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Abstract
Cardiovascular disease accounts for approximately 30% of all deaths worldwide, and will only worsen as the world’s population ages. It is well-

established that age, per se, is a major risk factor and contributor to all cardiovascular morbidities and mortalities. However, environmental factors,

including a lack of exercise, appear to play a critical role in the onset and progression of cardiovascular disease. This paper reviews the literature on

cardiac variability and aging and addresses risk factors associated with aging that can be modified and possibly attenuate the decline of heart rate

variability with aging, including exercise training to increase vagal modulation. Thus, results of the studies described in this review support a

potential benefit of increasing or maintaining fitness in order to slow the decline of parasympathetic control of HR with normal aging.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Cardiac vagal control; Cardiac vagal tone; Vagal modulation and aging; Autonomic nervous system; Heart rate variability; Exercise; Aging;

Cardiovascular disease
1. Autonomic dysfunction and cardiovascular disease

Cardiovascular disease accounts for approximately 30% of

all deaths worldwide. This death rate will soon surpass the

infectious diseases as the leading cause of mortality. This

epidemic will only worsen as the world’s population ages. In

the United States alone there are over 35 million people over 65

years old and it is projected that this number will double by the

year 2030. It is well-established that age, per se, is a major risk

factor and contributor to all cardiovascular morbidities and

mortalities. Furthermore, automation has altered our lifestyle

and therefore greatly contributed to this cardiovascular disease

epidemic. Support for this notion that environmental factors,

including a lack of exercise, account for the majority of our

cardiovascular diseases has been provided by a number of

cohort studies. Ultimately, all of these cardiovascular diseases

are associated with a common denominator, namely a

‘‘perturbed autonomic balance’’ in which there is either a

decrease in vagal modulation, an increase in sympathetic
* Corresponding author. Tel.: +1 212 305 3056; fax: +1 212 305 1044.

E-mail address: red13@columbia.edu (R.E. De Meersman).
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modulation or a combination of both. It is tempting, therefore,

to hypothesise that preservation of cardiac autonomic function

by lifestyle or interventions should be associated with a marked

reduction in the risk of cardiovascular disease and death.

This review will focus on one component of cardiac

autonomic balance, namely vagal modulation of heart rate. Its

purpose will be: (1) to describe the effects of normal aging and

gender on vagal modulation of HR as quantified by indices of

heart rate variability (HRV) and to provide normative data for

each decade of adult life, (2) to describe the effects of changes

in physical fitness and body weight on vagal modulation of HR,

and (3) to discuss the associations of various pathologies (heart

disease, depression and metabolic syndrome) upon vagal

modulation of HR. This review is not all inclusive; however we

have attempted to provide an unbiased selection of scientific

papers. We apologize for the omission of many pertinent and

current references.

2. Heart rate variability measure reflecting vagal
modulation

To familiarize the reader with the various time and

frequency-domain measures of HRV that reflect vagal (i.e.,

mailto:red13@columbia.edu
http://dx.doi.org/10.1016/j.biopsycho.2006.04.008
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Table 1

Definitions of time-domain and frequency-domain measures reflecting vagal modulation of HR

pNN50 (%) Percent of differences between adjacent normal RR intervals that are greater than 50 ms, computed from short-term

recordings or over the entire 24 h electrocardiogram recording. These measures strongly reflect vagal modulation

rMSSD (ms) Root mean square successive difference, the square root of the mean of the sum of the squares of differences between

adjacent normal RR intervals from short-term recordings or from the entire 24 h electrocardiogram recording. This

time-domain measure strongly reflects vagal modulation

SDSD (ms) The standard deviation of successive differences between adjoining normal cycles

sNN50 (or counts) Absolute number of adjacent normal RR intervals differing by >50 ms. Less commonly used in current studies

Low frequency power (LF) Low frequency modulations of heart rate variability represent the variance of the heart period spectrum between 0.03

and 0.15 Hz. Both sympathetic and parasympathetic contributions are involved during rest. Usually computed per 5 min

or sometimes over a shorter period. Usually averaged per 5 min for a 24 h recording

High frequency power (HF) High frequency modulation of heart rate variability represents the variance of the heart period spectrum centered at the

respiratory frequency of a range between 0.15 and 0.4 Hz and has been accepted as a marker of vagal modulation of HR.

