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events.12‑15 Studies of patients with posttraumatic 
stress disorder and affective disorders have pro‑
vided the most reliable conclusions.16‑20 If the cor‑
relation between the SNS and endothelium in pa‑
tients with ACS was confirmed, we would have 
reasonable grounds for further studies on the role 
of the ANS in the etiology, pathogenesis, and pre‑
vention of cardiovascular diseases.

The main objective of our study was to evalu‑
ate a relationship between noninvasive markers of 

Introduction  Both endothelial function and 
activity of the autonomic nervous system (ANS) 
have a significant prognostic value in patients 
with acute coronary syndrome (ACS).1‑3 A num‑
ber of studies have reported correlations be‑
tween the endothelium and sympathetic ner‑
vous system (SNS) on the molecular level.4‑11 Con‑
ditions that cause chronic or acute hyperactivity 
of the SNS can lead to the impairment of endo‑
thelial function and, secondarily, to cardiovascular 
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Abstract

Introduction  The endothelium and sympathetic nervous system play an important role in the patho-
genesis of acute coronary syndrome (ACS).
Objectives  The aim of our study was to evaluate correlations between noninvasive markers of the en-
dothelial function and the sympathetic nervous system in patients with a recent ACS.
Patients and methods  The study included 52 patients who experienced an ACS within the previous 
3 to 6 months. Endothelial function was expressed as the reactive hyperemia index (RHI), and the activ-
ity of the sympathetic nervous system—as latency and amplitude of sympathetic skin response (SSR) 
potentials from the 4 limbs. Linear and partial correlations between the RHI and SSR were calculated.
Results  There were significant correlations between the RHI and the latency of the SSR in the upper 
limbs (r = 0.34, P = 0.02 for the right limb; and r = 0.34, P = 0.01 for the left limb). After eliminating 
the effects of age, sex, weight, and glomerular filtration rate, the partial correlation between the RHI 
and the latency of the SSR in the upper limbs remained statistically significant (r = 0.41, P = 0.004 for 
the right limb, and r = 0.42, P = 0.004 for the left limb). There was no correlation between the RHI and 
latency of the SSR during the stimulation of the lower limbs.
Conclusions  Our study confirmed the correlations between the sympathetic autonomic nervous sys-
tem and endothelium in patients with ACS. The correlation of the RHI with the latency of the SSR was 
observed only in the upper limbs.
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who had experienced myocardial infarction with 
ST‑segment or non‑ST‑segment elevation with‑
in the previous 3 to 6 months and were treated 
with primary coronary angioplasty at the Depart‑
ment of Cardiology, Medical University of Lodz, 
Łódź, Poland. The study was conducted from June 
2011 to February 2012 as part of the ongoing 
FOREVER study (Focus On stiffness Reduction, 
Endothelial function and autonomic nervous sys‑
tem improVement In patient after MI with or 
without hypErtension after cardiovascular Re‑
habilitation), which started in 2009. The prelimi‑
nary data on the correlations of arterial stiffness 
parameters have already been published.21

All participants received a standard pharma‑
cological treatment for ACS.22,23 The exclusion 
criteria were as follows: unstable coronary ar‑
tery disease, indications for coronary artery by‑
pass grafting, peripheral arterial disease, uncon‑
trolled arterial hypertension, use of nitroglycer‑
in, decompensated type 2 diabetes, damage to 
the peripheral nervous system (sensory, motor, 
or mixed fibers) or to the ANS, significant ven‑
tricular and supraventricular arrhythmias exceed‑
ing 10% of the total evolution during the day, al‑
lergy to latex, deformations or previous amputa‑
tion of the fingers, infectious diseases, and sig‑
nificant hepatic failure or chronic kidney disease. 
All patients gave their written informed consent 
to participate in the study.

Study protocol  All patients underwent exami‑
nations conducted independently in 2 centers 
over 2 days (the Department of Cardiology and 
the Department for the Diseases of the Extra‑
pyramidal System). First, venous blood samples 
(5 ml) were taken from each patient for biochem‑
ical tests. Then a medical history of each patient 
was taken and a physical examination and endo‑
thelial function test were performed. On the next 
day, the activity of the SNS was assessed. In addi‑
tion, all patients underwent a routine neurolog‑
ical evaluation to test for peripheral and central 
motor (and sensory) neuron dysfunction, which 
would exclude them from the study.

All test results were compiled for statistical 
analysis, which was conducted at the Department 
of Microelectronics and Computer Science, Tech‑
nical University of Lodz, Łódź, Poland.

