
Gzrdiovascular 
Research 

Cardiovascular Research 31 (1996) 633-639 

A controlled study of the autonomic changes produced by habitual 
cigarette smoking in healthy subjects 

Daniela Lucini, Federico Bertocchi, Albert0 Malliani, Massimo Pagani * 
Centro Ricerche Cardiovascolari CNR, Centro Ricerca Neurovegetativa, Medicina lnterna II, Ospedale ‘ ‘L. Sacco”, University of Milan, Via G.B. Grassi, 

74, 20157 Milan, Italy 

Received 28 July 1995; accepted 2 1 November 1995 

Abstract 

Objectives: An increased sympathetic drive, in view of its proarrhythmic, proatherosclerotic, and prothrombotic actions, could 
contribute to the elevated cardiovascular risk of habitual smokers. However, the underlying mechanisms are still debated. In this study we 
address the hypothesis that spectral analysis of RR interval and systolic arterial pressure short-term variabilities may be used to assess the 
complex autonomic changes produced by habitual cigarette smoking. Methods: A cross-sectional design compared heavy (> 20 
cigarettes/day) habitual smokers (n = 20; 40 f 3 years), with similar age controls. Spectra1 analysis of RR interval variability provided 
markers of the sympatho-vagal balance modulating the SA node, by way of the normalised low frequency (LF E 0.10 Hz) and high 
frequency (HF E 0.25 Hz) components. The LF component of systolic arterial pressure (SAP) variability assessed the sympathetic 
vasomotor modulation. The frequency domain index (a) measured the baroreflex gain of the SA node. Subjects were studied at rest, and 
during the sympathetic excitation produced by active standing. Results: In smokers LFaa was, at rest, greater than in controls (70.6 f 3.8 
vs 46.0 f 2.5 normalised units, nu); concurrently HPaa was reduced (22.1 f 3.2 vs 42.0 f 2.8 nu). Baroreflex gain and RR variance were 
also smaller in smokers. LFsAp was, instead, similar in the smokers and control groups. The standing induced increase in LFaa was 
blunted (P < 0.001) in smokers. Conclusions: Spectra1 analysis of RR interval and systolic arterial pressure variability indicates that 
habitual cigarette smoking induces selective alterations in neural control of the SA node. An increase at rest in markers of sympathetic 
modulation is accompanied by signs of reduced vagal drive and depressed baroreflex gain; while sympathetic vasomotor modulation 
appears similar in controls and smokers. Data are consistent with the hypothesis that autonomic alterations may contribute to the increased 
cardiovascular risk present in smokers. 
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1. Introduction 

Heavy cigarette smoking poses costly hazards to human 
health, being responsible for about one-fifth of deaths 
attributable to cardiovascular disease [I]. 

Cigarette smoke might favour the development of 
atherosclerosis [2] by damaging the vascular endothelium 
[3] and producing an unfavourable lipid profile [4]. The 
adverse effects of smoking might depend, as well, on an 
increase in platelet aggregation [5] and vasomotor reactiv- 
ity [l], leading to a prothrombotic state [5,6], favouting 
coronary spasm, particularly in women [7], and occlusion 
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[l]. Acute events, such as ventricular fibrillation and sud- 
den death, are increased by smoking [8], particularly in the 
presence of pre-existing coronary artery disease. However, 
the underlying trigger mechanisms are poorly understood. 

In view of the proarrhythmic effect of sympathetic 
activity [9], the finding that cigarette smoking acutely 
increases plasma catecholamines [lo,1 I] and cardiac nor- 
epinephrine spill-over [ 121 would suggest sympathetic 
overactivity as a possible component of the elevated coro- 
nary risk of smokers, as is the case in hypertension [ 131 or 
coronary artery disease [ 141. This concept would also be in 
line with the concomitant reduction of vagal drive, recently 
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observed in habitual smokers [ 151. Surprisingly, short-term 
longitudinal studies employing direct electroneurographic 
techniques in man, documented a reduction in muscle 
efferent sympathetic activity during smoking a cigarette 
[16,17]. This finding, however, obtained from a peripheral 
sympathetic outflow in view of the highly differentiated 
nature of autonomic efferent activity [18], may not be 
applicable to cardiac innervation. Furthermore, a control, 
non-smoking population, was not examined. 