Usually computed per 5 min or sometimes over a shorter period. Usually averaged per 5 min for a 24 h recording

LF/HF Ratio of low to high frequency power or sympathovagal balance. Changes from one time point to the next can reflect

changes in the balance between sympathetic and parasympathetic modulation of HR. Usually computed per 5 min or

sometimes over a shorter period. Usually averaged per 5 min for a 24 h recording

Table 2

Effects of aging on vagally-modulated 24 h HRV parameters by decade

(Bonnemeier et al., 2003)

Decade rMSSD (ms) sNN50

20–29 46.3 (17.9) 810.1 (395.6)

30–39 35.5 (15) 555.1 (419.6)

40–49 26.1 (9.1) 273.7 (208.9)

50–59 24.2 (10.9) 218.3 (279.8)

60–70 18.8 (6.8) 109.4 (155.8)
parasympathetic) modulation of HR, definitions for some

commonly used measures are shown in Table 1. At this time, no

definitive conventions for these time and frequency-domain

measures exist, so the reader may encounter different

abbreviations and subscripts in the literature.

For the papers cited in this review the definitions above

apply. It is important to note that no units are presented for the

frequency-domain measures. In general, frequency-domain

HRV is natural log transformed to permit parametric statistical

evaluation. Also, frequency-domain HRV can be normalized in

various ways to try to capture the proportion that is accounted

for by HF or LF. Since normalized HRV is calculated in

different ways, caution should be used in comparing results of

different studies. Furthermore, the term HRV is used

interchangeably for studies that are based on long-term Holter

monitoring and for those based on very short recordings.

Therefore, we will try to indicate the recording period in the

studies described below.

3. Stability of heart rate variability measures

If 24 h or short-term HRVis to be used for risk stratification or

to assess the efficacy of an intervention, it must be reproducible.

Gerritsen et al. (2003) studied the stability of short duration (1–

3 min) HRV measures as part of the Hoorn study. Stability in a

sub-sample was moderate to high. To improve stability they

recommended standardization of measurement conditions with

particular attention to time of day in order to eliminate diurnal

rhythms (Gerritsen et al., 2003). More recently, our group

demonstrated significant correlations between short duration

epoch measurements of HRV measures obtained from 2

consecutive data collections in older (mean age 62.5 years)

chronic obstructive pulmonary disease patients (Bartels et al.,

2004). The stability of heart rate variability as a measure of

parasympathetic activity is of particular interest in clinical

medicine. Nolan and co-workers determined the reproducibility

of parasympathetic activity of 24 h duration electrocardiograms

from normal participants and ischemic heart disease patients

during follow-up periods ranging from 2 to 16 weeks. Their
coefficients of repeatability showed excellent long-term repro-

ducibility (Nolan et al., 1996). Short-term (2 weeks) and long-

term (7 months) reproducibility of 10 min ECG derived time and

frequency-domain heart rate variability measurements were

evaluated by Pitzalis and co-workers in normal participants.

Vagal-modulated time-domain measurements showed intraclass

correlation coefficients (ICC)> or =0.75. The frequency-domain

measures obtained by means of either Fourier transformations or

autoregressive methods showed similar reproducibility (Pitzalis

et al., 1996). Therefore, it appears that both short- and long-term

time and frequency-domain measures provide acceptable

reproducibility in normal participants and in diseased popula-

tions.

4. HRV indices of vagal modulation of HR over the

lifespan in healthy participants

Table 2 represents time-domain measures of vagal modula-

tion of heart rate per decade of life in a normal healthy

population. Results were based on 24 h Holter recordings. This

study was chosen as an example of normative data because of

the very stringent inclusion criteria (absence of coronary artery

disease, diabetes, overweight, hypertension, neurological and

psychiatric disorders and the use of chronic medication except

for oral contraceptives). Shift workers were excluded from the

study as well (Bonnemeier et al., 2003).

