 7.6 73.2 ± 4.8 0.89

Carbohydrate intake (% of total kcal) 54 ± 1 34 ± 2 0.006*

Fat intake (% of total kcal) 27 ± 1 22 ± 1 0.21

Protein intake (% of total kcal) 19 ± 1 42 ± 2 0.01*

VO2max (L/min) 4.3 ± 0.3 3.5 ± 0.1 0.01*

VO2max (ml/kg/min) 60.3 ± 2.7 42.2 ± 1.4 0.0001*

Exercise time (min) 14.32 ± 0.67 11.29 ± 0.21 0.07

1-RM (kg) 62.6 ± 2.5 106.5 ± 5.6 0.0001*

1-RM:body mass (kg) 0.9 ± 0.1 1.3 ± 0.1 0.0001*

HDL (mg/dL) 60.4 ± 3.9 36.1 ± 2.3 0.004*

LDL (mg/dL) 59.3 ± 12.7 85.1 ± 3.5 0.05*

TG (mg/dL) 53.6 ± 2.7 74.0 ± 10.5 0.12

TC (mg/dL) 130.4 ± 14.4 136.0 ± 6.3 0.69

CRP (mg/dL) 0.39 ± 0.07 0.37 ± 0.27 0.37

FMD (%) 17.4 ± 2.0 17.2 ± 1.3 0.92

Hematocrit (%) 39.6 ± 0.9 43.5 ± 1.0 0.01*
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burst frequency, or burst incidence (Table 2; P < 0.01). 
These differences resulted in significantly greater LVEW in 
RT when compared with AT subjects (Fig. 2; P < 0.01).

Relationship of aortic wave reflection characteristics 
and MSNA

AIx@75 bpm was negatively related to HDL (P = 0.002). 
The model also revealed that MSNA burst incidence 
(P = 0.02) and body composition were positively related 
to AIx@75 bpm. These three variables explained a signifi-
cant portion of the variation of AIx@75 bpm in our model 
(R2 = 0.86, Table 3). MSNA burst frequency alone was 
positively related to AIx@75 bpm (P = 0.001, R2 = 0.61, 
Fig. 3), LVEW (P = 0.01, R2 = 0.40, Fig. 4), and AG 
(P = 0.01, R2 = 0.39, Fig. 5) in both AT and RT subjects. 
Furthermore, strong positive correlations were found in all 

subjects between all measures of MSNA and both aortic 
systolic blood pressure (P < 0.05) and aortic wave reflec-
tion characteristics (P < 0.01) (Table 4).

Discussion

The major finding of this study was a significant positive 
relationship between MSNA and AIx in both aerobic- and 
resistance-trained subjects. In support of our hypothesis, 
RT subjects demonstrated increased AIx at rest compared 
to AT subjects. Consistent with this hypothesis, previous 
literature has found increased arterial stiffness in RT sub-
jects (Miyachi et al. 2003, 2004), and decreased stiffness 
in AT subjects (Kakiyama et al. 2005). Thus, we found 
that RT performed in the absence of any consistent aerobic 
exercise program was associated with impaired ventricu-
lar–vascular coupling efficiency, which was partially medi-
ated by sympathetic nerve control of arterial tone.

There is debate in the literature regarding changes to 
arterial stiffness resulting from RT. Some studies have 
shown a decrease of arterial compliance in young men in 
response to RT (Bertovic et al. 1999; Miyachi et al. 2003, 
2004). In contrast, other studies have found no change of 
arterial compliance in the same population metric (Rakob-
owchuk et al. 2005), or when progressive RT was used 
without increases in overall volume (Casey et al. 2007). 
One study even found an inverse relationship between 
overall muscular strength and arterial stiffness (Fahs et al. 
2010). It has also been found that performing aerobic 
exercise following a bout of resistance training can pre-
vent increases in arterial stiffness, but not when the order 
of exercise is reversed (Okamoto et al. 2007). Our findings 
support the concept that RT performed in the absence of an 
aerobic exercise regimen has a negative impact on arterial 
stiffness and ventricular–vascular coupling efficiency. Fur-
thermore, we have confirmed that there is a positive rela-
tionship between MSNA and AIx in young healthy males, 
with a distinct demarcation between AT and RT subjects 
(Fig. 3).