Endothelial function   Endothelial function was 
evaluated by peripheral arterial tonometry (PAT), 
using the EndoPAT 2000 system (Itamar Medi‑
cal, Caesarea, Israel). This new method, which was 
approved by the European Society of Cardiology 
(ESC) Working Group on Peripheral Circulation, is 
based on the effect of shear stress on the endothe‑
lium, which are known to cause vasodilation.24,25

The examination was started after 20‑minute 
rest in a supine position in a room with standard 
conditions. Patients had been asked to stop taking 
calcium channel blockers 24 hours before the ex‑
amination. In each patient, pneumatic sensors 
were placed on the index fingers of both hands, 

the endothelial function and the SNS in patients 
who had experienced an ACS within the previous 
3 to 6 months.

Patients and methods  Patients  The study in‑
cluded 52 white patients aged from 35 to 75 years 

Table 1  Location of electrodes in the evaluation of sympathetic skin response

Receiver electrode Reference electrode

radial surface of the hand (the area 
supplied by the median nerve)

back of the hand

medial, plantar surface of the foot (the 
area supplied by the tibial nerve)

dorsum of the foot

Table 2  Clinical characteristics of the study group (n = 52)

women 11 (21)

arterial hypertension 52 (100)

smokers 30 (58)

STEMI 30 (58)

NSTEMI 22 (42)

culprit vessel LM 0 (0)

LAD 22 (42)

Cx 11 (21)

RCA 19 (37)

pharmacotherapy ASA 52 (100)

clopidogrel 52 (100)

β-blocker 52 (100)

statin 52 (100)

ACEIs 48 (92)

calcium blocker 7 (13)

sartan 4 (8)

diuretic 9 (17)

age, y 59.6 ±9.1 (60.0 [43.0–78.0])

height, cm 171.6 ±8.1 (173.0 [153.0–185.0])

weight, kg 84.2 ±13.0 (81.0 [57.0–117.0])

BMI, kg/m2 28.5 ±3.3 (27.7 [23.2–36.3])

PWV, m/s 9.7 ±2.4 (9.55 [6.0–16.8])

LVEF, % 49.9 ±8.1 (50.0 [30.0–60.0])

TC, mg/dl 144.8 ±29.8 (145.5 [82.0–211.0])

LDL-C, mg/dl 74.5 ±23.2 (70.0 [36.0–117.0])

HDL-C, mg/dl 46.9 ±11.6 (46.5 [26.1–73.0])

TG, mg/dl 117.7 ±44.7 (109.5 [52.0–265.0])

creatinine, mg/dl 1.0 ±0.2 (1.0 [0.5–1.9])

GFR, ml/min/1.73 m2 85.6 ±24.1 (81.8 [28.5–139.5])

Data are presented as number (percentage) or mean ± standard deviation (median 
[range]).

To convert the values to SI units multiply by the following conversion factors: total 
cholesterol, LDL cholesterol, HDL cholesterol: 0.0259; TG: 0.0113; creatinine: 88.4; for 
GFR replace 175 with 30,849 in the Modification of Diet in Renal Disease study 
abbreviated equation

Abbreviations: ACEIs – angiotensin-converting enzyme inhibitors, ASA – acetylsalicylic 
acid, BMI – body mass index, Cx – circumflex coronary artery, GFR – glomerular 
filtration rate, HDL-C – high-density lipoprotein cholesterol, LAD – left anterior 
descending coronary artery, LDL-C – low-density lipoprotein cholesterol, LM – left main 
coronary artery, LVEF – left ventricular ejection fraction, NSTEMI – non-ST-elevation 
myocardial infarction, PWV – pulse wave velocity, RCA – right coronary artery, STEMI – 
ST-elevation myocardial infarction, TC – total cholesterol, TG – triglycerides
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The following parameters of the response were 
determined: the configuration and the distribu‑
tion of the potentials in the recordings, the mor‑
phology, latency (s), and amplitude (uV) of point 
P0, ie, the point of the departure of the poten‑
tial from the isoelectric line on the graph. La‑
tency is a time interval between the stimulation 
and response of the sympathetic system to the 
stimulus, and an expression of the stimulus con‑
duction velocity in the fibers of the sympathetic 
pathways. Latency is known in neurophysiology 
to be a more objective parameter for assessing any 
impulse‑conduction system. To compare respons‑
es between the sides, we analyzed the differences 
between the configuration, latency, and amplitude 
of the P0 potential with an identical stimulus.