Table 3 provides another set of normative data by decade for

vagally-modulated 24 h HRV time-domain measures from

Umetani et al. (1998).
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Table 3

Normative time-domain measures of vagally-modulated 24 h heart rate varia-

bility (Umetani et al., 1998)

Age (year) rMSSD (ms) pNN50 (%)

20–29 43 (19) 18 (13)

30–39 35 (11) 13 (9)

40–49 31 (11) 10 (9)

50–59 25 (9) 6 (6)

60–69 22 (6) 4 (5)

70–79 24 (7) 4 (5)

80–99 21 (6) 3 (3)

Table 4

Normative data of log-transformed short-term frequency-domain measures

Age group 30–39 40–49 50–59 60–69

HF(ln) (ms2)

Male 4.5 (1.2) 4.3 (0.7) 3.9 (1.0) 3.4 (1.3)

Female 5.0 (1.2) 4.5 (1.0) 4.1 (1.2) 3.9 (0.8)

LF(ln) (ms2)

Male 5.4 (1.2) 5.4 (1.0) 5.2 (1.0) 4.6 (1.1)

Female 5.4 (0.9) 4.8 (1.3) 5.0 (0.9) 4.6 (1.1)

Values are mean � S.D. HF, high frequency; LF, low frequency, both are log-

transformed.
Fukusaki and co-workers also investigated the relationship

of age and HRV in a population-based sample of 373

participants. In this study, HRV was derived from short-term,

resting recordings. They used factor analysis to eliminate

coupling between age and other variables (fitness, triglycerides,

total cholesterol, high-density lipoprotein, glucose and systolic

blood pressure). They concluded that age-related changes in HF

modulation, i.e., vagal modulation of HR, was primarily

mediated by aging per se and less so by physiologic changes

associated with aging (Fukusaki et al., 2000). Results are shown

in Table 4.

As can be seen from these tables, vagally-modulated HRV

continues to decline with advancing age, at least until the sixth

decade of life. Although data suggest that this decline is then

stabilized, it is possible that the continuing decline in vagally-

modulated HRV is masked by an increased prevalence of more

random HR patterns which also elevate rMSSD and pNN50

(Stein et al., 2005).

5. Centenarians and heart rate variability

Finally, heart rate variability in centenarians was studied by

Shimizu et al. (2002). Twenty-seven people aged 100 years or

more in 1992 underwent a 24 h ambulatory electrocardiogram.

In 1996, a follow-up study was conducted on the 10 survivors of

the above cohort. Frequency-domain analyses were carried out

on all data and logistic regression indicated that decreased

values for the LF/HF ratio was among the variables predicting

mortality among the centenarians (Shimizu et al., 2002).

Piccirillo and co-workers studied heart rate variability in ultra-

centenarians and found that high-frequency (HF) values of RR-

intervals were higher when compared to 41–60, 61–80 and 81–

100 age groups. This difference reached significance between
the 81 and 100 age groups and the over 100 age group. Thus HF

power was lower with each advancing age bracket through the

80–90 year old group, but not among those over 100 years of

age, who showed higher HF power than the younger group.

However, these data may reflect a selection bias, particularly

since all studies are of a cross-sectional nature. The study by

Piccirillo and co-workers concluded that the relationship of HF

exhibits a U-shaped curve (Piccirillo et al., 1998). They

concluded that increased spectral high-frequency power of

heart rate variability could reflect a neuroautonomic pattern that

helps protect individuals over 100 years of age from sudden

death. However, the increased prevalence of a high degree of

randomness in HR patterns which elevates HF power, as

previously described, could also explain both findings, and this

possibility was not tested in either study. Indeed, in the

Rotterdam study, based on 10 s ECG strips, both decreased

HRV and increased HRV, in a pattern that did not appear to

reflect respiratory sinus arrhythmia, were significantly asso-

ciated with increased death from ischemic heart disease (De

Bruyne et al., 1999).

6. Effect of gender on vagal modulation of HR

As seen in Table 4, gender has a strong effect on HRV, with

men, generally, having higher HRV than women. Umetani and

co-workers found that gender differences are age and measure

dependent. Heart rate variability of young female participants is

lower than that of age-matched male participants (age 10–29

years). Gender differences decrease with age and disappear by

age 50 years. The age of disappearance varies dependent upon

what measure is being used. The most pronounced differences

in young participants occur with pNN50. Heart rate variability

of young male participants was 53% higher than that of age-

matched female participants. All other measures demonstrate

smaller, but still significant gender differences (Umetani et al.,

1998). Differing effects of gender were also investigated by

Stein et al. (1997). Twenty-four hour Holter recordings were

obtained from two groups of men and women, differing in

approximately 35 years of age.

