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To evaluate the endothelial function using an Endo-PAT2000 instrument before and after mental stress
tests in patients with Tacotsubo syndrome (TS) during acute and long-term periods and to compare
the obtained results with laboratory markers of endothelial dysfunction (ED).

This study included 45 patients with TS (mean age, 63.5+13.7 years) and 40 healthy volunteers
(control group, CG). All patients of the main group during the acute period (first 7-14 days) and long-
term period (at 1 and 2 years), as well as CG subjects, underwent evaluation of the endothelial function
with an Endo-PAT 2000 instrument, and the reactive hyperemia index (RHI) was determined before
and after mental stress tests. Also, concentrations of endothelin 1 (ET-1) and numbers of circulating
endothelial cells (CEC) were measured after a two-year follow-up of TS patients.

During the acute period of disease, all TS patients (n=45) had ED: RHI was below the threshold level
of 1.67; furthermore, 42 (93.3%) patients retained a lower RHI following mental stress. At one year
(n=40), 16 (40%) patients showed ED at rest along with a significantly increased mean RHI. Mental
stress produced at one year was associated with ED in 28 (70%) TS patients. At two years (n=44),
resting RHI was lower than normal in 19 (43.2%) patients. Mental stress tests performed at two years
were associated with ED in 29 (65.9%) patients (RHI <1.67). Only 10% of CG subjects had a lower-
than-normal RHI, which was significantly less than in the main group of TS patients during the acute
and long-term periods (p<0.0S). Mean values of laboratory markers for ED also were significantly
different between TS patients during the long-term period of disease (n=41) and CG subjects (n=40;
p<0.01).

During acute and long-term periods of disease, most of TS patients had impaired vascular reactivity
both at rest and during mental stress. The laboratory markers of ED, ET-1 and CEC can be used in
clinical practice for evaluation of the risk for TS.
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akotsubo syndrome (TTS) is a type of acute heart

failure that is typically reversible and caused by
a variety of stressors in the majority of patients. It is
associated with transient predominantly left ventricular
(LV) failure with a clinical and electrocardiographic
pattern similar to that of acute coronary syndrome [1].
The of TTS s
incompletely understood. The underlying mechanisms

pathophysiology complex and
are being studied, and the direct cardiotoxic effect of
catecholamines — which are released in excess in response
to physical or emotional stress — along with dysfunction
of coronary microvessels, including microvessel spasm
caused by excessive catecholamine stimulation of
alpha-adrenergic receptors, are considered currently as
the main mechanisms. Endothelial dysfunction (ED),
which is accompanied by an increase in the synthesis
vasoconstrictor

of endothelium-dependent factors,

particularly endothelin-1 (ET-1), is the main cause of
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coronary microvascular dysfunction and vasoconstriction
[2].

It is generally recognized that ED plays a significant
role in the development of numerous cardiovascular
diseases. The relevance of microcirculatory disorders
in the pathophysiology of TTS has been demonstrated
by different methods, despite the lack of studies on this
subject in TTS. Transthoracic Doppler and positron
emission tomography showed a drop in the coronary
flow reserve in patients with acute TTS [2]. Coronary
angiography showed the phenomenon of slow blood
flow in acute TTS, which is explained by coronary
microvascular dysfunction. [2]. Furthermore, findings
from cardiac biopsy revealed catecholamine-induced
apoptosis of microvascular endothelial cells in patients
with TTS [2].

There are still some unanswered questions, including
whether ED is permanent or transient after the blood
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levels catecholamine are normalized and the LV wall
motion is restored, whether the compromised endothelial
function is a cause or an effect of the disease, and whether
the latter is correlated with laboratory markers of ED.

Objective

Assess the functional activity of the endothelium in
TTS patients in acute and remote periods of the disease
using the Endo-PAT2000 device before and after mental
stress tests, and compare the results with the laboratory
indicators of ED.

Material and Methods

A controlled prospective study was conducted in
North-Western State Medical University named after
I.I. Mechnikov. The study protocol complies with
the Declaration of Helsinki and was approved by the local
ethics committee.

The interTAK international criteria-based diagnosis
of TTS (EOK 2018 Consensus Document) was
the inclusion criterion in the main group [1]. The control
group included individuals comparable by sex and age
with the main group, who did not have acute and chronic
cardiovascular diseases, with the exception of moderate
arterial hypertension (stage I, grade 1).

The included 45 patients with TTS, of
whom 40 (88.9%) were female, the mean age was
63.5+13.7 years. The control group included 40 patients,
of whom 39 (97.5%) were female, the mean age was
66.6£10.4 years (Table 1). Voluntary informed consent
was obtained from all subjects.