Statistical analysis  A statistical analysis was con‑
ducted using the MATLAB R2013a Statistics Tool‑
box (MathWorks, Natick, Massachusetts, Unit‑
ed States). All variables were expressed as mean 
± standard deviation and median. Normal dis‑
tribution of the parameters was assessed using 
the Kolmogorov–Smirnov test for 1 sample. For 
all significant variables, Pearson linear correlation 
coefficients were calculated. Owing to the size of 
the population, the analysis did not include cor‑
relations in the subgroups. A partial correlation 
coefficient was used to evaluate the strength of 
the linear correlation between the SSR parame‑
ters (latency for the upper limbs) and the RHI af‑
ter eliminating the effect of age, sex, weight, and 
glomerular filtration rate (GFR)—variables that 
might have affected endothelial function. A P val‑
ue of less than 0.05 was considered statistical‑
ly significant.

Results  The clinical characteristics of the study 
population are shown in TABLE 2.

Because most patients were overweight or 
obese (body mass index, 23.2–36.3 kg/m2; mean, 
28.5 ±3.3 kg/m2), the results were corrected for 
weight, age, and sex. The partial correlation in‑
cluded also the GFR, which was correlated with 
the RHI (r = 0.4; P = 0.006). The remaining bio‑
chemical parameters are shown in Table 2.

The mean values of the latency and amplitude 
of sympathetic skin potentials and the RHI were 
within normal ranges in all patients (Table 3). We 
observed correlations between SSR latency values 
in all limbs. Although we observed some devia‑
tions in SSR and RHI values in individual patients, 
all patients were included in the statistical anal‑
ysis. A significant correlation was observed be‑
tween the RHI and SSR latency in the upper limbs 
in the entire study group (r = 0.34, P = 0.02 for 
the right limb; r = 0.34, P = 0.01 for the left limb).

No correlation was observed between the RHI 
and SSR latency in the lower limbs (Figure). Sim‑
ilarly, there was no correlation between the RHI 
and SSR amplitude either in the upper or low‑
er limbs.

After excluding the effect of age, sex, weight, 
and GFR, we observed a significant correlation 

and an arterial blood pressure cuff was placed on 
the upper arm. The examination lasted 15 minutes 
and consisted of 3 phases, during which periph‑
eral arterial pressure was recorded continuously 
(on a beat‑to‑beat basis): phase 1, the recording 
of the initial PAT signal (5 min); phase 2, the re‑
cording of the PAT signal while the cuff was in‑
flated 60 mmHg above the systolic blood pres‑
sure (5 min); phase 3, the recording of the PAT 
signal after cuff deflation (5 min).

The reactive hyperemia index (RHI) was calcu‑
lated as a ratio between the PAT signal recorded 
on the study arm within 1 to 1.5 minute after cuff 
deflation and for 3 to 5 minutes before cuff infla‑
tion, corrected for systemic changes with the PAT 
signal from the opposite arm.

Sympathetic nervous system activity  The sym‑
pathetic skin response (SSR) test is common‑
ly used to diagnose the dysfunction of pregan‑
glionic and postganglionic sympathetic fibers, 
based on the assessment of the sudomotor re‑
sponse to stimuli.

The test was performed using the Keypoint 
4 EMG device (Medtronic, Denmark). The phys‑
ical and chemical parameters of the environ‑
ment and the parameters of stimulation during 
the test were compatible with the relevant stan‑
dards.26,27 The stimulus was a 0.2‑ms electrical 
impulse of the supramaximal current increas‑
ing from 10 to 30 mA. The stimulation sites were 
the sympathetic postganglionic fibers of both 
median nerves in the wrist and the sympathet‑
ic postganglionic fibers of both tibial nerves in 
the area of the medial malleolus. A response in 
the form of skin potential was obtained simul‑
taneously from 4 limbs, by stimulating each of 
them separately. The location of the receiver and 
reference electrodes is shown in Table 1. We an‑
alyzed potentials with the shortest latency and 
highest amplitude.

Table 3  Endothelial function and sympathetic skin 
response parameters (n = 52)

RHI 1.7 ±0.4 (1.6 [1.1–2.9])

RHA, mV 5.2 ±3.4 (4.2 [0.6–16.9])

LHL, s 1.4 ±0.2 (1.4 [1.1–2.3])

LHA, mV 5.2 ±3.5 (4.3 [1.0–14.3])

RLL, s 2.1 ±0.3 (2.0 [1.4–2.9])

RLA, mV 3.6 ±2.7 (2.9 [0.3–11.6])

LLL, s 2.1 ±0.3 (2.0 [1.4–2.8])

LLA, mV 3.4 ±2.4 (2.6 [0.3–11.0])

Data are presented as a mean ± standard deviation 
(median [range]).