Differences between younger men and younger women

(mean age for both groups was 33 years) were present during

the daytime, with pNN50 and rMSSD being significantly

higher for men than for women. However this difference was

not seen at night. When comparing older men to older women

(mean age for both groups was 67 years) no statistically

significant differences between the groups were found in any

of the standard HRV indexes. However, the finding of no

difference in HRV between older men and women could be a

function of the sample size. Indeed, in the Cardiovascular

Health Study where HRV was measured in 1273 adults, 65

years and older gender difference in HRV persisted with mean

differences similar to those reported by Umetani et al.

attaining statistical significance (Stein, unpublished data). In

summary, the above studies underscore the importance of

taking the effects of aging and gender on cardiac vagal

modulation into consideration when between participants

evaluating differences.
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7. The consequences of age-associated changes in vagal

modulation

It is well-established that loss of HRV occurs with aging;

moreover, lower levels of vagally-modulated HRV have been

demonstrated to be associated with increased cardiovascular

morbidity and mortality in the elderly (Tsuji et al., 1994).

Therefore, the question arises, ‘‘Are there perhaps some risk

factors associated with aging that can be modified and possibly

attenuate the decline of heart rate variability as we age?’’ The

following sections will describe cross-sectional and prospective

results from studies of the relationship of two of these

modifiable risk factors (sedentary lifestyle and increased body

weight) that are also associated with aging.

8. Association of functional capacity on vagal

modulation of HR

Several cross-sectional studies have shown a strong positive

relationship between functional capacity and heart rate

variability within populations and in comparisons of athletes

and matched sedentary controls. Exercise tolerance and 24 h

HRV were assessed in 296 participants aged 30–50 years

(Antelmi et al., 2004). When participants were divided into low,

moderate and high fitness groups, there was a strong association

between functional capacity and heart rate variability. However,

after adjustment for heart rates, differences between groups

were no longer statistically significant. When 9 physically

active post-menopausal women (age 53 � 1 year) were

compared with 11 age-matched controls, LF and HF power

from short-term HRV recordings and well as vagally-

modulated baroreflex sensitivity were higher in the active

women (Davy et al., 1996). In another cross-sectional study by

De Meersman in which 72 male runners, ages 15–81 were

compared to 72 age and weight matched sedentary individuals,

breathing-associated heart rate variability, which is vagally-

modulated was assessed. The overall results between the two

groups showed that the physically active or runners group had

significantly higher fitness levels, as assessed by maximal

oxygen consumption tests (VO2max) and significantly higher

levels of breathing-associated heart rate variability, when

compared with their sedentary counterparts (De Meersman,

1993). However, it is well-known that the increase in

cardiovascular fitness in response to aerobic training varies

across individuals. Hautala et al. (2003) tested the possibility

that baseline cardiac autonomic function might influence the

magnitude of this effect by performing 24 h Holter monitoring

and VO2 peak testing in 39 males, aged 35 � 9 years. Holter

monitoring and exercise testing were repeated after 8 weeks of

6 session/week at 70–80% of maximum HR. The training

response correlated with both age (r = �0.39, p = 0.007) and

with HF spectral power (r = 0.46, p = 0.002). Even after

adjustment for age, HF power was still associated with the

magnitude of the training response. Thus high vagal modulation

of HR is associated with a greater improvement in exercise

capacity in healthy sedentary participants and might help

explain the higher heart rate variability in trained athletes.
9. Heart rate variability and cardiovascular fitness in

senior athletes

Senior athletes provide a good model for testing the

hypothesis that physical fitness can reduce the aging-associated

loss of vagal modulation of HR. Fifteen senior athletes were

compared to 14 sedentary persons of similar age (mean age 69

years) by Yataco et al. (1997). The maximal aerobic capacity

(VO2max) of the athletes was 58% higher than the sedentary

men (41 ml O2/kg/min versus 24 ml O2/kg/min) and body mass

index for the athletes was 23 compared to 31 for the sedentary

individuals. Twenty-four hour Holter recordings were analyzed

for time and frequency-domain measures, and comparisons

were statistically adjusted for body mass index. The main

findings were that senior competitive athletes have increased

overall HRV and vagal modulation of HR when compared with

their sedentary counterparts. HRV parameters had a positive

correlation with aerobic fitness and a negative correlation with

obesity. Results were compared to normalized data from 2 h

recordings in younger, untrained individuals who were part of

the Framingham heart study. HF power, in the senior athletes

was comparable to the values in the Framingham participants

<40 years of age (Yataco et al., 1997). Hunt and co-workers

investigated the effects of long-term physical activity on neural

vagal modulation in older physically active men. They

compared integrated cardiovagal baroreflex gain, determined

as the relationship between the slowing of heart rate per

millimeter of blood pressure rise, between 10 young untrained

men, 6 older untrained men and 12 older, physically active men.

