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Vascular Disease

moking and Caffeine
ave a Synergistic Detrimental
ffect on Aortic Stiffness and Wave Reflections

haralambos Vlachopoulos, MD, Foteini Kosmopoulou, RN, Demosthenes Panagiotakos, PHD,
ikolaos Ioakeimidis, MD, Nikolaos Alexopoulos, MD, Christos Pitsavos, MD, FACC,
hristodoulos Stefanadis, MD, FACC
thens, Greece

OBJECTIVES We investigated the acute and chronic combined effect of cigarette smoking and caffeine
intake on aortic stiffness and wave reflections.

BACKGROUND We have shown that smoking and caffeine separately increase arterial stiffness. Aortic stiffness
and wave reflections are important determinants of the efficient performance of the
cardiovascular system and prognosticators of cardiovascular risk.

METHODS The acute effects of smoking (one cigarette), caffeine (200 mg, equivalent to 2 cups of coffee),
and smoking plus caffeine were studied in 24 healthy subjects according to a randomized,
placebo- and sham procedure-controlled crossover design. The chronic effect of smoking and
caffeine was studied in a population study that enrolled 160 healthy subjects.

RESULTS Acute study: there was a significant interaction between caffeine and smoking with regard to
pulse-wave velocity (p � 0.01) and augmentation index (p � 0.05). When smoking followed
caffeine intake, pulse-wave velocity and augmentation index increased further by 0.52 m/s and
13.4%, respectively, reaching a total of 0.85 m/s and 17.4%, 0.17 m/s and 9.2% in excess of
the mere sum of caffeine effect (0.33 m/s and 4%) alone and smoking effect alone (0.35 m/s
and 4.2%). Population study: there was a significant interaction of chronic coffee consumption
and smoking regarding pulse-wave velocity (p � 0.05) and augmentation index (p � 0.001).

CONCLUSIONS The present study shows, for the first time, that when smoking and caffeine intake are
combined, they interact and exert a synergistic, unfavorable effect on aortic stiffness and wave
reflections on both an acute and chronic basis. (J Am Coll Cardiol 2004;44:1911–7) © 2004

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.07.049
by the American College of Cardiology Foundation
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moking is the most important modifiable risk factor for
oronary artery disease (1). In addition, although it is still an
nresolved issue, caffeine consumption may increase cardio-
ascular risk (2) and may have a prohypertensive effect (3).

Large-artery stiffness and wave reflections are important
eterminants of left ventricular (LV) function, coronary
lood flow, and mechanical integrity of arteries and have
een identified as markers of cardiovascular disease and
ndependent prognosticators of cardiovascular risk (4–12).

e and others have previously shown that active and
assive smoking (13–15) and caffeine (16–19) increase
rterial stiffness and wave reflections.

In contemporary lifestyles, smoking is very frequently
ombined with coffee drinking. Studies have shown that
moking and caffeine have an unfavorable interaction on
lood pressure and cardiovascular risk (20–23). This study
as undertaken to investigate whether the combination of

moking and caffeine has an additive effect on arterial
tiffness and wave reflections resulting from an interaction
etween the two stimuli.

From the 1st Department of Cardiology, Athens Medical School, Hippokration
ospital, Athens, Greece
p
Manuscript received May 11, 2004; revised manuscript received July 25, 2004,

ccepted July 28, 2004.
ETHODS

ubjects. The study protocol was approved by our Institu-
ional Research Ethics Committee, and all subjects gave
ritten informed consent.

CUTE STUDY. The study population consisted of 24
ealthy subjects. Aortic stiffness was studied in 14 subjects
7 women, 7 men) age 30 � 2 years (aortic stiffness group)
nd wave reflections in 10 subjects (5 women, 5 men) aged
3 � 3 years (pulse-wave analysis group); all had normal
lood pressure and did not have diabetes, hyperlipidemia, or
family history of premature vascular disease. They were

linically healthy and taking neither regular cardiovascular
edications nor oral contraceptives. All subjects were cur-

ent smokers and regular caffeine consumers (�100 mg/
ay). Subjects abstained from caffeine, ethanol, and nicotine
or at least 12 h before each session.