In agreement with previous work (Casey et al. 2011), 
we have shown a positive relationship between MSNA and 
AIx in young healthy men. AIx can be used as an index 
of arterial stiffness (Wilkinson et al. 1998), assuming that 
appropriate correction is made for heart rate and height. 
With increasing arterial stiffness, reflected pulse waves 
return to the heart faster and with greater magnitude, fur-
ther augmenting aortic systolic pressure and LVEW. AIx 
was corrected to 75 beats per minute and our subjects were 
matched for height. Our findings suggest a protective role 
of aerobic exercise training and a deleterious role of resist-
ance exercise training in aortic wave reflection character-
istics. While the stimulus for increased arterial stiffness in 

Table 2  Neural and aortic wave reflection characteristics in aerobic 
(n = 8) and resistance subjects (n = 7)

All data are presented as mean ± SEM

ADBP aortic diastolic blood pressure, AG augmented aortic pres-
sure, AIx augmentation index, AIx@75 bpm augmentation index at 
75 beats/min, AMAP aortic mean arterial pressure, APP aortic pulse 
pressure, ASBP aortic systolic blood pressure, ED ejection duration, 
LVEW left ventricular wasted pressure energy, MSNA muscle sym-
pathetic nerve activity, PDBP peripheral diastolic blood pressure, 
PMAP peripheral mean arterial pressure, PPA pulse pressure ampli-
fication, PPP peripheral pulse pressure, PSBP peripheral systolic 
blood pressure, T1 point where reflected waves merge, Tr duration of 
reflected wave

* P < 0.05, ** P < 0.01 difference between groups

Hemodynamic/neural vari-
ables

Aerobic subjects Resistance subjects

PSBP (mmHg) 112 ± 2 114 ± 1

PDBP (mmHg) 73 ± 2 78 ± 1

PPP (mmHg) 38 ± 3 37 ± 2

PMAP (mmHg) 85 ± 1 89 ± 2

ASBP (mmHg) 98 ± 2 106 ± 2**

ADBP (mmHg) 73 ± 2 79 ± 2

APP (mmHg) 25 ± 2 27 ± 2

AMAP (mmHg) 80 ± 2 87 ± 2

PPA 1.61 ± 0.09 1.43 ± 0.14

AG (mmHg) −2 ± 1 4 ± 1**

AIx (%) −7 ± 2 12 ± 3**

AIx@75 BPM (%) −14 ± 2 6 ± 2**

ED (ms) 317 ± 11 318 ± 8

T1 (ms) 130 ± 11 105 ± 4

Tr (ms) 180 ± 11 160 ± 8

LVEW −360 ± 77 429 ± 111*

MSNA, total activity 1196 ± 130 2811 ± 483**

MSNA, bursts/min 26 ± 4 34 ± 4**

MSNA, bursts/100 beats 24 ± 3 46 ± 15**
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RT subjects remains unknown, pressures in the cardiotho-
racic regions may reach as high as ~320/250 mmHg during 
resistance exercise (MacDougall et al. 1985), whereas AT 
does not result in these extreme elevations of arterial blood 
pressure. Furthermore, the shape of the arterial pulse wave 
is not solely determined by arterial stiffness, or the timing 
and magnitude of reflected waves.

Many recent studies have added to the understanding of 
the arterial pulse wave. Augmentation of the arterial pulse 
wave by early return of the reflected wave due to increased 
arterial stiffness was once thought to be the major determi-
nate of AIx. However, recent work has demonstrated that 

Fig. 2  Left ventricular wasted 
pressure energy (LVEW) in aero-
bic- and resistance-trained sub-
jects. The left ventricle wasted 
significantly more energy to 
eject blood due to augmented 
aortic wave reflection in resist-
ance than in aerobically trained 
subjects. *P < 0.01 between 
groups

Table 3  Backward stepwise regression model for AIx@75 bpm

Variables significant at P ≤ 0.05 were kept in the regression model 
and used for calculating the reported R2. The β coefficients represent 
the amount of change in the dependent variable (AIx) for a unit of 
change in the continuous variable

AIx augmentation index at 75 beats/min, HDL high-density lipopro-
tein, MSNA muscle sympathetic nerve activity