The present cross-sectional, observational, study was 
therefore planned to address directly whether long-term 
exposure to cigarette smoking, as occurs in heavy habitual 
smokers, alters the baseline sympathetic and vagal modula- 
tion of the SA node and peripheral sympathetic vascular 
control, as compared to age-matched non-smokers. 

To this end we employed spectral analysis of heart 
period and systolic arterial pressure variability [19,20] and 
non-invasive measurements, to minim& the possibility of 
disturbing resting autonomic activity, as it might occur 
with invasive or painful recording procedures [21]. 

As a secondary goal we addressed the autonomic 
changes induced by standing up, i.e. a manoeuvre which 
increases sympathetic modulation, as smoking has been 
reported to induce alterations in cardiovascular excitatory 
reflexes [ 161. 

2. Methods 

This study involved 40 volunteers. Twenty subjects 
(Table 1) were heavy habitual cigarette smokers, as judged 
by high Fagestrom scale score [22] (mean 8.2 f 0.3, range 
6 to 11). This scoring system considers the number of 
cigarettes/day, the duration of the habit, and the intensity 
of the craving for cigarettes. Subjects had smoked for an 
average of 18 f 2 years (range 5 to 40). Twenty non- 
smoking volunteers of similar age (Table 1) served as 
controls. 

Subjects were judged to be healthy on the basis of 
medical history, physical examination, electrocardiogram 

Table 1 
Characteristic of the study population 

Smokers 

Age (years) 40*3 
Weight (kg) 71*3 
Height (cm) 172&2 
Systolic arterial pressure 112*2 
CmmHg) 
Diastolic arterial pressure 72*2 
(mmHg) 
Heart rate 79f3 
(bcats/min) 

Non-smokers 

4Of3 
73f2 
172*2 
115f2 

73*2 

66f2 * 

Data are presented as means j, s.e.m. * P < 0.001 vs smokers. 

and for a sample of smokers (n = 5) spirometry. None was 
on any medication. 

Since the hemodynamic and autonomic effects of 
cigarette smoking vary in time [23], and show habituation 
[17], we considered it important to perform our studies 
after smokers had smoked several (n = 7) cigarettes (i.e., 1 
cigarette with 1.3 mg nicotine, per hour, since waking up) 
to ensure a sufficiently stable baseline. Accordingly, 
recordings were performed in a quiet room, with a com- 
fortable temperature (22-24”(Z), always in the same time 
window (between 1.00 and 3.00 h p.m.). On the morning 
of the study, every subject had a light breakfast, with no 
caffeinated beverages (coffee or tea> and postponed lunch 
after recording was completed. In the hours preceding the 
study all subjects attended their usual daily activity, and 
avoided any bout of heavy physical exercise, which might 
produce long-lasting autonomic effects [24]. 

All subjects had been carefully instructed about the 
study procedure, and all had given their written informed 
consent. This study was approved by the local Ethics 
Committee. The investigation conforms with the principles 
outlined in the Declaration of Helsinki. 

Each participant was connected to a two-channel 
telemetry system (Marazza, Italy) which provided continu- 
ous electrocardiographic and respiratory signals (obtained 
with a piezoelectric transducer). Arterial pressure was 
continuously estimated with a non-invasive device 
(Finapres, Ohmeda, USA), which had been already vali- 
dated both for time and autoregressive frequency domain 
measures, against invasive pressure recording [21]. 

After a lo-min period, allowed for stabilisation, a con- 
trol recording of 10 min was obtained, to be followed by a 
further period of 7 min recording, which was obtained 
while the subjects maintained the upright posture (active 
standing). This is a condition which enhances sympathetic 
drive. The time elapsed since the last-smoked cigarette and 
initiation of the recording procedure was always at least 30 
min, which allowed acute hemodynamic effects to wane 
[16,17]. 

Analog signals were channelled after appropriate am- 
plification and filtering, to an analogue to digital board 
(Data Translation USA), inserted into a PC (Compaq, 
USA). During experimental sessions continuous acquisi- 
tion at 300 samples/s per channel was performed. Data 
stored on the hard disk were subsequently processed off- 
line, and saved on back-up digital tape. 

