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Abstract

Objective—Lowered baroreflex sensitivity (BRS) predicts mortality and occurs with increasing 

age and diabetes. We examined whether aerobic exercise could restore arterial BRS in adults at 

high cardiovascular risk (diabetes, geriatric age group, hypercholesterolemia, and hypertension).

Design—Randomized, controlled, single-blind study.

Setting—VITALiTY (Vancouver Initiative to Add Life to Years) Research Laboratory.

Participants—Thirty-nine older adults (mean age, 71.5 ± 0.7 years) with diet-controlled or oral 

hypoglycemic-controlled type 2 diabetes, hypertension, and hypercholesterolemia.

Interventions—Subjects were recruited to each of 2 groups: an aerobic group (3 months of 

vigorous aerobic exercise as defined by 80% to 85% of maximal heart rate), and a nonaerobic (no 

aerobic exercise) group. Exercise sessions were supervised by a certified exercise trainer 3 times 

per week.

Main Outcome Measures—Baroreflex function was assessed using the spontaneous baroreflex 

method. Main outcome measures included BRS, BRSup, BRSdown, and V̇o2max.

Results—The aerobic group demonstrated an increase in BRS that was not demonstrated in the 

nonaerobic group (+60.9 ± 23.5 vs +2.2 ± 7.9%; P = 0.010).

Conclusions—Our findings indicate that a relatively short aerobic exercise intervention can 

reverse functional impairments of the arterial baroreflex function in older adults at high 

cardiovascular risk.
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INTRODUCTION

Autonomic dysfunction occurs in almost half of all patients with diabetes and is associated 

with increased mortality.1 Cardiac autonomic function is primarily controlled by the arterial 

baroreflex, located in the aortic arch and carotid sinuses, which responds to a drop in blood 

pressure by eliciting inverse changes in heart rate (HR). Baroreflex sensitivity (BRS) has 

been shown to decrease with normal aging and with diabetes and is an independent predictor 

of mortality.2 In fact, lowered BRS was found to double mortality in patients who had other 

cardiovascular risk factors, such as diabetes or hypertension.2

One potential therapy for low BRS is aerobic training. Previous prospective work has 

demonstrated an increase in BRS with aerobic training in both young athletes3 and middle-

aged4 healthy adults. Studies of middle-aged populations with type 2 diabetes have had 

mixed results, demonstrating either no change5 or an increase6 in resting BRS with aerobic 

training. To our knowledge, there has been no prospective examination of the ability to 

restore BRS in older adults with type 2 diabetes, especially in the presence of comorbid 

hypertension and hypercholesterolemia.

In the current study, we examined whether aerobic exercise can restore arterial BRS in adults 

with a high cardiovascular risk profile (long-standing diabetes, geriatric age group, 

hypercholesterolemia, and hypertension). We hypothesized that despite multiple 

cardiovascular risk factors, aerobic exercise would be an effective nonpharmacological 

therapy to increase BRS.

MATERIALS AND METHODS

Subjects

Forty-five older adults were recruited from the local community through advertisements in 

local publications (Table 1). All subjects had to be older than 65 years and were excluded if 

they had any history of angina, myocardial infarction, stroke, chronic pulmonary disease, 

current smoking, or exercise-limiting orthopedic impairment. All older subjects were 

required to have type 2 diabetes for at least 5 years, hypertension, and hyperlipidemia. 

Hypertension, diabetes, and hyperlipidemia were defined by current American Diabetes 

Association guidelines.7 Hypertension was defined as taking antihypertensive agents or 

having an elevated average blood pressure (based on the mean of 3 supine measurements 

taken on 3 different days). Each blood pressure reading was taken after 20 minutes of quiet 

supine rest and was recorded by automatic sphygmomanometer (BP Tru; VS Medtech, Ltd, 

Brooklyn, New York). Elevated blood pressure was defined as a systolic blood pressure 

(SBP) greater than 130 mm Hg or a diastolic blood pressure (DBP) greater than 80 mm Hg.7 