OPULATION STUDY. A total of 202 randomly selected
mployees of an industry were asked to participate in the
tudy provided they were clinically healthy and had no risk
actors for coronary artery disease except for smoking.

omen taking oral contraceptives were also excluded. A
otal of 160 subjects (participation rate 79%) agreed to

articipate and comprised the final study population. Of
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hese, 97 were chronic smokers and coffee drinkers, 41 were
hronic coffee drinkers and nonsmokers, 2 were chronic
mokers but not coffee drinkers (data not shown), and 20
ere neither coffee consumers nor smokers.
tudy design. ACUTE STUDY. The study was carried out
sing a randomized placebo- and sham procedure-
ontrolled crossover design. Each subject was studied fast-
ng on four separate days before and after 1) smoking one
tandard cigarette (1.1 mg nicotine) over 5 min, 2) sham
moking, 3) caffeine intake (200 mg, a dose equivalent to 2
ups of coffee) plus smoking one standard cigarette (1.1 mg
icotine) 60 min after caffeine intake, and 4) placebo (to
affeine) and sham smoking 60 min after placebo intake.

easurements were obtained in a quiet air-conditioned
oom. Repeated measurements were taken at baseline and at
0 and 60 min after caffeine or placebo and at 5, 10, 20, and
0 min after smoking or sham smoking (Figs. 1 and 2).

OPULATION STUDY. The study assessing the chronic ef-
ects of smoking and caffeine was a population study. All
ubjects were studied in the morning after an overnight fast
n a quiet air-conditioned room. Measurements were ob-
ained after a 15-min rest.
valuation of aortic elastic properties and wave reflec-

ions. The pulse travels at a higher velocity in a stiff aorta
nd vice versa. Carotid-femoral pulse-wave velocity, an
stablished index of aortic stiffness (4,5,8–10,17–19,24),
as calculated from measurements of pulse transit time and

he distance traveled between two recording sites (pulse
ave velocity � distance [m]/transit time [s]) using a
alidated noninvasive device (Complior; Artech Medical,
antin, France) that allows online pulse-wave recording and
utomatic calculation of pulse-wave velocity (25). Two
ifferent pulse waves were obtained simultaneously at two
ites (at the base of the neck for the common carotid and
ver the right femoral artery) with two transducers. The
istance was defined as (distance from the suprasternic
otch to femoral artery) � (distance from carotid artery to
he suprasternic notch).

The augmentation index of the central (aortic) pressure
aveform was measured as an index of wave reflections. The

ugmentation index (defined as augmented pressure divided
y pulse pressure and expressed as a percentage) is a
omposite measure of the magnitude of wave reflections and
rterial stiffness, which affects timing of wave reflections.
arger values of augmentation index indicate increased
ave reflections from the periphery and/or earlier return of

he reflected wave as a result of increased pulse-wave
elocity (due to increased arterial stiffness) and vice versa.
ecause the augmentation index is influenced by changes in

Abbreviations and Acronyms
HR� heart rate
LV � left ventricular
eart rate (HR), it was also accordingly corrected (26). The r
ugmentation index was measured by using a validated,
ommercially available system (SphygmoCor; AtCor Med-
cal, Sydney, Australia) that employs the principle of appla-
ation tonometry and appropriate acquisition and analysis
oftware for noninvasive recording and analysis of the
rterial pulse. The technique has been described in detail
reviously (4,5,16,18,27,28). In brief, from radial artery
ecordings, the central (aortic) arterial pressure was derived
ith the use of a generalized transfer function that has been

hown to give an accurate estimate of the central arterial
ressure waveform and its characteristics (4,27,28). Wave-
orms of radial pressure were calibrated according to sphyg-
omanometric systolic and diastolic pressure measured in

he brachial artery because there is practically negligible
ressure pulse amplification between the brachial and the

igure 1. Peripheral systolic, diastolic, and pulse pressure response during
he study. Each line represents response defined as net caffeine and
moking effect minus placebo and sham smoking effect (diamonds) or net
moking effect minus sham smoking effect (rectangles) at each time point.
he p values on the graphs refer to the interaction between caffeine and