2.1. Data analysis 

From the ECG signal [ 19,201 a continuous RR interval 
series (i.e. tachogram) was initially obtained, with the peak 
of the R wave as fiducial point. Tachogram sections, of 
adequate length and stationarity, were used to calculate 
simple statistics and the best autoregressive estimate of the 
power spectral density. The power and frequency of every 
spectral component are presented both in absolute (i.e. 
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Fig. 1. Autospectra of RR interval, and systolic arterial pressure variabili- 
ties and of respiration in a control subject (left panels) and in a smoker 
(right panels). In this representative example the total power of RR 
variability (corresponding to the area under the curve) in the smoker 
appears reduced as compared to the control subject (notice the change in 
scale; total power is respectively 2715 and 4020 ms*). The absolute 
values of both LF and HF spectral components are also smaller in the 
smoker (respectively, LF, 772 and 1185 ms*; HF. 307 and 1569 ms*). 
Vice versa the normalized power of the LF component is greater in the 
smoker as compared to the control subject (LFnu: 70 and 411, while HF is 
smaller (HFnu: 27 and 51). It is also apparent that the main respiratory 
frequency coincides in both subjects with the center frequency of the 
respiratory components of RR interval and systolic arterial pressure. 

[s’]) and normalised units (i.e. [nu]) [20]. Normalised units 
are computed by dividing the absolute power of a given 
high-frequency (HF) or low-frequency (LF) component by 

total power (i.e. variance) after having subtracted from it 
the power of the component with a center frequency near 0 
Hz (less than 0.03 Hz) and multiplying this ratio by 100. 
The analysis of these very low-frequency components, 
which nevertheless may contain important information, 
requires a different methodology [25] and is not within the 
scope of the present study. Unless otherwise specified, 
spectral power will be presented in normalised units. Spec- 
tral analysis was also performed on the systolic arterial 
pressure and the respiratory signals using a similar proce- 
dure (Fig. 1). 

From the simultaneous analysis of arterial pressure and 
RR interval variabilities, a frequency domain index ((~1 
can be derived [26,27], which is a measure of the overall 
gain of the heart period-arterial pressure relationship and 
provides results similar to those obtained with the phenyl- 
ephrine slope approach [27]. The index (Y is computed 
both in correspondence of LF and HF oscillatory compo- 
nents; an average index is obtained with the formula: 

where P, and PsAp represent the spectral power of the RR 
interval and of the systolic arterial pressure components, 
respectively. The validity of this calculation requires that 
the value of the coherence function between the two 
variability signals is, at the relevant frequencies, greater 
than 0.5 [26-281, and the direct influence of respiration on 
RR period variability is minimal, as has been found in the 
case of the human subjects [29]. Elevated short-term [26] 
and long-term (2 month) [30] reproducibility of this mea- 
sure has been reported. 

2.2. Statistics 

Data are presented as means + s.e.m. The following 
statistical procedures were employed, as appropriate: Stu- 
dent’s I test, and two-way repeated measures ANOVA 
with Bonferroni correction using a commercial statistical 
package (Sigmastat, Jandel). A (Y level of 0.05 was con- 
sidered significant. 

Table 2 
Descriptive statistics of RR interval and of its variability, in controls and in smokers, at rest and during active standing 

RR (ms) CT* (ms*) DC(%) LF HF LF/HF 
- 

HZ ms2 nu HZ ms* nu 

Rest 
Controls 921 f 30 3742f830 41*5 O.lOf0.01 1007f271 46.0f2.5 0.26 f 0.01 907 f 207 42.0 f 2.8 1.3f0.2 
Smokers 774 f 28 ^ 1320f260 ^ 52+5 O.lO*O.Ol 495*142 - 70.6f3.8 ^ 0.32*0.01 - 152+42 ^ 22.1 k3.2 - 6.7* 1.6 ^ 
Standing 
Controls 806 f 27 l 3491 f 783 54*5 0.09f0.01 1330~504 76.8f3.0 * 0.26 f 0.02 265 f 80 17.0*3.0 * 8.4* 1.7 * 
Smokers 69Of26 * ^ 999*150 ^ 49f6 0.08f 0.01 441 f 107 * 84.5 fc2.0 * - 0.28zbO.02 43*8 - 12.0*2.0 ’ ^ 12.0*2.0 * - 

cr 2 = variance; DC = very low-frequency component; LF = low-frequency component; HF = high-frequency component; nu = normahsed units. Data are 
means f s.e.m. * P < 0.05 rest vs standing; ^P < 0.05 controls vs smokers. 
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Fig. 2. Hemodynamic values, and time and frequency domain markers of autonomic circulatory modulation in controls (open bars) and in smokers (lined 
bars). * P < 0.05. 