Findings in this investigation indicated that the integrated gain

in older active men across groups was comparable to that in

untrained young men and that long-term physical activity

attenuates the neural decline in vagal control (Hunt et al., 2001).

However, limitations associated with cross-sectional studies

include the assumption that the only difference between those

who do and do not exercise is the choice to be active, and

therefore caution is needed about extrapolations to causative

factors. Moreover, it should be pointed out that there is a large

genetic component associated with both physical fitness and

heart rate variability. Researchers estimate that the combined

effects of genetics and familial environment raise the upper

limit of genetic determination to about 50% for VO2max

(Bouchard et al., 1998). In addition, the contribution of genetics

to rMSSD, based on twin studies, has been estimated at 40–48%

(Kupper et al., 2004).

10. Effect of exercise training on vagal modulation of

HR

The potential for exercise training to increase HRV has been

shown in several studies. For example, Pichot and co-workers

studied the effects of a 14-week program of intensive interval

training on elderly men. Following the training period,

functional capacity (VO2max) increased 18.6% while the

nocturnal indices for vagal modulation (rMSSD, pNN50, HF

power) also increased. Thus, their findings demonstrated a

significant improvement in vagal modulation associated with
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intensive interval training in elderly men (Pichot et al., 2005).

Jurca and co-workers investigated the effects of an 8-week

moderate intensity training program on heart rate variability in

post-menopausal women. After 8 weeks, women randomly

assigned to the exercise group improved their vagal modulation

of HR based on 10 min resting ECGs. Findings in this

investigation indicate that aerobic exercise training at moderate

intensity (50% of VO2max) is sufficient to improve vagal

modulation (Jurca et al., 2004). However, Stein et al. (1999)

found that 12 months of supervised exercise training increased

VO2 max and decreased HR, especially at night, but had no

effect on indices of vagal control of HR in 16 adults aged

66 � 4 years. Twenty-four hour HR and HRV did not change

over the same period in a control group of older adults who did

not alter their activity level. Finally, in a recent meta-analysis,

Sandercock et al. (2005) reported that the decrease in HR in

response to exercise training was less in older adults, but the

increase in HF power was more consistent across age groups.

Also, a greater effect size was seen in 24 h recordings, possibly

because, as seen in the Stein et al. study, the strongest effect of

exercise training may be seen during the nighttime. Thus,

results of the studies described above support a potential benefit

of increasing or maintaining fitness in order to slow the decline

of parasympathetic control of HR with normal aging.

11. Obesity and autonomic modulation

Obesity is America’s most rapidly proliferating and

treatment-resistant disease. Obesity is the most visible mark

of a complex physiologic derangement that can include

hypertension, insulin resistance, alterations in cardiac output

and even increased inflammation. There is a growing consensus

that obesity is associated with a reduced sympathetic response

to glucose ingestion (Quilliot et al., 2005; Matsumoto et al.,

2001; Laederach-Hofman et al., 2002), but there are surpris-

ingly few studies comparing indices of vagal modulation in

obese and non-obese participants. Karason et al. (1999)

reported, based on 24 h Holter monitoring, that obese

participants had lower HF values than lean participants.

However, Quillot et al. (2001) found no relationship between

obesity and vagal control of HR as quantified by short-term

standardized measures of normalized HF power. Consistent

with this, Petretta et al. (1995) did not find any difference in HF

power on 24 h Holters between 10 young obese women and 10

controls; although LF power (reflecting a combination of

sympathetic and parasympathetic control of HR) was slighter

lower in the obese participants.

Considerably more data on the positive effect of weight

reduction on vagally-modulated HRVare found in the literature,

although in many cases the intervention included both weight

loss and exercise. A decrease in heart rate is a general finding.

Franchini and coworkers studied changes of autonomic cardiac

profiles after a 3-week body weight reduction program in

severely obese patients. HRV was from an 18 h Holter

recording obtained before and at the end of the third week.