moking. Error bars � SEM.
adial artery (4). The subendocardial viability index was
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alculated as the ratio of the integral of diastolic pressure
nd time to the integral of systolic pressure and time (29).
tatistical analysis. Continuous data are expressed as mean
alues � SEM, whereas qualitative data are presented as
bsolute and relative frequencies. Baseline cardiovascular
arameters were compared between sessions of the acute
tudy using the Mann-Whitney test. Multi-way analysis of
ovariance for repeated measurements, testing for equality
f variances (homoscedacity), was used to evaluate changes
n the investigated parameters as well as the effect of the
nteraction between caffeine intake and smoking sessions on
hese parameters. To take into account the potential effect
f pressure changes on pulse-wave velocity and of HR
hanges on subendocardial viability index, we adjusted in
ultivariate regression models for mean pressure and HR,

espectively. The effect of caffeine and smoking on central
ressures was compared with their effect on peripheral
ressures, by testing the differences on b-coefficients with
he use of a t-test.

The involvement of the interaction between chronic
offee intake and smoking on the investigated parameters
as evaluated using multi-way analysis of covariance after

djusting for age and gender. Based on a statistical power
alculation (using East 3, 2003; Cytel Software Corpora-
ion, Cambridge, Massachusetts), we found that the num-
er of studied participants (160) was adequate to evaluate
0.5 two-tailed standardized differences of the investigated

arameters between groups. In particular, we achieved

igure 2. Pulse-wave velocity response during the study. Each line
epresents response, defined as net caffeine and smoking effect minus
lacebo and sham smoking effect (diamonds) or net smoking effect minus
ham smoking effect (rectangles) at each time point. The p values on the
raphs refer to the interaction between caffeine and smoking. Error bars �
EM.

Table 1. Baseline Characteristics of the Study

Caffeine Plus
Smoking

Control
Plus S

Heart rate (beats/min) 62.7 � 2.6 65.0
SP (mm Hg) 103.1 � 3.0 109.5
DP (mm Hg) 66.3 � 2.3 70.1
PP (mm Hg) 36.9 � 3.0 39.4
PWV (m/s) 5.76 � 0.37 5.73
DP � diastolic pressure; NS � not significant; PP � pulse pressu
tatistical power of �0.80 at �0.05 probability level (p
alue).

Normality tests were applied using the Kolmogorov-
mirnov criterion. The p values �0.05 were considered
tatistically significant. However, because of multiple com-
arisons, we used the Bonferroni correction in order to
ccount for the increase in type I error. Data analysis was
erformed with SPSS software (Version 11.0, SPSS Inc.,
hicago, Illinois).

ESULTS

cute study. There were no differences in all baseline
haracteristics between the four study sessions in aortic
tiffness and pulse-wave analysis groups (Tables 1 and 2).

Changes after the active intervention sessions (caffeine,
moking, caffeine plus smoking) compared with those of
ontrol procedures (placebo and/or sham smoking) are
etter described and displayed as “response,” defined as net
ctive intervention effect minus control procedure effect at
ach time point (Figs. 1, 2, and 3). Results on peripheral
ressures are described analytically for the aortic stiffness
roup; results were similar for the pulse-wave analysis
roup. Results on central pressures refer to the pulse-wave
nalysis group.

There was a significant interaction between caffeine and
moking with regard to peripheral systolic, diastolic, pulse,
nd mean pressure (p � 0.01 for mean pressure) (Fig. 1).
here was a significant interaction between caffeine and

moking with regard to central systolic, diastolic, and pulse
ressure (p � 0.005, p � 0.001, and p � 0.001, respec-
ively). When smoking followed caffeine intake, central
ystolic, diastolic, and pulse pressures increased further by
.5, 4.4, and 3.1 mm Hg, respectively, reaching a peak
ncrease of 16.4, 11.7, and 4.7 mm Hg, respectively. The
ffect of smoking and caffeine on central and peripheral
ressures was similar.
There was a significant interaction (p � 0.05) between

affeine and smoking regarding ejection duration. When
moking followed caffeine intake, ejection duration de-
reased further by 16.2 ms, reaching a total decrease of
16.6 ms, 11.7 ms less than the mere sum of caffeine effect