3. Results 

3.1. Rest condition 

At rest RR interval was significantly reduced in habitual 
smokers as compared to controls (Table 2 and Fig. 21, 
while systolic and diastolic arterial pressure values were 
similar in the two groups (Table 3). RR interval variance 
was reduced in smokers as compared to controls (Table 21, 
while no significant differences were observed in SAP 
variance. 

Frequency domain indices of neural control of the 
cardiovascular system showed significant differences be- 
tween the two groups (Table 2). Low-frequency compo- 
nent (LF) of RR interval variability, expressed in nor- 
malised units was significantly greater in smokers (Fig. 2) 
and, conversely, high-frequency component (HF) of RR 
interval variability, expressed in nu, was significantly lower 
(Table 2). No significant differences were observed in 
WAP when comparing the two groups. 

The resting value of the index (Y, a frequency domain 
measure of the overall gain of baroreflex control of the 

heart period, was significantly lower in smokers as com- 
pared to controls (Fig. 2 and Table 3). 

3.2. Active standing 

In this study active standing was used to enhance 
sympathetic drive to the heart and blood vessels. This 
stimulus produced a significant reduction in RR period in 
the control group. A similar reduction was present in the 
group of smokers (Table 21, although in this group RR 
interval reached a lower value. 

Systolic arterial pressure was slightly increased in both 
groups, as compared to resting values (Table 3). RR and 
SAP variance were not significantly modified by active 
standing. 

LFaa was significantly increased in both groups, but in 
smokers this increase was less than in controls ( A = 13 f 4 
nu and A = 31.2 f 3 nu respectively, P < 0.001). A paral- 
lel, opposite change was observed in HF,. LFsAP was 
similarly increased in both groups by standing up, the 
index u was significantly reduced in both groups and 
reached a significantly smaller value in smokers (Table 3). 

Table 3 
Descriptive statistics of systolic arterial pressure, of its variability and of a index, in controls and in smokers, at rest and during active standing 

SAP u2 DC LF HF lY 

Rest 
Controls 
Smokers 
Standing 
Controls 
Smokers 

- 
CmmHg) CmmHg’) (%o) HZ mmHg2 Hz mmHg2 (ms/mmHg) 

115f3 30f5 66f3 0.09f0.01 5.3f 1.0 0.25*0.01 3.2i 1.3 18.3 f 2.4 
^ - 113*3 33f8 67f4 0.09 f 0.01 5.4* 1.0 0.31 *0.01 1.9f0.6 10.9f1.9 

122rt3 * 4oi8 64*3 0.10*0.01 10.3rt2.0 l 0.25 f 0.01 3.0f 1.2 10.7* 1.4 l 

 ̂124&4 * 41*7 50*6 0.08 f 0.0 1 14.2f3.0 ’ 0.29 f 0.02 2.1 kO.6 6.OIf:O.8 l 

SAP = systolic arterial pressure; o ’ = variance; DC = very low-frequency component; LF = low-frequency component; HF = high-frequency component. 
Data are means f s.e.m. l P < 0.05 rest vs standing; “P < 0.05 controls vs smokers. 
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3.3. Respiration 

The frequency of respiration, which corresponds to the 
center frequency of the I-IF component of both RR and 
SAP variabilities (Fig. 111, was higher in smokers, both at 
rest and during standing up (Tables 2 and 3). 

4. Discussion 

The main finding of this study is that habitual smokers 
reveal a marked disturbance of the neural control of the 
SA node as compared to non-smoking controls. At rest 
smokers were characterised by signs of sympathetic pre- 
dominance, as well as by reduced vagal modulation and 
blunted baroreflex gain. These alterations were likely to be 
selective, as markers of sympathetic vasomotor control 
were, instead, similar in the two populations examined. 

4.1. Spectral analysis of RR interval and systolic arterial 
pressure variability to assess neural control of the circula- 
tion 

The instantaneous RR interval depends on the continu- 
ous interplay between vagal and sympathetic efferent ac- 
tivity to the SA node and the intrinsic heart rate [20]. 
Spectral analysis [19] extracts two major oscillatory com- 
ponents, at H 0.1 Hz, low frequency (LF), and hl 0.25 Hz, 
high frequency (HI!), that are present in the continuous 
series of RR intervals. Although both LF and HF compo- 
nents are likely to originate from a central and peripheral 
interaction of vagal and sympathetic mechanisms [20,31], 
their relative powers have been shown to provide, in 
multifarious experimental conditions, quantitative markers 
of the state of the sympatho-vagal balance [20]. 

