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Abstract

in response to the mental arithmetic and speech tasks.

effect.

Background: Acute mental stress may contribute to the cardiovascular disease progression via autonomic nervous
system controlled negative effects on the endothelium. The joint effects of stress-induced sympathetic or
parasympathetic activity and endothelial function on atherosclerosis development have not been investigated. The
present study aims to examine the interactive effect of acute mental stress-induced cardiac reactivity/recovery and
endothelial function on the prevalence of carotid atherosclerosis.

Methods: Participants were 81 healthy young adults aged 24-39 years. Preclinical atherosclerosis was assessed by
carotid intima-media thickness (IMT) and endothelial function was measured as flow-mediated dilatation (FMD) using
ultrasound techniques. We also measured heart rate, respiratory sinus arrhythmia (RSA), and pre-ejection period (PEP)

Results: We found a significant interaction of FMD and cardiac RSA recovery for IMT (p = 0.037), and a significant
interaction of FMD and PEP recovery for IMT (p = 0.006). Among participants with low FMD, slower PEP recovery was
related to higher IMT. Among individuals with high FMD, slow RSA recovery predicted higher IMT. No significant
interactions of FMD and cardiac reactivity for IMT were found.

Conclusions: Cardiac recovery plays a role in atherosclerosis development in persons with high and low FMD. The role
of sympathetically mediated cardiac activity seems to be more important in those with impaired FMD, and
parasympathetically mediated in those with relatively high FMD. The development of endothelial dysfunction may be
one possible mechanism linking slow cardiac recovery and atherosclerosis via autonomic nervous system mediated

Background

Mental stress has been shown to be a risk factor for ath-
erosclerosis [1]. Acute mental stress may induce myocar-
dial infarction [2] or sudden cardiac death [3]. It has been
found to impair the parameters of endothelial health,
reducing flow-mediated dilatation (FMD) [4,5]. Brachial
FMD is an adequate non-invasive measure of endothelial
function [6] and reduced brachial FMD reflects endothe-
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lial dysfunction [6,7]. Endothelial dysfunction is a marker
of cardiovascular risk [6,7] and may be considered as an
indicator of atherosclerotic events in later stages in life
[8]. Brachial FMD as well as carotid intima-media thick-
ness (IMT) are important non-invasive markers of sub-
clinical atherosclerosis [7,9]. Increased carotid IMT
correlates with coronary atherosclerosis [10] and
increased IMTs have been found among individuals with
impaired brachial FMD [11].

Mechanisms through which mental stress induces
harmful changes in vascular system functioning and
influences atherosclerosis development are not fully clear.
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A novel hypothesis has considered atherosclerosis as a
neurogenic phenomenon manifested by the autonomic
nervous system (ANS) dysfunction [12]. It has been sug-
gested that chronic stress may promote atherogenesis
through the mechanism of autonomic neuropathy-
caused sympathetic hyperactivity [12].

Sympathetic hyperactivity impairs the ANS control of
the cardiovascular system [13]. It has been considered
that suppressed ANS regulation may be related to athero-
sclerotic processes through the negative ANS-mediated
effect on the endothelium [14]. Using a nonhuman pri-
mate model of atherogenesis, it has been found that psy-
chosocial stress can alter the autonomic balance towards
a state of sympathetic arousal leading to the development
of coronary heart disease (CHD), perhaps through
impairing endothelial function [15] and intensification of
endothelium-mediated atherogenic processes [16].

The reactivity hypothesis suggests that elevated cardio-
vascular reactivity evoked by the psychological stress fac-
tors is a risk for the development of hypertension,
atherosclerosis, and CHD [17]. In addition, the disability
of the cardiovascular system to recover from psychologi-
cal stress has been mentioned in several studies as a risk
factor for the development of cardiovascular disorders
[18,19].

It has been shown that acute mental stress induces
changes in heart rate (HR) [20]. Many studies of cardiac
reactivity have used pre-ejection period (PEP) as an ade-
quate noninvasive indicator of cardiac sympathetic regu-
lation [21,22] and respiratory sinus arrhythmia (RSA) as
an index of parasympathetic control of HR [23].