�0.4 ms) alone and smoking effect alone (�4.5 ms).
There was a significant interaction (p � 0.01) between

affeine and smoking regarding pulse-wave velocity, indi-
ating a synergistic effect of the two interventions leading to
significant deterioration in aortic stiffness. The interaction

ons in the Aortic Stiffness Group

ffeine
ing Smoking

Sham
Smoking p Value

6 62.8 � 2.0 63.2 � 2.7 NS
5 106.9 � 3.5 105.9 � 3.4 NS
3 65.2 � 2.2 65.4 � 2.5 NS
8 41.6 � 3.5 40.6 � 2.5 NS
27 5.43 � 0.19 5.34 � 0.16 NS
Sessi

to Ca
mok

� 2.
� 4.
� 3.
� 2.
� 0.
re; PWV � pulse wave velocity; SP � systolic pressure.
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emained significant (p � 0.005) after correction for
hanges in mean pressure. When smoking followed caffeine
ntake, pulse wave velocity reached a total increase of 0.85

/s, 0.17 m/s in excess of the mere sum of caffeine effect

igure 3. The augmentation index (corrected for changes in heart rate) and
ubendocardial viability index (SVI) response during the study. Each line
epresents response defined as net caffeine and smoking effect minus
lacebo and sham smoking effect (diamonds) or net smoking effect minus
ham smoking effect (rectangles) at each time point. The p values on the

able 2. Baseline Characteristics of the Study Sessions in the Pu

Caffeine Plus
Smoking

Control to
Plus Sm

eart rate (beats/min) 75.7 � 2.3 78.8
eripheral SP (mm Hg) 120.4 � 2.5 118.4
eripheral DP (mm Hg) 70.3 � 1.4 70.2
eripheral PP (mm Hg) 50.2 � 1.9 48.1
eripheral MP (mm Hg) 87.5 � 2.4 86.5
entral SP (mm Hg) 104.4 � 2.2 102.3
entral DP (mm Hg) 71.5 � 2.5 71.5
entral PP (mm Hg) 32.9 � 1.9 30.8
entral MP (mm Hg) 87.5 � 2.4 86.5
Ix (%) 10.1 � 3.5 8.2
P (mm Hg) 3.8 � 1.6 2.7
VI (%) 147.2 � 3.4 149.1

Ix � augmentation index; AP � augmented pressure; MP � mean pressure; SVI
a
raphs refer to the interaction between caffeine and smoking. Error bars �
EM.
0.33 m/s) alone and smoking effect alone (0.35 m/s) (Fig.
, diamonds).
There was a significant interaction (p � 0.05) between

affeine and smoking with regard to augmentation index
orrected for changes in HR, indicating a synergistic effect
f the two interventions leading to a significant increase in
ave reflections. When smoking followed caffeine intake,

he augmentation index increased to 17.4%, 9.2% in excess
f the mere sum of caffeine effect (4%) alone and smoking
ffect alone (4.2%) (Fig. 3, diamonds). Likewise, there was
significant interaction (p � 0.001) regarding augmented

ressure adjusted for HR (peak increase by 5.6 mm Hg at 5
in of smoking following caffeine). Despite a trend, the

nteraction was not significant regarding the augmentation
ndex uncorrected for changes in HR.

There was a significant interaction (p � 0.001) between
affeine and smoking regarding subendocardial viability
ndex, indicating a synergistic effect of the two interventions
Fig. 3). The interaction remained significant (p � 0.001)
fter correction for changes in HR. There was no effect of
ender on any of the significant interactions.
opulation study. Characteristics and values of variables of

ubjects who participated in the observational study are
hown in Table 3. Because the age of the participants
iffered significantly in the groups of the study, all the
nalyses carried out were age-adjusted. The p values in
able 3 refer to the interaction between smoking and coffee.
Coffee consumers/nonsmokers, as well as coffee con-

umers/smokers, had increased pulse wave velocity levels
ompared with non-coffee consumers/nonsmokers (p �
.05 for both). Furthermore, a significant interaction was
bserved between chronic smoking and coffee consump-
ion on pulse-wave velocity (p � 0.05), indicating a
ynergistic effect of the two habits. The interaction was
till significant (p � 0.05) after correction for mean
ressure.
Coffee consumers/nonsmokers, as well as coffee consum-

rs/smokers, had an increased augmentation index and

ave Analysis Group

eine
g Smoking

Sham
Smoking p Value

74.9 � 2.3 75.9 � 1.7 NS
119.4 � 2.9 122.3 � 2.5 NS
69.0 � 2.5 68.2 � 1.4 NS
51.2 � 2.3 53.3 � 1.3 NS
85.7 � 1.8 86.8 � 2.2 NS