In fact, in the presence of sufficient stationary condi- 
tions and variance, sympathetic excitations seem always to 
be accompanied by a relative increase in LF, while vagal 
excitations lead to a relative increase in HF. This recipro- 
cal peripheral organisation might reflect the central recip- 
rocal organisation of the two rhythms [31]. Hence, a 
normalisation procedure is necessary to assess the relative 
power of LF and I-IF, independently of total power or 
variance [19,20]: alternatively, the LF/HF ratio also pro- 
vides similar information. 

By using this approach it was possible to quantify with 
greater accuracy than using the RR interval, the variance, 
or absolute values of single spectral components, the vari- 
ous levels of graded tilt, likely to induce progressive 
changes in sympatho-vagal balance 1321. Moreover, during 
reductions in arterial pressure produced in man by progres- 
sive doses of nitroprusside i.v., the nonnalised power of 
the LF component appeared highly correlated with similar 
oscillations present in the efferent sympathetic muscle 
nerve activity [33]. 

By using a bivariate technique, which considers simul- 
taneously RR interval and systolic arterial pressure values 

[27,28], it is also possible to obtain an estimate of the 
overall gain of baroreflex mechanism, by way of the 
frequency domain index (Y [26,27]. This latter provides 
measures that are comparable to those obtained with time 
domain approaches [27], such as the traditional slope tech- 
nique [34] or the ramp method [35], without requiring 
artificial changes in arterial pressure levels, or preselection 
of the data. 

The spectral methodology also permits the assessment 
of the sympathetic modulation of vasomotor control, by 
way of the LF power of sympathetic arterial pressure 
variability [20]. The totally non-invasive nature of the 
approach is important to minimise the influence of fear or 
emotions, as might happen with invasive or intrusive pro- 
cedures [21]. 

4.2. Altered neural control of the SA node in habitual 
smokers 

The design of this study considered a cross-sectional 
comparison of habitual smokers and age-matched, non- 
smoking controls, in order to focus on the long-term effect 
of several years of heavy (> 20 cigarettes/day) smoking 
on autonomic activity, while avoiding the potentially con- 
founding effects of the brief increase in arterial pressure 
that accompanies cigarette smoking [ 16,171. Thus, smokers 
were examined, under relatively steady effect, always at 
the same time of the day and at least 30 min after smoking 
the last of several cigarettes (see Methods), when the 
attendant neural and hemodynamic short-term effects are 
no longer evident [16,17]. 

Given the highly selective nature of sympathetic effer- 
ent control 1191 and the possibility that neural effects of 
smoking might be dishomogeneous in different autonomic 
outflows [ 161, we addressed simultaneously markers of 
sympathetic modulation of the SA node and of the periph- 
eral vasculature. The observation that only the former ones 
differed in the two populations, while markers of sympa- 
thetic vasomotor control were similar, indicated the selec- 
tivity of the effect and confirmed the potential risk of 
extrapolating to cardiac regulation the results obtained 
from a peripheral sympathetic outflow. The simultaneous 
reduction in I-W, a marker of vagal modulation [20], can be 
viewed as a shift of the autonomic balance towards sympa- 
thetic predominance. Concurrently, the elevated sympa- 
thetic drive might explain, as well, the reduced gain of 
baroreflex mechanism as it has been demonstrated that a 
reflex sympathetic excitation is, as a complex pattern, 
associated with a reduced baroreflex gain [36]. In keeping 
with this, we recently reported a strong negative correla- 
tion between sympathetic modulation and frequency do- 
main measures of baroreflex gain in man [30]. 

The observation that standing induced increases in LFnu 
120,211, a marker of sympathetic modulation of the SA 
node, and that the attendant reductions of HFnu were 
blunted in smokers while the increases in LFsAP, a marker 
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of sympathetic vasomotor control [20], were similar in the 
two groups, suggests the presence of an alteration of 
sympatho-vagal responsiveness to excitatory stimuli which 
affects cardiac innervation rather selectively. This is in 
keeping with a prior study by Hayano et al. [151, who 
reported a reduction in postural responses of vagal modula- 
tion of heart rate, but did not examine sympathetic modula- 
tion. On the contrary, some excitatory peripheral sympa- 
thetic responses, such as the activation of muscular sympa- 
thetic efferent traffic occurring during Valsalva straining 
[16], may be enhanced transiently by smoking a cigarette. 