The 3-week body weight reduction program reduced BMI

(from 41.4 � 4.6 to 39.5 � 4.3 kg/m2). Significant changes in
vagal modulation of HR were observed both in the time and

frequency-domain (mean squared successive difference

(MSSD): +16.7%; pNN50: +31.8%; low frequency power

(LF): +17.1%; HF: �18.2%). Thus, a short-term, integrated

body weight reduction program was able to favorably modify

the autonomic profile in a population of normotensive, severely

obese participants (Facchini et al., 2003). Results were

consistent with the findings of Akehi et al. (2001) that using

a very low calorie diet resulted in a mean 18% weight loss over

an average of 40 days of inpatient treatment. Patients did not

exercise. Twenty-four hour Holter monitoring was performed at

baseline and on the final day of the program. Significant

increases were seen in all vagally-modulated HRV indices.

Combining exercise and weight loss, as is generally

recommended, has been reported to have similar positive

effects on vagal control of HR as either intervention alone. We

are not aware of any studies that attempted to separate out these

potential effects. Amano and coworkers showed that follow-

ing12 weeks of exercise training in which 18 obese middle-

aged men and women significantly reduced their BMI and

percent body fat, there was a concomitant increase in vagal

modulation of HR while at rest (Amano et al., 2001). Poirier

and co-workers described 8 severely obese participants

(BMI > 40.0 kg/m2) who underwent a 3 month weight loss

program followed by 3 month reduced-weight maintenance

regimen. After the diet regimen, there was a 10% decrease in

weight. HRV was derived from a 24 h Holter monitoring. The

authors concluded that after weight loss, there was an increase

in high-frequency modulation of heart rate variability, showing

a significant increase in cardiac vagal modulation (Poirier et al.,

2003). The effects of exercise and mild calorie restriction on

heart rate variability (HRV) were also investigated in 12 mildly

obese, normotensive Japanese women aged 45.8 � 4.2 years

with a body mass index (BMI) of 27.3 � 0.4 kg/m2.

Participants participated in a 3 month program aimed at

increasing physical activity and modifying eating behavior

(intervention group). The control group consisted of 12 women

(age 50.1 � 4.8 years, BMI 27.2 � 0.6 kg/m2) who did not

attend the program. Frequency-domain HRV was calculated

from 5-min supine Holter recordings. After 3 months, BMI

decreased significantly to 25.0 � 0.5 kg/m2 in the intervention

group. The mean and SD of the RR intervals, low and high

frequency power of HRV significantly increased after the

intervention, whereas no significant changes were seen for the

controls. The changes in these HRV variables (calculated by

subtracting the baseline values from the follow-up values)

negatively correlated with the change in waist circumference,

with the Pearson correlation coefficients being between �0.50

and �0.62 ( p < 0.05). Thus, the combination of exercise and

mild calorie restriction led to changes in HRV indicative of an

improvement in parasympathetic modulation (Ito et al., 2001).

Finally, the work by Arone and co-workers indicates that in

both animals and humans the autonomic nervous system (ANS)

responds to short-term changes in systemic energy balance.

Specifically, the ANS response to weight change was examined

by sequential blockade of cardiac autonomic innervation with

parasympathetic (atropine) and sympathetic (esmolol) blockers.
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Changes in heart period (interbeat interval) from baseline after

atropine defined the amount of parasympathetic control (PC).

The subsequent change after esmolol defined the amount of

sympathetic control (SC). In non-obese participants, weight gain

to 10% above initial body weight resulted in a decrease in PC and

an increase in SC, and conversely, weight loss to 10% below

initial weight resulted in an increase in PC and a decrease in SC.

In obese participants, weight loss resulted in the same pattern of

changes in PC and SC. The major autonomic effects of weight

changes were in the parasympathetic arm of the ANS (Arone

et al., 1995). These findings support the hypothesis that the ANS

acts to oppose weight change and may be a major influence in

weight control. However, the studies described above are all

relatively short-term. Laaksonen et al. (2003) conducted a 1-year

study that involved both weight loss and weight maintenance in

41 obese men and women with the metabolic syndrome. Despite

successful weight maintenance, the initial increase in para-

sympathetically modulated HRV gradually attenuated during 1

year of follow-up.

It appears from the findings in the above mentioned

investigations that acute and/or long-term weight reductions are

associated with favorable changes in cardiac autonomic

modulation through both parasympathetic and concomitant

sympathetic modulation effects. Thus, weight reduction among

the obese or maintenance of a normal weight among those who

are not, appear to be potential ways to reduce aging associated

declines in parasympathetic control of HR.