103.8 � 2.3 104.8 � 2.1 NS
69.3 � 1.5 70.3 � 2.5 NS
34.5 � 1.6 34.5 � 1.5 NS
85.7 � 1.8 86.8 � 2.2 NS
13.7 � 2.6 11.2 � 3.14 NS
4.8 � 1.0 4.3 � 1.3 NS

150.3 � 3.9 147.6 � 3.1 NS

endocardial viability index; other abbreviations as in Table 1.
lse-W

Caff
okin

� 2.2
� 2.4
� 2.4
� 1.9
� 1.4
� 2.3
� 1.3
� 1.8
� 1.4
� 4.0
� 1.7
� 2.9

� sub
ugmented pressure levels compared with non-coffee con-
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umers/nonsmokers (p � 0.005 and p � 0.001, respectively,
or groups for both variables) after correction for HR and
eight. In addition, a significant interaction was observed
etween chronic smoking and coffee consumption on the
ugmentation index and augmented pressure (p � 0.001
nd p � 0.005, respectively) after correction for height and
R.
Coffee consumers/nonsmokers, as well as coffee consum-

rs/smokers, had lower subendocardial viability index levels
ompared with non-coffee consumers/nonsmokers (p �
.005 and p � 0.05, respectively) after correction for HR.
urthermore, a significant interaction was observed between
hronic smoking and coffee consumption on the subendo-
ardial viability index (p � 0.001) after correction for HR.

Significant interactions between chronic smoking and
offee consumption were also observed regarding peripheral
iastolic pressure (p � 0.05), peripheral and central mean
ressure (p � 0.05), central systolic pressure (p � 0.05), and
entral diastolic pressure (p � 0.05), whereas central pulse
ressure showed a marginal trend (p � 0.07). There was no
ffect of gender on any of these interactions.

ISCUSSION

moking and caffeine separately deteriorate aortic stiffness
nd wave reflections (13–19). The present study is the first,
o the best of our knowledge, to show that when smoking
nd caffeine consumption are combined they have both an
cute and chronic detrimental effect on arterial stiffness and
ave reflections, which, most importantly, is synergistic.
nother interesting interpretation of the results of our study

s that neither stimulus “exhausts” the capacity of the vessel’s

Table 3. Characteristics of the Study Populatio

Coffee Drinking
and Smoking

Number of participants 97
Pack-yrs of smoking 22.2 � 1.7
Coffee cup-yrs 60.8 � 3.8
Male gender (%) 68
Age, yrs (range) 43.3 � 0.7 (26–60)
Height (cm) 172 � 1
BMI (kg/m2) 26.1 � 0.4
Heart rate (beats/min) 68.2 � 1.0
Peripheral SP (mm Hg) 117.8 � 1.6
Peripheral DP (mm Hg) 72.1 � 1.2
Peripheral PP (mm Hg) 45.9 � 0.7
Peripheral MP (mm Hg) 88.9 � 1.3
Central SP (mm Hg) 107.3 � 1.5
Central DP (mm Hg) 73.3 � 1.2
Central PP (mm Hg) 34.0 � 0.6
Central MP (mm Hg) 88.9 � 1.3
AIx (%) 22.7 � 1.1
AP (mm Hg) 8.14 � 0.50
SVI (%) 145.0 � 2.2
PWV (m/s) 6.36 � 0.11

All probability values are also age-adjusted and corrected for
BMI � body mass index. Other abbreviations as in Tabl
lastic properties to deteriorate, but there is room for further a
eterioration when a harmful intervention (not only those of
he present study) is added.