We cannot offer a direct explanation of the mechanisms 
that underlie the differences of the resting profile of auto- 
nomic modulation, as well as the selective cardiac alter- 
ation of autonomic responses initiated by active standing 
observed in smokers. Possibilities include stimulation by 
nicotine [37] of receptors located at a central, ganglionic or 
peripheral level, including sensory endings of afferent 
fibres, such as those innervating the lungs and their circu- 
lation [38], which might be capable of initiating pressor 
sympathetic reflexes [39]. In this latter case other irritants 
and components of cigarette smoke might also take part in 
stimulation of respiratory sensory endings [37]. Finally the 
role of the higher respiratory rate observed in smokers 
(19.2 versus 15.6 breaths/min) should be discussed in 
view of the known inverse relationship between breathing 
frequency and respiratory related oscillations in RR inter- 
val. This point has been addressed in detail by Brown et al. 
[40], who reported a clear reduction in absolute power of 
both LF and HI? components of RR interval variability 
with increasing breathing frequency, particularly evident in 
the approximate range 7.5 to 15 breaths/min. Although 
these authors did not calculate normalised units (nor the 
LF/HF ratio) from their dam (Fig. 4 of their study) it is 
clear that changes in the breathing range of 15-20 
breaths/min produced only minor, if any, influence on this 
ratio. 

4.3. Clinical implications 

Habitual smokers presented a reduced total heart rate 
variability and depressed baroreflex gain. These alterations 
are considered negative prognostic indicators in patients 
recovering from a prior myocardial infarction [41,42]. 
Smokers also showed an increase in sympatho-adrenal 
activity, which in patients with congestive heart failure, 
correlates with mortality [43]. An increase in sympathetic 
activity has also been recently proposed [13] as an impor- 
tant component of the elevated coronary risk of hyper- 
tension. In particular sympathetic activity would represent 
a common link among many of the “non-pressure-related” 
risk factors, such as the tendency for thrombosis and 
increased vascular reactivity which are also observed in 
smokers [ 1,5,6]. The presence of complex autonomic alter- 
ations could thus provide a novel hypothesis to delve into 
the increased propensity of habitual smokers to acute 
coronary death. 

Obviously this concept, derived from an observational 
study on a small group of healthy smokers, needs confir- 
mation from prospective, interventional, studies on larger 
populations. Such studies should explicitly address the 
issue of occult coronary artery disease [44], while from a 
practical point of view, they could benefit from the totally 
non-inva.sive nature of this approach. 

Acknowledgements 

The typing assistance of Isabella Ghirardelli is grate- 
fully acknowledged. 

References 

[l] Bartecchi CE, MacKenzie TD, Schrier RW. The human costs of 
tobacco use. N Engl J Med 1994330: (part one) 907-912, (part two) 
975-,980. 

[2] Aurbach 0, Hammond EC, Garfinkel L. Smoking in relation to 
atherosclerosis of the coronary arteries. N Engl J Med 
1965;273:775-779. 

[3] Benowitz NL. Pharmacologic aspects of cigarette smoking and 
nicotine addiction. N Engl J Med 1988;319:1318-1328. 

(41 Freeman DJ, Griffm BA, Murray E, Lindsay GM, Gaffbey D, 
Packard CJ, Sheperd J. Smoking and plasma lipoproteins in man: 
effects on low density lipoprotein cholesterol levels and high density 
lipoprotein subfraction distribution. Eur J Clin Invest 1993;23:630- 
640. 

[5] Shah PK, Helfant RH. Smoking and coronary artery disease. Chest 
1988:94:449-452. 

[6] Benowitz NL, Fitzgerald GA, Wilson M, Zhang Q. Nicotine effects 
on eicosanoid formation and hemostatic function: comparison of 
transdermal nicotine and cigarette smoking. JACC 1993;22: 1159- 
1167. 

[7] Caralis DG, Deligonul U, Kern MJ, Cohen JD. Smoking is a risk 
factor for coronary spasm in young women. Circulation 199285: 
905-909. 