Subjects were excluded if they took beta-blockers, calcium channel blockers, or any other 

agent with the potential to influence autonomic function. Entry requirements included a 

normal resting electerocardiogram, a normal Bruce protocol treadmill maximal exercise 

stress test as per current American Heart Association guidelines,8 a normal hematocrit, and a 

normal creatinine. Subjects had to be sedentary at the start of the study (as defined as no 

strength training and less than 30-minute brisk walking/moderate exercise per day and no 

vigorous exercise in the preceding 6 months). Five subjects were excluded on the basis of 
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this screening, leaving a total of 40 subjects (25 men and 15 women; mean age, 71.5 ±0.7, 

ranging in age from 65 to 83 years) participating in the study. Twenty subjects were 

randomized to each of 2 groups: an aerobic group (AT), and a nonaerobic (NA) group. This 

study was approved by the Human Subjects Committee of the University of British 

Columbia, and all subjects gave written informed consent.

Study Design

Each subject underwent 2 evaluation sessions before and after the 3-month intervention. 

Postintervention study sessions could be delayed up to 7 days to accommodate each 

subject’s schedule, as long as the training program was continued. All study sessions were 

performed with the subject supine and took place between 7 AM and noon for all subjects to 

avoid bias due to circadian rhythms. Each subject was supine for 45 minutes before the start 

of data collection to reach steady state. Subjects were fasting, had refrained from the 

consumption of alcohol or caffeine, and had not exercised for the 24 hours before each 

session. The technician responsible for performing all measures was blinded to subject 

group.

Training Program

The endurance training (AT group) intervention was designed to improve aerobic fitness 

according to current guidelines9 and consisted of moderate to vigorous intensity exercise on 

a treadmill and a cycle ergometer. Training sessions were 3 times per week for 12 weeks, 

and subjects had to attend 90% of all training sessions to remain enrolled in the study. The 

aerobic training sessions were 60 minutes in duration and consisted of 10-minute warm-up, 

20-minute aeorobic treadmill training, 20-minute cycle ergometer training, and 10 minutes 

of cooldown/stretching. Target HRs for the AT group were based on maximal HR observed 

during maximal exercise treadmill testing (see below). The endurance training program used 

a target HR zone of 50% to 60% of maximal HR for the first 2 weeks, progressing to 80% to 

85% of maximal HR for the remainder of the program. Heart rates were monitored at 60-

second intervals during training using Polar Vantage Heart watches ( Polar Electro, Inc, 

Adelaide, Australia). Subjects in the NA group also attended sessions 3 times per week. The 

NA group sessions were specifically designed to have no aerobic component and consisted 

of nonstrenuous core (exercise ball) and nonstrenous strength training (very light dumbbells) 

exercises. We confirmed a lack of aerobic training in the NA group with a test of maximal 

oxygen consumption in each subject (V̇o2max see below). The trainer also contacted each 

subject weekly to ensure that they were not undertaking any additional exercise. For ethical 

reasons, each subject in the NA group was given the option of joining the aerobic exercise 

group after the 3-month intervention period was complete, to encourage them to increase 

their level of physical fitness.

Data Collection and Processing

Heart rate was monitored continuously using a 3-lead electrocardiogram. Blood pressure 

was monitored using a Finometer (Finapres Medical Systems BV, Amsterdam, the 

Netherlands). The Finometer measures beat-to-beat blood pressure noninvasively using 

infrared plethysmography through a finger cuff. Use of the Finometer and infrared 

plethysmography for monitoring blood pressure changes has been well established as a 
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noninvasive measure of beat-to-beat blood pressure, has been extensively validated against 

intra-arterial blood pressure monitoring in older adults,10 and is validated for the assessment 

of arterial baroreflex function.11 The Finometer uses waveform filtering, level correction, 

and an additional return-to-flow calibration to reconstruct brachial artery pressures.12 The 

electrocardiogram and blood pressure signals were sampled at 1000 Hz (Powerlab; AD 

Instruments, Colorado Springs, Colorado) and digitized for later analysis. Using 

commercially available software, beat-to-beat measures of blood pressure (Beatscope; 

Finapres Medical Systems BV) and HR (Powerlab; AD Instruments) were calculated. All 

post-collection analyses of arterial baroreflex function were done in a blinded fashion. 