Psychological risk factors are highly associated with the
measures of cardiovascular ANS reactivity [20] and, on
the other hand, may accelerate endothelium-mediated
atherogenesis [15,16]. In addition, associations between
acute mental stress and IMT have recently been shown
[24], and increased carotid IMT levels have been found
among healthy young adults who have impaired brachial
FMD [11]. It can be suggested that acute mental stress
may contribute to the cardiovascular disease progression
via ANS-controlled negative effects on the endothelium,
predisposing some individuals to an autonomic imbal-
ance that may be harmful to endothelial function and,
therefore, may represent a negative prognostic factor for
atherosclerosis. There is little knowledge on this hypoth-
esis so far.

The joint effects of acute mental stress-induced sympa-
thetic or parasympathetic activity and endothelial func-
tion on atherosclerosis development have not been
studied. The aim of this study was to examine the interac-
tive effect of acute stress-induced cardiac reactivity/
recovery and endothelial function, measured in terms of
FMD, on the prevalence of preclinical atherosclerosis
assessed by IMT in young healthy adults.
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Methods

Study population

The participants were 100 healthy men and women aged
24-39 years (in 2001), who were participating in the pro-
spective multicenter epidemiological Cardiovascular Risk
in Young Finns (CRYF) study [25]. Since 1980, the CRYF
study has been monitoring the development of risk fac-
tors for coronary heart disease at intervals of 3 or 5 years.
The CRYF study originally included a total of 3596
healthy Finnish children, adolescents, and young adults at
baseline in 1980. The design of the study and the sample
have recently been described [25]. Of the original CRYF
sample, 2109 participants were examined in 2001 and
cardiovascular risk factor and ultrasound measurements
were performed on them. The stress testing (public
speaking task and mental arithmetic task) was adminis-
tered for 95 healthy young adults two years before the
ultrasound measurements (in 1999).

The present sample (originally a total of 100 subjects)
was randomly selected from the subjects who partici-
pated in the psychological study in 1997. The participants
were invited to the stress testing from the urban and rural
districts of Finland within a 100 km radius from Helsinki
(n = 382). Ninety-five subjects entered in the psychophys-
iological testing in 1999. In the present study, complete
data on psychophysiological reactivity/recovery testing
and ultrasound measurements were obtained from 81
participants. They comprised the final sample of this
study.

The study followed the guiding principles of the Hel-
sinki Declaration and was approved by the Ethical Com-
mittee of the University of Helsinki and by the Joint
Ethical Committee of the University of Turku and Turku
University Hospital. All subjects gave their written,
informed consent in 1999 and in 2001.

Cardiac measures

We measured heart rate (HR), respiratory sinus arrhyth-
mia (RSA; indicator of the parasympathetic control of
HR), and pre-ejection period (PEP; indicator of the sym-
pathetic control of HR).

Electrocardiogram (ECG) and the first derivative of the
pulsatile impedance signal (dZ/dt) were measured con-
tinuously during the experiment with Minnesota Imped-
ance Cardiograph Model 304B (Surcom Inc,
Minneapolis, MN), using the standard tetrapolar band
electrode configuration [26]. The ECG and dZ/dt signals
were sampled continuously at 500 Hz via a 12-bit 8-chan-
nel A/D converter, and stored on the hard disk of a PC for
later analysis. On-line data reduction was performed with
custom-programmed Labview data acquisition software
(National Instruments Co., Austin, TX).
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Ultrasound imaging

Ultrasound studies of the carotid and brachial arteries
were performed using Sequoia 512 ultrasound main-
frames (Acuson, Mountain View, CA, USA) with 13.0
MHz linear array transducer, as previously described
[11,27]. To assess intra-individual reproducibility of ultra-
sound measurements, 57 subjects were re-examined 3
months after the initial visit (2.5% random sample) [11].

Carotid intima-media thickness, IMT

Carotid IMT was measured on the posterior (far) wall of
the left carotid artery. At least four measurements were
taken approximately 10 mm proximal to the bifurcation
to derive mean carotid IMT. The between-visit coeffi-
cient of variation of IMT measurements was 6.4% [11].