[8] Hallstrom AP, Cobb LA, Ray R. Smoking as a risk factor for 
recurrence of sudden cardiac arrest. N Engl J Med 1986;314:271- 
275. 

[9] Lown B. Clinical studies of the relation between behavioral factors 
and sudden cardiac death. In: Lown B, Malliani A, Prosdocimi M, 
eds. Neural Mechanisms and Cardiovascular Disease. Liviana Press, 
Springer Verlag, 1986495-5 12. 

[lo] Cryer PE, Haymond MW, Santiago JV, Shah SD. Norepinephrine 
and epinephrine release and admnergic mediation of smoking-associ- 
ated hemodynamic and metabolic events. N Engl J Med 
1976;295:573-577. 

[l l] Hofstetter A, Schutz Y, Jeuier E, Wahren J. Increased 24hour 
energy expenditure in cigarette smokers. N Engl J Med 1986;3 14: 
79-82. 

[ 121 Meredith IT, Esler MD, Eisenhofer G, Jennings GL. The effects of 
simple daily life stresses on cardiac sympathetic activity, myocardial 
oxygen consumption and hemodynamics. Circulation 1990;82:111- 
5 16(abstract). 

[13] Julius S. Sympathetic hyperactivity and coronary risk in hyper- 
tension. Hypertension 1993;21:886-893. 

[14] Malliani A, Lombardi F, Pagani M. Power spectral analysis of 
cardiovascular variability in patients at risk for sudden cardiac death. 
J Cardiovasc Electrophysiol 1993;5:274-286. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/31/4/633/300385 by guest on 11 April 2024



D. Lucini et al./ Cardiovascular Research 31 (1996) 633-639 639 

[15] Hayano J, Yamada M, Sakakibara Y, Fujinami T, Yokoyama K, 
Watanabe Y, Takata K. Short- and long-term effects of cigarette 
smoking on heart rate variability. Am J Cardiol 1990;65:84-88. 

[16] Niedermaier ON, Smith ML, Beightol LA, Zukowska-Grojec Z, 
Goldstein DS, Eckberg DL. Influence of cigarette smoking on 
human autonomic function. Circulation 1993;88:562-571. 

[ 171 Grassi G, Seravalle G, Calhoun DA, et al. Mechanisms responsible 
for sympathetic activation by cigarette smoking in humans. Circula- 
tion 1994,90:248-253. 

[18] Pagani M, Schwartz PJ, Banks R, Lombardi F, Malliani A. Reflex 
responses of sympathetic preganglionic neurones initiated by differ- 
ent cardiovascular receptors in spinal animals. Brain Res 
1974;68:215-225. 

[ 191 Pagani M, Lombardi F, Guzzetti S, et al. Power spectral analysis of 
heart rate and arterial pressure variabilities as a marker of 
sympatho-vagal interaction in man and conscious dog. Circ Res 
1986;59:178-193. 

[20] Malliani A, Pagani M, Lombardi F, Cerutti S. Advances in Research 
Series: Cardiovascular neural regulation explored in the frequency 
domain. Circulation 1991;84:482-492. 

[21] Pagani M, Rimoldi 0, Pizzinelli P, et al. Assessment of the neural 
control of the circulation during psychological stress. JANS 
1991;35:33-42. 

[22] Fagestrom KO. Measuring degree of physical dependence to tobacco 
smoke with reference to individualization or treatment. Addict Be- 
hav 1978;3:235-241. 

[23] Green MS, Jucha E, Luz J. Blood pressure in smokers and nonsmok- 
ers: epidemiologic findings. Am Heart J 1986; 111:932-939. 

[24] Furlan R, Piazza S, Dell’Orto S, Gentile E, Cerutti S, Pagani M, 
Malliani A. After effects of exercise and athletic training on neural 
mechanisms controlling heart period. Cardiovasc Res 1993;27:482- 
488. 

[25] Saul JP, Albrecht P, Berger RD, Cohen RJ. Analysis of long term 
heart rate variability: methods, l/f scaling and implications. Com- 
puters in Cardiology. Silver Springs: IEEE Computer Society Press, 
1988419-422. 

[26] Cerutti S, Baselli G, Civardi S, Furlan R, Lombardi F, Cerutti S, 
Malliani A. Spectral analysis of heart rate and arterial blood pressure 
variability signals for physiological and clinical purposes. Comput- 
ers in Cardiology. Silver Springs: IEEE Computer Society Press, 
1987:435-438. 