Before all derived measurements, each segment of raw blood pressure and electrocardiogram 

was manually examined to exclude artifacts.

The Sequence Method of Assessing Arterial Baroreflex Function

This method involves the analysis of “spontaneous” swings in blood pressure and HR that 

are mediated by the arterial baroreflexes. Data are examined for progressive increases in 

both SBP and R-R interval (RRI) or progressive decreases in SBP and RRI. Baroreflex 

sensitivity is defined as the mean slope of the regression lines for all these baroreflex-

mediated sequences (+RRI/+SBP or −RRI/−SBP) and is measured in milliseconds per 

millimeter of mercury.13 Parameters used for our spontaneous baroreflex analysis were the 

inclusion of all baroreflex-mediated sequences of 3 or more beats that had a correlation 

coefficient greater than 0.80, a threshold of blood pressure change of 1 mm Hg, and a 

threshold for change in RRI of 4 milliseconds. For the purpose of our analysis, there is a +1 

shift between the SBP data and the RRI data (the SBP pulse is plotted against the following 

RRI for the purpose of regression analysis). This set of conditions for spontaneous 

baroreflex is well established in the older adult population,10,13 maximally correlates with 

the bolus intravenous phenylephrine method,14 and has high intrasubject reproducibility.15 

Spontaneous baroreflex measures allows for a separate examination of arterial BRS for 

sequences characterized by a decrease (BRSdown) or increase (BRSup) in blood pressure.

Heart rate, systolic (SBP), DBP, and mean (MAP) blood pressure were measured using an 

automated blood pressure cuff (BpTRU Medical Devices, Coquitlam, British Columbia). 

Each subject’s body mass was measured using a physician’s balance scale. Body mass 

index, waist circumference, hip circumference, and hip to waist ratio were measured and 

calculated as per established guidelines.16 V̇o2max was determined using a maximal Bruce 

treadmill protocol exercise test. The change in V̇o2max was examined in all groups, 

including the untrained and strength trained subjects.

Statistical Analysis

All data analysis was done in a blinded fashion. Results are expressed as the mean ± 

standard error. Our sample size calculations for our 4 primary outcome measures (BRS, 

BRSup, BRSdown, and V̇o2max) assumed a power of 90% and a 1.25% level of significance. 

We found that we required a sample size of at least 15 subjects to detect a 15% difference in 

our primary outcome measures. The effects of training on all measures were calculated by a 

2-way analysis of variance for repeated measures (time × group).17 A value of P < 0.0125 
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was considered significant, due to a Bonferroni correction for multiple comparisons.17 

Dropouts were handled on an intention-to-treat basis.

RESULTS

Subject Characteristics

There was 1 dropout from the study (AT group, female subject), which was handled on an 

intention-to-treat basis (Table 1). Therefore, 19 subjects from the AT group and 20 from the 

NA group completed the intervention. As shown in Table 1, at the time of entry into the 

study, there was no significant difference between AT and NA subjects with respect to 

demographic data, resting HR, resting blood pressure, fasting blood sugar, glycosylated 

hemoglobin, or lipid profile. There was also no difference in baseline BRS, BRSup, and 

BRSdown (Table 1).

Effects of Training on Measures of Arterial Baroreflex Function

As shown in Figure 1, the AT group demonstrated an increase in BRS that was not 

demonstrated in the NA group (+60.9% ±23.5% vs +2.2% ±7.9%; P = 0.010). The increase 

in arterial BRS observed with training in the AT group was primarily due to an increase in 

BRSup (+50.1% ± 20.8% vs −10.1% ± 6.9%; P = 0.004). There was also a trend toward a 

training-induced increase in BRSdown (+67.0% ± 25.5% vs +7.6% ± 8.7%; P = 0.019) in the 

AT group that did not reach statistical significance.