Brachial flow-mediated dilatation, FMD

To assess brachial FMD, the left brachial artery diameter
was measured both at rest and during reactive hypere-
mia. Increased flow was induced by inflation of a pneu-
matic tourniquet placed around the forearm to a pressure
of 250 mmHg for 4.5 min, followed by a release [11].
Arterial diameter was measured at end-diastole at a fixed
distance from an anatomic marker at rest and 40, 60 and
80 s after cuff release. The vessel diameter in scans after
reactive hyperemia was expressed as the percentage rela-
tive to resting scan. The average of three measurements
at each time point was used to derive the maximum FMD
(the greatest value between 40 to 80 s). The between-visit
coefficient of variation for brachial diameter was 3.2%
and for FMD 26.0% [11].

Experimental procedure

Before the experiment, the subjects were informed about
the general nature of the study, and gave their written
informed consent. Each participant was studied using a
standardized computer-controlled experimental session.
The experiment lasted for about 180 min, and the experi-
mental procedure started at the same time of the day
(9:00 am) for all participants. The subjects were
instructed to abstain from caffeine and cigarettes con-
sumption for 12 hr before the experimental procedure.
The experiment was conducted in a sound-attenuated
room equipped with a computer for stimulus presenta-
tion, and with a video system for monitoring and commu-
nication. The experiment consisted of five tasks: (1)
emotion-evoking picture viewing, (2) acoustic startle
stimuli, (3) a mental arithmetic task, (4) a reaction-time
task, and (5) a public-speaking task with three different
scenarios. The participants were alone in the room dur-
ing the tasks, with the exception of the public speaking
task. Two experimenters were present as an audience
during the public speaking task. The experiment started
and ended with a resting period of 10 min. Each of the
experimental tasks was followed by an 8 min resting
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period. The mental arithmetic task and the speech task
were used in the current study. The tasks have been
described previously in more detail [28]. The other tasks
were omitted because they evoked very different reactiv-
ity profiles compared to the two selected tasks. In the
present study, both the mental arithmetic and public
speaking tasks evoked an increase in HR and a decrease
in RSA and PEP, which is in line with many previous stud-
ies [20,29]. The public speaking and mental arithmetic
tasks have been shown to evoke stable and relatively high
cardiac autonomic responses [29,30].

Data treatment

The interbeat intervals (IBIs), in ms, were determined
from the ECG signal and deviant IBI values were identi-
fied using a 20% change from the previous IBI as a crite-
rion. They were corrected according to the guidelines of
[31]. The beat-to-beat IBI data were transformed to equi-
distant IBI time series with 200 ms intervals using the
weighted-average interpolation method of [32]. The spec-
tral analyses were conducted on 60-second segments of
the heart period series. The mean and trend were
removed from each IBI segment to exclude long-term
changes in the time series. The impedance data were
ensemble averaged within 60-s blocks. The Q-waves and
the B-points were determined by a careful visual exami-
nation with the aid of a self-programmed computer pro-
gram similar to that described by [33].

RSA was computed separately for each 60-s data seg-
ment. The logarithm of the variance (ms2) within the fre-
quency band associated with respiration (i.e., 0.12-0.40
Hz) was summed to index RSA. PEP, in ms, was calcu-
lated as the interval between the Q wave of the ECG and
the B-point of the dZ/dt waveform. HR, in bpm, was
computed for 60-s intervals from the mean IBL

Mean HR, RSA, and PEP values were calculated for
each participant across each minute during the tasks. For
the resting periods, data were averaged across minutes 6,
7, and 8 during the 10-min initial baseline and last rest
baseline. Task HR, RSA, and PEP data were averaged
across the 6 min of the mental arithmetic task and across
the 3 min of the speech task. The mean of three speeches
was calculated and speech delivery period was used in the
present study. Reactivity scores were calculated by sub-
tracting the initial mean baseline value from average task
value (for each task separately). Averaged value for the
reactivity score across the two tasks was calculated
finally. Recovery scores were computed by subtracting
the initial mean baseline value from the average value
during the resting periods after the mental arithmetic and
speech tasks.