[27] Pagani M, Somers V, Furlrut R, et al. Changes in autonomic 
regulation induced by physical training in mild hypertension. Hyper- 
tension 1988;12:600-610. 

[28] Robbe HWJ, Mulder LJM, Ruddel H, Langewitz W, Veldman JBP, 
Mulder G. Assessment of baroreceptor reflex sensivity by means of 
spectral analysis. Hypertension 1987;10:538-543. 

[29] Baselli G, Cerutti S, Civardi S, Malliani A, Pagani M. Cardio- 
vascular variability signals: towards the identification of a closed- 
loop model of the neural control mechanisms. IEEE Trans Biomed 
Eng 1988;35: 1033- 1046. 

[30] Lucini D, Pagani M, Mela GS, Malliani A. Sympathetic restraint of 
baromflex control of heart period in normotensive and hypertensive 
subjects. Clin Sci 1994;86:547-556. 

[31] Malliani A. Association of heart rate variability components with 
physiological regulatory mechanisms. In: Malik M, Camm AJ, eds. 
Heart Rate Variability. Armonk, NY: Futura Publishing Company 
Inc., 1995:173-188. 

[32] Montano N, Gnecchi Ruscone T, Porta A, Lombardi F, Pagani M, 
Malliani A. Power spectrum analysis of heart rate variability to 
assess the changes in sympathovagal balance during graded ortho- 
static tilt. Circulation 199490: 1826 183 1. 

[33] Pagani M, Montano N, Porta A, Birkett C, Malliani A. Existence of 
low and high frequency components in muscle sympathetic nerve 
activity in humans: effects of hypotension. Circulation 1995;92 
(Suppl 1): 190. 

[34] Smyth HS, Sleight P, Pickering GW. A quantitative method of 
assessing baroreflex sensivity. Circ Res 1969;24: 109- 121. 

[35] Bertineri G, Di Rienzo M, Cavallazzi A, Ferrari AU, Pedotti A, 
Mancia G. A new approach to analysis of the arterial baroreflex. J 
Hypcrtens 1985;3:S79-S81. 

[36] Pagani M, Pizzinelli P, Bergamaschi M, Malliani A. A positive 
feedhack sympathetic pressure reflex during stretch of the thoracic 
aorta in conscious dogs. Circ Res 1982;50: 125- 132. 

[37] Lee 1-Y. Gerharfstein DC, Wang AL, Burki NK. Nicotine is respon- 
sible for airway irritation evoked by cigarette smoke inhalation in 
men. J Appl Physiol 1993;75: 1955-l%l. 

[38] Lombardi F, Malliani A, Pagani M. Nervous activity of afferent 
sympathetic fibers innervating the pulmonary vein. Brain Res 
1976;113:197-200. 

[39] Malliani A, Pagani M, Lombardi F. Positive feedback reflexes. In: A 
Zanchetti, RC Tarazi, eds. Handbook of Hypertension Vol. 8: Patho- 
physiology of Hypertension - Regulatory Mechanisms. Amster- 
dam: Elsevier Science Publishing, 1986. 

[40] Brown TE, Beightol LA, Koh J, Eckberg DL. Important influence of 
respiration on human RR interval power spectra is largely ignored. J 
Appl Physiol 1993;75:2310-2317. 

[41] Kleiger RE, Miller JP, Bigger JT, Moss AR, Multicenter Post-infarc- 
tion Research Group. Decreased heart rate variability and its associa- 
tion with increased mortality after acute myocardial infarction. Am J 
Cardiol 1987;59:256-262. 

[42] La Rovere MT, Specchia G, Mortara A, Schwartz PJ. Baroreflex 
sensttivity, clinical correlates, and cardiovascular mortality among 
patients with a first myocardial infarction. Circulation 1988;78:8 16- 
824. 

[43] Cohn JN, Levine TB, Olivari MT, et al. Plasma norepinephrine as a 
guide to prognosis in patients with chronic congestive heart failure. 
N Engl J Med 1984;311:819-823. 

[44] Kuller LH, Shemanski L, Psaty BM, et al. Subclinical disease as an 
independent risk factor for cardiovascular disease. Circulation 
1995;92:720-726. 

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/31/4/633/300385 by guest on 11 April 2024