Variables β ± SEM P R2

HDL −0.44 ± 0.11 0.002 0.86

MSNA burst incidence 0.33 ± 0.12 0.02

Body composition 0.67 ± 0.28 0.03

Fig. 3  Relationship of aug-
mentation index corrected to 
a heart rate of 75 beats/min 
(Aix@75 BPM) to muscle 
sympathetic nerve activity 
(MSNA) burst incidence in 
aerobic- and resistance-trained 
subjects. There was a significant 
(P = 0.001) positive correla-
tion between AIx@75 bpm and 
MSNA (bursts/100 heart beats) 
in all subjects, with aerobically 
trained subjects measured at 
lower levels than resistance-
trained subjects
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Fig. 4  Relationship of muscle 
sympathetic nerve activity 
(MSNA) burst incidence to 
left ventricular wasted pres-
sure energy (LVew). LVew is a 
measure of the pressure energy 
that must be generated by the 
heart to overcome reflected 
arterial pulse wave pressure 
arriving at the left ventricular–
vascular coupling. A significant 
(P = 0.01) positive correlation 
was found between MSNA inci-
dence (bursts/100 heart beats) 
and LVew in all subjects

Fig. 5  Relationship of muscle 
sympathetic nerve activity 
(MSNA) burst incidence to 
augmented aortic pressure 
(AG) in aerobic and resistance 
subjects. There was a significant 
(P = 0.01) positive correla-
tion between MSNA incidence 
(bursts/100 heart beats) and AG 
in all subjects

Table 4  Correlations between MSNA and aortic wave reflection characteristics

ADBP aortic diastolic blood pressure, AIx augmentation index, AIx augmentation index corrected to 75 beats per minute, AG augmented aortic 
pressure, ASBP aortic systolic blood pressure, APP aortic pulse pressure, LVew left ventricular wasted pressure energy, PPA pulse pressure ampli-
fication

* P < 0.05, ** P < 0.01

Neural variables ASBP (mmHg) ADBP (mmHg) APP (mmHg) PPA AIx (%) AIx@75 bpm (%) AG (mmHg) LVew 
(dyne × cm2 × s)

MSNA (total 
activity)

0.56* 0.36 0.17 −0.22 0.59** 0.67** 0.55* 0.69**

MSNA (bursts/
min)

0.58* 0.44 0.11 −0.14 0.54** 0.55** 0.47 0.68**

MSNA (bursts/100 
beats)

0.59* 0.29 0.28 −0.35 0.64** 0.76** 0.62* 0.63**
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AIx is also largely determined by the shape and magnitude 
of the incident, or forward traveling wave (Fok et al. 2014; 
Torjesen et al. 2014). Given the differential cardiac adap-
tations resulting from aerobic, mixed, and resistance train-
ing (Weeks and McMullen 2011), it can be surmised that 
the stroke volume and contractility in each model would 
vary as well. This difference would heavily modify the 
incident pulse wave, and previous work has demonstrated 
that approximately 90 % of the variability in the meas-
ured arterial waveform is driven by variability of incident 
wave amplitude (Mitchell et al. 2010). Coupled with the 
elevated MSNA found in our RT populations, it is plausi-
ble that the elevated AIx observed in these subjects results 
from not only different incident waves, but also imped-
ance mismatches (Mitchell 2015). Increased MSNA would 
increase the elastic modulus of arteries, increase impedance 
mismatch, and give rise to reflected wave energy. In sum-
mary, the elevated AIx in RT subjects may not only result 
from increased stiffness, but also driven by unique incident 
waves, and impedance mismatches resulting from elevated 
MSNA.

Physiological mechanisms that could contribute to 
increase of arterial stiffness in response to RT include 
decreased endothelial function, increased MSNA, and ana-
tomical changes to the matrix of the vessel wall. Our study 
adds to current literature with the finding that there is no 
difference in endothelial function as measured by FMD 
between AT and RT subjects. This is not surprising given 
the observation that RT subjects are reportedly protected 
against declines in FMD following simulated ischemia–
reperfusion injury (DeVan et al. 2011). Resistance exercise 
involves intermittent reductions in blood flow during con-
traction that yields a state of ischemia in tissues distal form 
the area being exercised, which may foster positive adapta-
tions in the endothelium.

In further support of our findings, endothelial responses 
were preserved in both AT and RT subjects following a 
single bout of weightlifting exercise (Phillips et al. 2011). 
Additionally, RT performed with less rest time between 
sets has been shown as an effective strategy for improve-
ment of FMD, even when performed at low intensity (Oka-
moto et al. 2011). It has been commonly accepted that 
chronic increases of shear stress related to exercise training 
are a signal for positive endothelial adaptations (Laughlin 
et al. 2008), while physical deconditioning is associated 
with impairment of endothelial function (Thijssen et al. 
2010). Accordingly, it is not surprising that both AT and RT 
subjects demonstrated a comparable endothelial response 
to reactive hyperemia, as both types of training chroni-
cally elicit increases in wall stretch and shear stress on the 
endothelium. Taken together with our data, it appears that 
impaired endothelial function does not cause the observed 
increase of arterial stiffness in RT subjects.