12. Heart disease and cardiac vagal modulation

It has been clearly shown in numerous studies that cardiac

patients have significantly decreased HRV compared to healthy

controls. This difference has been less consistent for indices

that reflect vagal control of HR (Bigger et al., 1995) because, as

previously mentioned, of the increased prevalence of sinus

arrhythmia of non-respiratory origin in the elderly and among

cardiac patients (Stein et al., 2005). A number of studies have

asked whether aerobic exercise training could improve cardiac

vagal control in patients recovering from an acute cardiac event

or in patients with congestive heart failure. Significant

improvements in time and frequency-domain measures of

heart rate variability have been shown for post-MI patients who

exercise when compared to a matched sedentary control group

(Stahle et al., 1999; Malfatto et al., 1996). Moreover, it appears

that exercise training performed for 8 weeks after a myocardial

infarction, modifies the sympathovagal balance control of HRV

toward a persistent increase in vagal modulation (Stahle et al.,

1999). In a very recent study, Garet and co-workers evaluated

the influence of daily physical activity on established HRV

prognostic indices in patients with varying severity of

congestive heart failure (CHF). They hypothesised that if

mean habitual daily physical activity assessed by daily energy

expenditure correlated with established prognostic HRV

indices, it would further strengthen the determinant role of

adopting an active lifestyle, even after myocardial infarction

with altered left ventricular ejection fraction. Based on the

results of their study, moderate to intensive daily physical
activity might be recommended to CHF patients, under medical

supervision, in order to preserve their autonomic function

(Garet et al., 2005). The prognostic role of such an

improvement in daily activity still needs to be determined.

More precisely, rather than daily energy expenditure, moderate

to intensive physical activity appears to be the minimal

intensity level required to counteract the decline in HRV

observed with increasing severity of heart failure. However,

another recent study reported that long-term low intensity

exercise training had no effect on autonomic function (Uusitalo

et al., 2004). In light of these above findings it might be

important to determine the effects of daily free-living physical

activity on autonomic function. As total activity time was not

statistically different between the three groups, the intensity of

the performed daily activities appeared to be a determinant

factor influencing heart rate variability. In summary, the

preponderance of studies suggests that aerobic exercise exerts a

beneficial effect upon autonomic function in patients with

cardiovascular disease.

13. Depression and heart rate variability in cardiac

patients

Although the hypothesis that depression should have an

adverse effect of on the autonomic nervous system makes

sense, the evidence that this is the case is suggestive (see

Rottenberg, this issue), except in the case of patients with

cardiovascular disease. Depression has been shown to be a

significant risk factor for first and recurrent cardiac events and

for mortality in such patients. A significant number of patients,

estimated to be from 20 to 50%, who die from myocardial

infarction, appear to be significantly depressed prior to the

infarction (Glassman and Shapiro, 1998; Greene et al., 1972;

Lebovits et al., 1967). Furthermore, major depression doubles

the risk that patients with newly diagnosed coronary heart

disease (CHD) will experience an adverse cardiovascular event

within 12 months; and its predictive value is independent of the

extent of disease (Carney et al., 1988). Compared to non-

depressed individuals, patients with depression are at a much

greater risk of death due to cardiac-related events for up to 10

years following the diagnosis of established CHD (Barefoot

et al., 1996). Even after accounting for risk factors such as

arrhythmias and history of previous myocardial infarction,

major depression is a significant predictor of mortality in

patients at both 6 and at 18 months following myocardial

infarction (Barefoot et al., 1996; Frasure-Smith et al., 1993).

The predictive value of major depression for subsequent

cardiovascular events is equivalent to that of left ventricular

dysfunction (Barefoot et al., 1996), history of previous

myocardial infarction (Frasure-Smith et al., 1993) and

continued smoking (Booth-Kewley and Friedman, 1987).