Statistical analysis
The interaction between cardiac autonomic measures
and FMD in predicting carotid IMT was tested by linear
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regression analyses using SPSS Version 16.0. All regres-
sion models involving interactions between FMD and
cardiac reactivity/recovery were conducted separately for
reactivity and recovery terms, and separately for HR,
RSA, and PEP. Main effects of age, sex, brachial baseline
diameter, FMD, and the reactivity/recovery measure in
question were included in the regression models.

Results
Table 1 shows the characteristics of the study variables.

Associations between the study parameters

Linear regression analyses showed that baseline HR,
baseline RSA, and baseline PEP were unrelated to IMT
(N=75p=0893;N=76,p=0363 N =75,p = 0324,
respectively) and FMD (N = 69, p = 0.114; N = 70, p =
0.969; N = 69, p = 0.177, respectively). In addition, FMD
was not related to IMT (N = 74, p = 0.207). HR, RSA, and
PEP reactivity scores were not associated with FMD (N =
66, p = 0.805; N = 67, p = 0.615; N = 65, p = 0.152, respec-
tively). Likewise, HR, RSA, and PEP recovery scores were
unrelated to FMD levels (N = 65, p = 0.982; N = 66, p =
0.709; N = 65, p = 0.175, respectively).

Table 1: Characteristics of study participants

Page 4 of 8

Interactions between the cardiac measures and FMD in
predicting IMT

Table 2 shows the results of linear regression analyses
examining the interactions of cardiac reactivity and
recovery with FMD for IMT. No significant interaction
effect of FMD and cardiac reactivity on IMT was found
(Table 2).

A significant RSA recovery x FMD interaction (p =
0.037, N = 61) in predicting IMT was found. Further lin-
ear regression analyses conducted separately for high (N
= 31) and low (N = 30) FMD individuals (median split)
showed that, among participants with higher FMD, better
RSA recovery predicted lower IMT (B = 0.411, p = 0.022,
N = 31). No associations were found in low FMD partici-
pants (B = -0.265, p = 0.157, N = 30).

The PEP recovery x FMD interaction in predicting
IMT was also significant (p = 0.006; N = 61) (Table 2).
Linear regression analyses performed separately in high
(N= 31) and low (N = 30) FMD groups (median split)
showed that, among low FMD individuals, better PEP
recovery predicted lower IMT ( = 0.517, p = 0.003, N =
30). This association was non-significant in high FMD
subjects (p = 0.075, p = 0.690, N = 31). The HR recovery x

Variable Min Max Mean (SD) N
Age in 2001, years 24.00 39.00 30.89 492 81
Baseline brachial 2.36 5.32 3.53 0.62 74
diameter, mm

Flow-mediated -0.26 23.43 6.78 5.00 74
dilatation, FMD, %

Carotid intima- 0.43 0.96 0.59 0.09 81
media thickness,

IMT, mm

Baseline HR, bpm 46.30 94.48 71.63 9.30 75
Baseline RSA, log 217 3.30 2.84 0.23 76
ms?2

Baseline PEP, ms 74.00 128.67 96.94 11.17 75
HR reactivity -4.23 46.28 16.33 10.74 72
score, bpm

RSA reactivity -0.88 0.34 -0.11 0.24 73
score, log ms2

PEP reactivity -44.33 5.30 -14.80 10.65 70
score, ms

HRrecoveryscore, -14.02 12.37 -2.03 4.84 71
bpm

RSA recovery -0.49 0.64 0.01 0.18 72
score, log ms2

PEP recovery -17.33 17.00 2.20 6.27 70

score, ms

HR = heart rate (bpm); RSA = respiratory sinus arrhythmia (log ms2); PEP = pre-ejection period (ms).
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Table 2: Linear regression examining the interactive effects of physiological reactivity/recovery and flow-mediated

dilatation on IMT (N=61)

R2 Adjusted R2 change*** p-value
R2%*

REACTIVITY

HR reactivity x FMD* 0.38 0.31 0.002 0.704
RSA reactivity x FMD* 0.33 0.25 0.020 0.214
PEP reactivity x FMD* 0.46 0.40 0.010 0.321
RECOVERY

HR recovery x FMD* 0.30 0.23 0.000 0.886
RSA recovery x FMD* 0.38 0.26 0.056 0.037
PEP recovery x FMD* 0.43 0.36 0.087 0.006

*Each interaction is examined in a separate analysis including the main effects of sex, age, brachial baseline diameter, FMD, and the reactivity/
recovery measure in question, but the main effects are not presented in the Table.