Effects of Training on Measures of Fitness

The 3-month training program resulted in no significant increase in V̇o2max in the AT group 

as compared with that in the NA group (Figure 2; P = 0.027). As shown in Table 2, there was 

no significant difference between the NA and AT groups with respect to changes in body 

mass (P = 0.998), body mass index (P = 0.518), waist to hip ratio (P = 0.689), or fasting 

blood glucose (P = 0.020). There was also no significant difference between the 2 groups 

with respect to changes in SBP (P = 0.104), MAP (P = 0.226), DBP (P = 0.086), or resting 

HR (P = 0.172).

DISCUSSION

Three months of aerobic training restored arterial BRS in adults with multiple cardiovascular 

risk factors (geriatric age, type 2 diabetes, hypertension, and hypercholesterolemia). This 

improvement in BRS occurred without any significant reductions in body mass, body mass 

index, waist to hip ratio, or blood pressure, indicating that the effects of aerobic training on 

arterial baroreflex function vasculature may be independent of these other well-established 

benefits of exercise.

Previous animal and human studies on the effects of aerobic training on arterial baroreflex 

function have shown varying results depending on the age and cardiovascular risk status of 

the subjects trained. Most investigations are uncontrolled and involve young or middle-aged 

subjects. Previous examinations of vigorous aerobic training in both young healthy rats18 

and young human athletes3 has demonstrated an increase in BRS, although the human study 
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did not have a control group. Cross-sectional investigations comparing active to sedentary 

middle-aged subjects have shown either a benefit19 or a lack of benefit20 in subjects with 

higher levels of aerobic activity. An uncontrolled prospective study of middle-aged healthy 

women demonstrated an increase in arterial baroreflex function with aerobic training.4 

Uncontrolled studies of aerobic training in young hypertensive subjects have demonstrated 

improved BRS in both rat21 and human studies.22 Aerobically training middle-aged 

populations with type 2 diabetes have resulted in either an increase6 or no change5 in resting 

BRS. To our knowledge, we are the first to demonstrate prospectively that subjects at very 

high cardiovascular risk due to type 2 diabetes, age, hypertension, and hypercholesterolemia 

can restore BRS with regular aerobic exercise.

Type 2 diabetes produces both functional and structural changes in the arterial baroreflex, 

with only functional changes likely to respond to exercise intervention.23 Certainly, there is 

some histological evidence for structural damage to peripheral vagal fibers,24 but restoration 

of cardiac autonomic function during sleep suggests that a large portion of impaired BRS is 

possibly reversible.23 Functional impairment of the arterial baroreflex in the setting of 

diabetes is likely due to a central resetting of the baroreflex.25 More recent work in diabetic 

rats has demonstrated that endurance training increases vagal tone to the sinus node by about 

40%25 perhaps due to changes in muscarinic receptor number.26 Alternatively, changes in 

vascular compliance in the carotid sinus27 or the release of endothelial factors due to 

exercise-induced shear stress28 could be contributing to the restoration of baroreflex function 

with aerobic exercise. Aerobic training-induced alterations in neurotransmission at the level 

of the nucleus tractus solitarius in rats suggests that changes in central integration may also 

explain the observed increase in BRS,29 although this is beyond the scope of the present 

investigation.

Our study did not demonstrate a significant training-induced bradycardia, despite the fact 

that this is a commonly assessed measure of the autonomic nervous system’s response to 

training. One explanation is that while aerobic training clearly results in bradycardia in 

young subjects,30 evidence is mixed regarding training-induced bradycardia in older adults. 

Studies from both our laboratory31 and other investigators32 have questioned aerobic 

training–induced bradycardias in older adults. A meta-analysis examining this question 

found that aerobic training can induce bradycardia in sedentary older adults but mainly in 

training programs longer than 30 weeks.33 Because our intervention was only 12 weeks, this 

likely explains the lack of a significant training-induced bradycardia.