Abbreviations: LHA – amplitude of SSR on the left hand, 
LHL – latency of SSR on the left hand, LLA – amplitude 
of SSR on the left leg, LLL – latency of SSR on the left 
leg, RHA – amplitude of SSR on the right hand, RHI – 
reactive hyperemia index, RHL – latency of SSR on 
the right hand, RLA – amplitude of SSR on the right leg, 
RLL – latency of SSR on the right leg, SSR – sympathetic 
skin response
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volunteers. Considering the available literature 
on neurophysiology, the microneurographical 
parameters closely correlated with the SSR po‑
tentials used in our study to assess the sympa‑
thetic system.34

Truccolo et al.35 used the frequency analysis 
of heart rate variability to assess the function of 
the ANS. They reported a significant correlation 
between high frequency (HF), low frequency (LF), 
and the LF‑to‑HF ratio and flow‑mediated dilation 
(FMD) in 13 patients with Chagas disease. This 
parasitic disease, which is the third most com‑
mon disease in the world, develops into a chron‑
ic cardiovascular disease in one‑third of the pa‑
tients. Truccolo et al.35 suggested that the pro‑
gression of this disease results from the inter‑
action between the ANS and endothelium. Us‑
ing a similar method, Wehrens et al.12 found that 
this mechanism may also apply to shift workers. 
As shown in our previous study, heart rate vari‑
ability parameters correlated significantly with 
the SSR.36 On the other hand, Kuvin et al.37 dem‑
onstrated a significant correlation between FMD 
and the RHI during the same episode of reactive 
hyperemia.37 A correlation between FMD and 
the RHI was also observed by Wilk et al.38 in pa‑
tients with moderate‑to‑low cardiovascular risk.38

Pharmacological studies have also significantly 
contributed to the discussion on the correlations 
between the SNS and endothelium. Patients with 
a history of cardiovascular incidents might ben‑
efit from possible drug interventions that target 
any of the reactions leading to endothelial dys‑
function. Numerous studies have suggested that 
β‑blockers have a beneficial effect on the endo‑
thelium. Matsuda et al.39 studied a population of 
29 patients with coronary artery disease, includ‑
ing 17 patients with a history of myocardial infarc‑
tion, and reported improved FMD after 4 months 
of carvedilol treatment, which they linked to 

between the RHI and SSR latency in the upper 
limbs (r = 0.41, P = 0.004 for the right arm, and 
r = 0.42, P = 0.004 for the left arm).

Discussion  Our study confirmed a correlation 
between the markers of endothelial function and 
the activity of the SNS in patients after ACS. We 
analyzed the results using a novel approach, ie, 
PAT and the RHI, a noninvasive and easy‑to‑ob‑
tain parameter of endothelial function. The RHI 
significantly correlated with the SSR latency in 
the upper limbs. A longer latency period, imply‑
ing reduced excitability of the SNS, is associated 
with a higher RHI, which means better endothe‑
lial function, assuming that there is no damage 
to pre- and postganglionic sympathetic fibers, al‑
though this must be verified by neurological ex‑
amination. Considering that all patients received 
the same pharmacological treatment that affect‑
ed the neurohumoral system and endothelium, 
it was excluded from the analysis.28,29 The corre‑
lation remained significant, even after including 
the combined effect of age, weight, sex, and GFR.