Our finding that MSNA burst frequency was elevated in 
RT subjects agrees with previous work on this topic (Sino-
way et al. 1992). The finding that MSNA burst frequency 
was lower in AT subjects is also supported by previous 
work by Grassi et al. (1994). While there is currently no 
consensus on the effect of either aerobic or resistance train-
ing on MSNA, our data does suggest that resistance exer-
cise training is associated with elevated sympathetic out-
flow. Consistent with other work on the topic (Casey et al. 
2011), our findings also demonstrate a strong positive rela-
tionship between MSNA and aortic wave reflection char-
acteristics. This relationship could ultimately be driving 
a significant portion of the observed difference in arterial 
stiffness between AT and RT subjects. Indeed, our data did 
find that MSNA burst incidence did contribute to variation 
of arterial stiffness and LVEW in RT subjects.

The possible mechanisms responsible for elevated 
MSNA and the associated increased arterial stiffness in our 
subjects is not clear at this time. Mechanistically, sympa-
thetic activation results in a decrease of arterial compliance 
and increased pulse wave velocity (Swierblewska et al. 
2010) in the human radial artery (Boutouyrie et al. 1994). 
This mechanism could explain the acute decrease of arte-
rial compliance following a singular bout of resistance 
exercise (DeVan et al. 2005) and seems to argue against 
anatomical changes to the load-bearing properties of the 
vessel wall resulting from altered collagen to elastin ratio. 
These adaptations involve changes that have been shown to 
occur in weeks to months (Dobrin 1995). A more plausible 
explanation is the increased impedance mismatch resulting 
from elevated MSNA in RT subjects.

Changes to arterial compliance resulting from chronic 
resistance exercise are also not well understood. The obser-
vation that chronic stimulation of α1-adregnergic receptors 
increases adventitial thickness (Erami et al. 2002) also may 
partially explain increased arterial stiffness in RT subjects. 
Presumably, this change would be deleterious to the elastic 
properties of arterial blood vessels and modify the speed of 
pulse wave transmission across these vessels. Ultimately, 
this would also result in a deleterious change to aortic wave 
reflection characteristics. With either mechanism, it is plau-
sible that elevated MSNA could cause an increase of arte-
rial stiffness and early return of reflected pulse waves to the 
heart.

There are several limitations to this study. First, the 
cross sectional design of our study did not permit any con-
clusions to be drawn regarding the temporal development 
of arterial stiffness in RT subjects. It is still not clear if an 
increase in sympathetic activity caused an acute change in 
vascular stiffness or if chronic elevation of MSNA caused 
a change in the matrix of the vessel wall. Future stud-
ies could investigate the temporal relationship of these 
variables by training sedentary subjects in each mode of 
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exercise and compare pre- to post-training variables. Sec-
ondly, even though many of our outcome variables did 
reach significance, our sample size with MSNA recordings 
was small (8 RT, 7 AT). This is reflected in correlations 
between MSNA and AIx, as the significant correlation was 
likely driven by group membership. Future studies should 
employ a larger sample size to attain a significant correla-
tion within AT and RT groups. Additionally, our data were 
collected from healthy subjects and our findings should not 
be applied to other populations (e.g., hypertensive, differ-
ent ethnicities, heart failure, older patients). Future studies 
could also focus on these populations using training stud-
ies to further develop our understanding of the relationship 
between MSNA and AIx.

Conclusions

In agreement with previously published literature, arte-
rial stiffness was found to be greater in RT subjects. This 
observation has been validated in our study by using AIx 
and LVEW as markers of arterial stiffness and ventricular–
vascular coupling efficiency, respectively. Taken together 
with previous observations, it appears that RT performed in 
the absence of any consistent aerobic exercise program is 
associated with negative implications for long-term cardio-
vascular health, possibly mediated by changes to the inci-
dent pulse wave, and modification of impedance matching 
as a result of elevated MSNA. Our results add to the current 
understanding of arterial stiffness and RT, as well as neu-
ral–hemodynamic interactions in young healthy humans.
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