Clinical Implications

Although the relationship between low BRS and high cardiovascular event rates are well 

established,2 the mechanisms underlying this relationship are not well established. Certainly, 

a depressed BRS would theoretically imply both an increase in sympathetic activity and a 

decrease in vagal activity, shifting the autonomic balance toward sympathetic predominance.
34 Animal studies after myocardial infarction have identified a role for increased 

sympathetic activity in triggering episodes of sudden death and a protective role for vagal 

activity in preventing ventricular arrhythmias.35 Low BRS might relate to nonfatal 

cardiovascular events by being a marker of neurohormonal activation, one of the factors 
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involved in ventricular remodeling and the development of heart failure.36 High cardiac 

sympathetic outflow could also promote myocardial ischemia through increased platelet 

aggregation and elevated shear stress.37 Although training-induced elevations in BRS in 

postmyocardial patients has been associated with reductions in rates of sudden death,38 

whether the improvements in arterial baroreflex function observed in our type 2 diabetes 

population will directly influence clinical outcomes (such as mortality or cardiovascular 

events) requires further study.

Patients with uncomplicated type 2 diabetes have also been shown to have the same 

cardiovascular mortality rates as postmyocardial infarction patients without diabetes likely 

due to cardiac autonomic dysfunction, determined mainly by the sensitivity of the arterial 

baroreflex.39 Lowered BRS predicts mortality in both subjects with and without diabetes40 

and doubles mortality in patients with cardiovascular risk factors.2 In fact, the change in 

BRS induced by aerobic exercise in the current study is consistent with an approximately 

10% difference in 3-year mortality in patients followed for 3 years.41 Aerobic exercise also 

resulted in about 50% of the improvement in BRS demonstrated by 2 months of drug 

treatment (angiotensin-converting enzyme inhibitors) in high-risk cardiac populations.42 

Clearly, the results of the current study indicate that aerobic exercise should be first-line 

treatment to restore arterial baroreflex function in older adults with type 2 diabetes, even if 

the patient has additional cardiovascular risk factors such as hypertension and 

hypercholesterolemia.

Limitations

Further research is needed to determine the exact pathophysiological mechanism for the 

increase in arterial BRS with aerobic exercise in our population. Also, the contributory role 

of alterations in body mass index, blood pressure, and other cardiovascular risk factors with 

training need to be further explored because our study was only powered to examine 4 

primary outcomes (BRS, BRSup, BRSdown, and V̇o2max). Although the primary findings of 

the study (improved arterial baroreflex function) were unaffected, the use of the standard 

Bruce protocol for measuring V̇o2max in an older adult population might have 

underestimated the magnitude of this variable both before and after the exercise intervention.

We only recruited subjects who were not taking medications that affect the autonomic 

nervous system (such as calcium channel blockers or beta-blockers). This obviously 

diminishes the ability to generalize our results to subjects with more comorbidities in 

addition to their diabetes. The fact that our subjects had a lower than expected average HR 

(65 beats per minute) also suggests that our subject were healthier than the average 

population. It is difficult to say whether this was due to small subject numbers or due to the 

well-documented phenomenon of volunteer bias.43 Baroreflex sensitivity is also not a 

recognized clinical end point; further work needs to be done to examine the clinical impact 

of aerobic exercise on cardiovascular health.
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Summary

Three months of aerobic training results in a functional (as opposed to structural) 

improvement in the arterial baroreflex in subjects with multiple cardiovascular risk factors 

(type 2 diabetes, aging, hypertension, and hypercholesterolemia).
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FIGURE 1. 
Training-induced changes in baroreflex sensitivity. The aerobically trained (AT) group 

demonstrated an increase in baroreflex sensitivity (BRS) that was not demonstrated in the 

nonaerobic (NA) group (+60.9% ± 23.5% vs +2.2% ± 7.9%; P = 0.010). The increase in 

BRS observed with training in the AT group was primarily due to an increase in the 

sensitivity of upward sequences (BRSup, +50.1% ± 20.8% vs −10.1% ± 6.9%; P = 0.004). 