**Calculated for the whole model.
*#*Refers to the interaction term.

HR = heart rate (bpm); RSA = respiratory sinus arrhythmia (log ms2); PEP = pre-ejection period (ms); FMD = flow-mediated dilatation (%).

FMD interaction for IMT was non-significant (p = 0.886;
N = 61) (Table 2).

Discussion

The results of the current study showed no significant
interactive effect of FMD and cardiac reactivity on IMT.
Previously, recovery responses have been reported to be
better predictors of cardiovascular risk than stress-
induced reactivity responses [18,19,34]. In line with this,
significant RSA recovery x FMD interactions in predict-
ing IMT, and a PEP recovery x FMD interaction for IMT,
were found in our study. Better RSA recovery responses
(mediated by parasympathetic activity) after acute mental
stress were shown to be related to lower IMT among par-
ticipants with higher FMD. These results are in agree-
ment with our previous findings demonstrating that
better cardiac recovery after acute mental stress is associ-
ated with less preclinical atherosclerosis among healthy
men and women [24]. Other studies have also found that
impaired parasympathetic control is related to an
increased risk for early atherosclerosis development in
healthy individuals [35]. In addition, slower PEP recovery
(mediated by sympathetic activity) after acute mental
stress was shown in our study to be related to higher IMT
among subjects with lower FMD. These results are in line
with the findings that acute mental stress may induce vas-
cular changes both among healthy individuals and among
patients with vascular disease [36]. In addition, several
studies have reported negative relations between vascular
reactions in response to acute mental stress and endothe-
lial function [37,38].

It has been hypothesized that chronic stress can speed
up atherogenesis through the mechanism of autonomic
imbalance [12], and acute mental stress is associated with
sympathetic activation [39]. In the current study, the rela-
tionship of slower PEP recovery to acute stress in combi-
nation with reduced FMD with higher IMT suggests that
slow sympathetic recovery increases the risk of athero-
sclerosis development among individuals with impaired
endothelial function, but not among subjects with normal
endothelial function. It is in agreement with the
response-to-injury model of atherosclerosis suggesting
that impaired endothelial function is a first step of ath-
erosclerosis development [40]. Our results are also in line
with the findings that abnormalities in ANS regulation of
the cardiovascular system [41,42], as well as enhanced
endothelium-mediated atherogenic processes [43,44], are
typical for patients with cardiovascular and metabolic
diseases.

However, the mechanisms underlying the relationships
between the ANS and endothelial systems and their joint
influence on atherosclerosis progression are not fully
clear. One of the recent hypotheses has considered ath-
erosclerosis as a vascular symptom of ANS dysregulation
induced by age, smoking, hypertension, dyslipidemia, and
diabetes [12]. This hypothesis explains the atherogenic
processes as a result of a global ANS imbalance towards
to a state of enhanced sympathetic activity [12]. In addi-
tion, local atherosclerotic tissue alterations, such as
endothelial dysfunction, have been suggested to result
from neurogenic adventitial stress mediated by ANS dys-
regulation [12]. The delayed cardiovascular recovery may
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be considered as a result of a continual influence of acute
mental stressors on the cardiovascular system [45].