These findings have important clinical implications. Aor-
ic stiffness and wave reflections have a causative role in the
athogenesis of systolic hypertension. Furthermore, aortic
tiffness and wave reflections and their pathophysiologic
anifestations, such as increased systolic pressure, increased

ulse pressure (especially central pulse pressure), and re-
uced diastolic pressure, have been identified as markers of
ardiovascular disease and independent predictors of risk
8–12,30–33). A stiff aorta and enhanced wave reflections
ncrease LV load and myocardial oxygen demands and
mpair ventricular function. Concurrently, they compromise
oronary blood flow and predispose to ischemia, especially
n the presence of coronary insufficiency. Furthermore, by
ncreasing pulse pressure, they increase pulsatile stretch of
he arteries, leading to mechanical fatigue of their elastic
omponents (4–7). On the other hand, arterial stiffness,
ave reflections, and central pressures emerge as appealing

pecific targets of treatment (34).
Accordingly, our study provides an explanatory mecha-

ism for the results of previous investigations in which
ombined cigarette smoking and coffee consumption were
hown to have an acute unfavorable synergistic effect on
lood pressure (20,22). Furthermore, case-control studies
ave shown that habitual cigarette and coffee consumption

ncrease systolic blood pressure (21) and the risk of acute
yocardial infarction (23).
The underlying mechanism at the basic level responsible for

he interactive effect of the two interventions is unclear at this
tage. A plausible mechanism could be through antagonism of

ffee Drinking
Nonsmoking

Non-coffee
Drinking and
Nonsmoking p Value

41 20 —
— — —

40.3 � 5.5 — —
49 50 NS

� 1.2 (28–56) 33.8 � 2.2 (18–57) 0.001
170 � 2 174 � 2 NS

26.3 � 0.6 23.9 � 0.6 NS
69.1 � 1.2 66.5 � 2.0 NS
19.0 � 2.5 114.4 � 3.9 NS
71.4 � 1.9 69.0 � 2.0 0.05
47.6 � 1.4 45.4 � 2.6 NS
88.8 � 2.0 83.8 � 2.6 0.05
07.7 � 2.4 100.0 � 3.3 0.05
72.7 � 1.9 70.0 � 2.0 0.05
35.0 � 1.3 30.1 � 1.6 0.07
88.8 � 2.0 83.8 � 2.6 0.05
21.7 � 2.1 11.0 � 2.6 0.001
8.08 � 0.90 3.48 � 0.91 0.001
40.8 � 3.1 156.1 � 6.7 0.005
6.31 � 0.18 5.80 � 0.23 0.05

ple comparisons using the Bonferroni correction.
nd 2.
n

Co
and

42.5

1

1

1

denosine and/or release of catecholamines (35–38).
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Whether the increase in aortic stiffness is a blood
ressure-dependent or an independent effect is a significant
ssue. Undoubtedly, aortic stiffening is partly due to the
ncrease in blood pressure (passive effect). However, using
ppropriate high-fidelity methodology we have shown pre-
iously that smoking has a direct, pressure-independent
ffect on the aortic wall (13,14). Furthermore, the fact that
nteraction between caffeine and smoking remained signif-
cant after adjustment for changes in mean pressure indi-
ates the contribution of an active effect on the intrinsic
roperties of the aorta. This is also corroborated by the fact
hat the increase in the aortic stiffness when smoking was
dded to caffeine was proportionally larger than the respec-
ive increase in blood pressure. Nevertheless, the importance
nd the clinical implications of our findings are valid
rrespective of the mechanism involved.

Wave reflection indices may be influenced by changes in
R and by height and subendocardial viability index by

hanges in HR. Therefore, the effects of smoking and
affeine on these parameters were corrected either according
o previously reported quantifications of their covariation
26) (augmentation index and HR, acute study) or with
djustments in multivariate regression models.

Our study refers to young, apparently healthy adults, and
esults might not be directly extendable to other population
roups.

In conclusion, our study provides novel information
egarding the effect of the combination of smoking and
affeine intake on aortic stiffness and wave reflections. In
articular, when these two stimuli are combined, they
nteract and exert an acute detrimental effect on arterial
tiffness, which, most importantly, is not just additive but
ynergistic. Aortic stiffness and wave reflections are prog-
osticators of cardiovascular risk by being important deter-
inants of LV function, coronary perfusion (especially in

he presence of coronary insufficiency), and arterial wall
ntegrity. Consequently, given the frequent combination of
moking and caffeine intake, these effects on arterial func-
ion may have important implications for human health.

eprint requests and correspondence: Dr. Charalambos Vlacho-
oulos, Kerassoundos 17, Athens 11528, Greece. E-mail:
vlachop@otenet.gr.
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