There was also a trend toward a training-induced increase in downward sequences 

(BRSdown, +67.0% ± 25.5% vs +7.6% ± 8.7%; P = 0.019) in the AT group that did not reach 

statistical significance. A value of P < 0.0125 was considered significant, due to a 

Bonferroni correction for multiple comparisons.
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FIGURE 2. 
Maximum volume of oxygen uptake before and after intervention. The 3-month training 

program resulted in a trend toward improved aerobic fitness as demonstrated by a 

nonsignificant increase in maximal oxygen consumption (V̇o2max) in the AT group that was 

not observed in the NA group (P = 0.027). Black = AT group; White = NA group. A value of 

P < 0.0125 was considered significant, due to a Bonferroni correction for multiple 

comparisons.
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TABLE 1

Subject Characteristics

Measure All Subjects AT Subjects NA Subjects P

Age, y 71.5 ± 0.7 71.8 ± 1.1 71.2 ± 0.9 0.420

Body mass, kg 81.0 ± 2.1 83.5 ± 2.6 79.3 ± 3.1 0.343

Height, m 1.68 ± 0.01 1.66 ± 0.03 1.69 ± 0.02 0.532

Body mass index, kg/m2 28.6 ± 0.63 30.1 ± 1.0 27.7 ± 1.0 0.061

Waist to hip ratio 0.95 ± 0.01 0.97 ± 0.02 0.94 ± 0.02 0.291

Blood pressure, mm Hg

 Systolic 143 ± 3 149 ± 6 139 ± 4 0.123

 Diastolic 85 ± 2 83 ± 2 86 ± 2 0.329

 Mean 104 ± 2 105 ± 3 104 ± 3 0.723

Heart rate, beats/min 64.5 ± 1.7 66.1 ± 2.8 62.8 ± 1.9 0.340

Fasting blood glucose, mEq1 7.5 ± 0.3 7.9 ± 0.6 7.1 ± 0.3 0.22

Glycosylated hemoglobin, % 6.5 ± 0.1 6.7 ± 0.2 6.4 ± 0.1 0.432

Lipid profile, mmol/L

 Total cholesterol 4.7 ± 0.2 5.0 ± 0.2 4.6 ± 0.3 0.290

 LDL cholesterol 2.6 ± 0.2 2.6 ± 0.8 2.5 ± 0.2 0.592

 HDL cholesterol 1.5 ± 0.1 1.5 ± 0.1 1.5 ± 0.1 0.619

BRS, ms/mm Hg

 All sequences 9.12 ± 0.93 8.85 ± 1.67 9.31 ± 1.08 0.975

 Upward sequences 8.65 ± 1.11 8.06 ± 2.03 9.08 ± 1.25 0.957

 Downward sequences 9.46 ± 0.82 9.27 ± 1.37 9.60 ± 1.03 0.824

Baseline data for aerobically trained (AT), untrained (NA) and all subjects are shown as mean ± standard error. A P value of < 0.05 was considered 
significant.

HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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TABLE 2

Change in Fitness Measures After Intervention

Measure Delta for AT Subjects Delta for NA Subjects P

Body mass, kg +0.14 ± 0.66 +0.14 ± 0.36 0.998

Body mass index, kg/m2 −0.15 ± 0.26 +0.05 ± 0.17 0.518

Waist to hip ratio −0.003 ± 0.005 +0.002 ± 0.011 0.689

Blood pressure, mm Hg

 Systolic −11 ± 4 −2 ± 3 0.104

 Diastolic −4 ± 2 −1 ± 2 0.226

 Mean −6 ± 2 −1 ± 3 0.086

Heart rate, beats/min −4.1 ± 2.5 −0.4 ± 1.1 0.172

Fasting blood glucose, mEq −1.1 ± 0.4 −0.1 ± 0.2 0.020

Changes in measures of fitness for aerobically trained (AT) and untrained (NA) are shown as mean ± standard error. None of these measures 
demonstrated a significant training effect.
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