Depression, at least in cardiac patients, may perhaps be

conceptualized to influence cardiovascular function via

neuroimmunomodulatory autonomic dysregulation. Auto-

nomic function is altered in depression, evidenced by reduced

heart rate variability, impaired baroreflex sensitivity and

increases in heart rate. These changes may influence the
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pathogenesis of diseases that affect the cardiovascular system

(Grippo and Johnson, 2002). It is not uncommon for all three

factors, old age, coronary heart disease and depression to be

clustered in the elderly, and a disturbance in cardiac autonomic

modulation is the common linkage. Decreased HRV at around

the time of MI has been reported in depressed versus non-

depressed patients, and this decrease (using only one measure

of HRV) has been calculated to explain 27% of the elevated risk

of mortality in depressed patients (Carney et al., 2005). The

same group has also shown that treatment of depression using

cognitive behavioral therapy alone resulted in significant

decreases in heart rate and increases in some HRV indices,

including rMSSD during the daytime, in patients with known

coronary artery disease (Carney et al., 2000). There was no

change in HRV in the untreated control group. Finally, although

there is not much information about the effect of treatment with

selective serotonin reuptake inhibitors (SSRIs) in cardiac

patients, there is evidence that treatment of depression with

SSRIs enhances survival among post-MI patients (Taylor et al.,

2005). Perhaps then a treatment-related improvement in cardiac

autonomic function among depressed patients could play a

major role in reducing risk.

14. Human model of accelerated aging and the

metabolic syndrome

Prior work by Bauman et al. in a human model of accelerated

aging, namely the spinal cord injured individual (SCI), suggests

that the metabolic syndrome or the clustering of hypertension,

dyslipidemia and hyperinsulinemia significantly contributes to

accelerated cardiovascular aging (Bauman and Spungen, 1994;

Bauman et al., 1998A,B, 1999). Within this model there is a

consistent disruption in autonomic modulation which appears

to be a common denominator in linking these co-morbidities

(Grimm et al., 1995, 1997). From a public health perspective,

individuals who manifest this clustering of metabolic and

autonomic impairments are at a significantly higher risk for

overall cardiovascular morbidity and mortality (DeVivo et al.,

1989; Hartkopp et al., 1997). Furthermore, these cardiovascular

risk factors have been documented in our human model of

accelerated aging, the spinal cord injured (SCI) individual.

Specifically, improvements in clinical care immediately post-

injury and throughout life have significantly increased the

lifespan of persons sustaining a spinal cord injury. Conse-

quently, as this population ages, cardiovascular disease is the

leading cause of death (46%) (DeVivo et al., 1989). Moreover,

others have reported that the incidence and onset of

cardiovascular disease in spinal cord injury was 14.9 times

higher when compared to the general population (Hartkopp

et al., 1997). In regards to the SCI populations’ autonomic

profile, Inoue et al. reported both the absence of the low-

frequency and high-frequency component of HRV in indivi-

duals with quadriplegia when compared to a non-spinal cord

injured (non-SCI) control group (Inoue et al., 1990). These

investigators concluded that the interruption of sympathetic

innervations to the heart may be a contributor to the

downregulation of vagal modulation in this population.
Considering the above observations in the aging model it is

prudent to speculate that in the normal aging population there

appears to be a gradual and sustained downregulation of vagal

modulation to the heart. This gradual loss of vagal modulation

has been shown to be in part responsible for the increased

cardiovascular morbidity and mortality in the aging population

at large (Kleiger et al., 1987). These investigators concluded

that the interruption of sympathetic innervations to the heart

may be a contributor to the downregulation of vagal modulation

in this population.

15. Summary

Vagal control of heart rate, as assessed by analysis of specific

heart rate variability parameters, provides significant informa-

tion about the functioning of the cardiac autonomic nervous

system. Vagal control of heart rate decreases with advancing age

and is generally lower among women. In the elderly, heart rate

variability measures must be interpreted with caution because

increased randomness of heart rate patterns can elevate these

measures and make it appear that vagal modulation of the heart is

better than it really is. Increased vagal control of heart rate is

associated with higher levels of physical fitness and data suggest

that exercise may help protect against the adverse autonomic

effects of aging. Similarly, obesity and the development of the

metabolic syndrome appear to have adverse effects on cardiac

vagal control and weight loss helps restore autonomic balance.

Cardiac vagal control is reduced in cardiovascular disease,

especially after MI and in heart failure. Exercise training may

help ameliorate this situation. Finally, at least among cardiac

patients, psychiatric depression is associated with reduced

cardiac vagal modulation and at the same time associated with

markedly increased mortality. Very limited data suggest that

treatment of depression in post-MI patients may improve heart

rate variability and also improve survival. The use of markers of

cardiac vagal modulation, especially in intervention studies, has

the potential to further understanding of who may benefit and of

the mechanisms by which benefit might occur.
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