Our results showed that RSA recovery following acute
mental stress was related to atherosclerosis development
in young adults with a high level of FMD, whereas, for
PEP recovery the association with atherosclerosis devel-
opment emerged in participants with low FMD. The rea-
son for this discrepancy is not readily apparent. Our
results showing delayed RSA and PEP recovery may
reflect the autonomic imbalance. We can suggest that
ANS dysregulation is a very essential independent reason
for cardiovascular health problems, and it may increase a
risk of cardiovascular diseases independently on
endothelium functioning. In line with this suggestion,
ANS imbalance has been shown to be associated with
ineffective cardiovascular functioning or with a risk of
atherosclerosis even if the endothelium works properly,
i.e., among healthy individuals [35]. On the other hand,
we can suggest, that harmful influence of ANS dysregula-
tion may be accelerated in impaired endothelium
(reflected by low FMD in the present study). Our results
reflect both these situations. In our study, slow RSA
recovery was shown to be related to an increased IMT in
normal endothelium, whereas slow PEP recovery was
related to higher IMTs in impaired endothelium. These
results are in line with the findings, that elevated sympa-
thetic activity [41,46] and impaired parasympathetic con-
trol [35] have been shown to exert a harmful effect on
cardiovascular functioning [41] or to be related with ath-
erosclerotic processes [35] in both healthy individuals
and in individuals with cardiovascular disease states. Car-
diac recovery seems to play an important role in athero-
sclerosis development in persons with high and low
FMD; however, we can suggest different impact of sym-
pathetic and parasympathetic nervous system in athero-
sclerosis risk in individuals with normal or impaired
endothelium. Thus, the role of sympathetically mediated
cardiac activity seems to be more important in those with
impaired FMD, and parasympathetically mediated in
those with relatively high FMD.

One possible mechanism linking ANS-mediated poor
cardiac recovery and atherosclerosis may be the develop-
ment of endothelial dysfunction. Accordingly, the associ-
ation of endothelial dysfunction and slow HR recovery
has recently been shown [47]; and endothelial dysfunc-
tion has been found to be associated with increased
carotid IMT [11]. However, in a recent study, the contri-
bution of the sympathetic nervous system to the impair-
ment of endothelial function after acute mental stress has
been questioned, and an endothelin-A receptor mecha-
nism has been suggested to play a role in the endothelial
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dysfunction-mediated relationship of mental stress with
atherosclerosis development [5].

Methodological considerations

There are some limitations in the present study. First, we
did not measure blood pressure responses; thus, we can-
not generalize our results to vascular reactivity and can-
not make conclusions regarding the reactivity hypothesis
that mainly concentrates on vascular reactivity.

Second, we did not measure respiration; thus, we can-
not be sure that respiration fell within the frequency band
used to compute RSA estimates. However, uncorrected
RSA has recently been shown to be viable in indexing
within-subject changes in the parasympathetic control of
HR in the majority of stress studies [48]. It has been sug-
gested that during the stable experimental conditions
with constant respiratory parameters, the absence of
respiratory assessment may not preclude group contrasts
in well-specified populations with known patterns of res-
piration and large-amplitude RSA [49].

Third, the present analysis was conducted in partici-
pants aged 24 to 39 years. Our results cannot be general-
ized to older individuals with more manifest
atherosclerosis. Finally, the ultrasound and cardiac auto-
nomic measurements were conducted only once, thereby
precluding conclusions concerning the progression of
atherosclerosis.

In addition, the absence of blood pressure measure-
ment is a relevant limitation of the study. Therefore, we
cannot exclude the possibility of confounding.

Conclusions
Our results suggest that alterations in ANS functioning,
characterized by a decreased parasympathetic control in
combination with normal endothelial function or
increased sympathetic activity in combination with
impaired endothelial function, are associated to
increased risk of atherosclerosis progression in young
healthy individuals. Cardiac recovery seems to play an
important role in atherosclerosis development in individ-
uals with high and low FMD but the role of sympatheti-
cally mediated cardiac activity seems to be more
important in those with impaired FMD, and parasympa-
thetically mediated in those with relatively high FMD.
The present study is the first to demonstrate that the
development of endothelial dysfunction may be one pos-
sible mechanism linking slow cardiac recovery and ath-
erosclerosis via ANS pathways. Our results suggest that
psychophysiological risk factors may be associated with
the development of atherosclerosis via interactions
between the endothelial function and ANS regulation.
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