The available studies on the correlation be‑
tween the markers of endothelial function and 
the activity of the ANS differed in methodology 
and study populations but they provided similar 
results. Sverrisdóttir et al.30 studied 10 healthy 
individuals and reported a correlation between 
the RHI and muscle sympathetic nerve activi‑
ty (MSNA), ie, sympathetic potentials in muscle 
nerves, obtained by microneurography (r = –0.8; 
P = 0.005). A similar correlation was reported by 
Lambert et al.31 who studied 18 patients with Fon‑
tan circulation. Earlier, the same group of inves‑
tigators reported a correlation between the RHI 
and MSNA in 25 generally healthy obese stu‑
dents.32 Padilla et al.33 showed an association 
between increased MSNA and increased shear 
stress within the brachial artery in 14 healthy 
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Figure  Correlations 
between the reactive 
hyperemia index and 
latency of sympathetic 
skin response in the 
upper and lower limbs 
Abbreviations: see 
table 3
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after cardiovascular events, those at higher car‑
diovascular risk, and those undergoing such pro‑
cedures as denervation of the renal arteries.
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the antioxidant effect of the β‑blocker.39 Recent 
studies have provided evidence that endotheli‑
al function is improved not only by the pleiotro‑
pic effect but also by the antiadrenergic effect it‑
self. Nerla et al.40 reported improved FMD in pa‑
tients with type 2 diabetes after a 4‑week course 
of atenolol, but not in those receiving ivabradine. 
A significant decrease in the concentration of en‑
dothelin 1 associated with β‑blocker use has been 
noted, while some researchers have also report‑
ed changes in von Willebrand factor in hyper‑
tensive and hyperthyroid patients when com‑
bined with α‑blockers.41,42 The preliminary data 
from studies on the use of statins are also prom‑
ising.43,44 Lambert et al.45 reported that dyslipid‑
emia impairs endothelial function and increases 
sympathetic drive.45

Of note, our study showed correlations of 
the SSR latency and RHI only in the upper limbs. 
This may indicate that the interaction between 
the ANS and endothelium is only local. However, 
this finding is not supported by any of the avail‑
able studies so further research is needed to pro‑
vide more evidence.

Our study has several limitations. The study 
group was relatively small but was larger than 
the groups in other studies. Moreover, in our cen‑
ters, we had no access to the reference method, 
ie, microneurography, for assessing the activity of 
the SNS, which subjects the patients to additional 
stress associated with the use of needle electrodes. 
In addition, our study had no follow‑up that could 
provide further information on the relationship 
between endothelial function and SNS activity. 
Finally, the correlation between the RHI and SSR 
latency in the upper limbs, which we observed in 
our study, might have resulted from the fact that 
there is a large autonomic component in the RHI 
parameter itself, as emphasized by the ESC Work‑
ing Group on Peripheral Circulation.24 Unfortu‑
nately, it was impossible for us to evaluate endo‑
thelial function by any other method than SSR, 
and, more importantly, by a method that would 
allow us to evaluate the function both in the up‑
per and lower limbs and thus evaluate local cor‑
relations between the endothelium and the SNS.

In Central and Eastern European countries, 
morbidity and mortality rates from cardiovas‑
cular diseases are significantly higher than those 
in other parts of Europe.46 In countries that have 
undergone social, economic, and political transi‑
tion, such as Poland, people are more exposed to 
stress stimuli, which affect the SNS, than peo‑
ple in stable countries. It seems that the sym‑
pathetic–endothelial axis may play a key role in 
the pathogenesis of acute cardiovascular events.
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Streszczenie

Wprowadzenie  Śródbłonek i współczulny układ nerwowy odgrywają ważną rolę w patogenezie ostrego 
zespołu wieńcowego (OZW).
Cele  Celem naszego badania była ocena korelacji nieinwazyjnych markerów funkcji śródbłonka 
i współczulnego układu nerwowego u pacjentów po niedawno przebytym OZW.
Pacjenci i  metody  W badaniu uczestniczyło 52 pacjentów po OZW przebytym w ciągu minionych 
3–6 miesięcy. Funkcję śródbłonka wyrażono jako wskaźnik reaktywnego przekrwienia (reactive hyperemic 
index – RHI), a aktywność współczulnego układu nerwowego – jako latencję i amplitudę współczulnych 
potencjałów skórnych (sympathetic skin response – SSR) z czterech kończyn. Obliczono korelację liniową 
i cząstkową między RHI oraz SSR.
Wyniki  Stwierdzono znamienną korelację między RHI oraz latencją SSR w obrębie kończyn górnych 
(dla kończyny prawej: r = 0,34; p = 0,02; dla kończyny lewej: r = 0,34; p = 0,01). Po uwzględnieniu 
wpływu wieku, płci, wagi i wskaźnika filtracji kłębuszkowej korelacja cząstkowa między RHI a latencją 
SSR w obrębie kończyn górnych pozostała istotna statystycznie (dla kończyny prawej: r = 0,41; p = 
0,004; dla kończyny lewej r = 0,42, p = 0,004). Nie stwierdzono korelacji między RHI a latencją SSR 
podczas stymulacji kończyn dolnych.
Wnioski  Badanie potwierdza interakcje między współczulnym układem autonomicznym a śródbłonkiem 
u pacjentów po OZW. Korelacja RHI z latencją SSR była ograniczona tylko do kończyn górnych.
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