Endothelial function was studied on the Endo-PAT 2000
device and the reactive hyperemia index (RHI) was

study

determined in all subjects of the main group in the acute
(within 7-14 days from the onset of the disease) and
remote periods (in 1 year — visit 1 and in 2 years — visit 2)
and control subjects. The levels of ET-1 and the number of
circulating endothelial cells (CEC) per 3x10° leukocytes
were determined in patients with TTS at visit 2 and
control subjects.

CECs were counted in peripheral blood in a CY TOMICS
FC 500 flow cytofluorimeter using fluorochrome-
labeled monoclonal antibodies specific for surface
cell markers: CD 146 PE (phycoerythrin) as a label for
the CECs and CD 45 PC S (phycoerythrin + cyanine S,)
as a panleukocyte marker. Whole venous blood collected
on an empty stomach in the morning from the ulnar vein
into sterile vacuum tubes containing 100 pl of 0.5 M
EDTA (pH 8.0) as an anticoagulant.

The serum levels of ET-1 were determined by ELISA
using a 680-microplate reader and ET-1 ELISA kit
reagents. Blood was collected on an empty stomach in
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Table 1. Clinical characteristics of the study groups

Main group Control
Parameter TIS group P
(n=45) (n=40)
Female, n (%) 40 (88.9) 39(97.5) ns
Age, years 63.5+13.7 66.6110.4 ns
BMI >25 kg/m? 21(46.7)  21(52.5) ns
Smoking, n (%) 7 (15.6) 6(15) ns
Arterial hypertension, n (%) 32 (71.1) 25 (62.5) ns
Atrial ﬁbrillati(())n/ flutter, 6(13.3) 0 <005
paroxysms, n (%)
Postinfarction cardiosclerosis,
n (%) 2 (4.4) 0 ns
Chronic heart failure, n (%) 12 (26.7) 0 <0.05
Cerebrovascular diseases,
n (%) 2 (4.4) 0 ns
Diabetes mellitus, n (%) 4(8.9) 1(2.5) ns
Significant family history of 36 (80) 25 (62.5) ns

cardiovascular diseases, n (%)

TTI'S, Takotsubo syndrome; BMI, body mass index;
ns, non-significant.

the morning from the ulnar vein into sterile vacuum tubes
with a clot activator (silicon dioxide) to accelerate blood
clotting.

Instrumental evaluation of endothelial function using
the EndoPAT 2000 device was conducted according to
the standard technique [3]. The RHI values were ranked
into 2 groups: RHI < 1.67 was indicative of ED, RHI
within 1.68-3.0 was a criterion of normal endothelial
function [3].

Mental stress was simulated in the laboratory by a series of
stress tests following the protocol proposed by Alekseeva
et al. [4]: Stroop mental stress test (SMST), arithmetic
counting (AC) test, anger reproduction/return (AR)
test, sick talk (ST) test. These tests are simple enough to
perform in people of different ages and levels of education.
A three-stage procedure was used in the experimental
protocol to determine the influence of stress tests on
the functional activity of the endothelium:

Investigation of endothelial function using the EndoPAT
2000 device at rest (15 min);

Consistent performance of a set of mental stress tests
(SMST, AC, AR, ST);

Determination of the presence of ED using the EndoPAT
2000 device after mental stress tests.

The statistical processing of the data obtained was
conducted in Statistica 10.0. The values are described
as the means and standard deviations (M%SD), with
the exception of ET-1 and CEC, which are expressed as
the medians and quartile ranges (Me [Q1; Q3]). The chi-
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square test was used to compare the frequencies in
the groups. The statistical significance of differences was
assessed using the Mann-Whitney U-test. The correlation
analysis was performed using the Spearman’s rank
correlation. ROC curves were used to determine
the threshold blood levels of ET-1 and CECs and assess
their diagnostic effectiveness. The generally accepted in
medicine p-value < 0.05 was considered the criterion for
the statistical significance of the findings.

Results

The examination of the functional activity of the endo-
thelium at rest using EndoPAT 2000 in the acute period
of the disease in all patients with TTS showed RHI < 1.67,
while a statistically significant progression of ED was
observed after mental stress during this period (Table 2).

After one year, the number of patients with reduced
RHI (p<0.001) decreased compared to the acute period
of the disease: ED (RHI < 1.67) at rest was detected
only in 16 (40%) patients, and the mean RHI increased
significantly (see Table 2). However, 13 (54.2%)
patients had ED after mental stress tests in the subgroup
of patients with normal baseline RHI (n = 24), while
in the subgroup with low baseline RHI (n = 16), RHI
normalized in 1 patient, and the rest still had ED.

Thus, 28 (70%) patients with a history of ST had
ED during emotional stress a year after the onset of
the disease.

After 2 years, RHI at rest was below normal in 19 (43.2%)
patients, which is 50% of patients in the acute period of
the disease (p<0.001), but the number of patients with
ED did not significantly differ at visit 1 (n=16) and visit 2
(n=19). At the same time, the mean RHI values at visit 2
differed significantly from those in the acute period but
remained at the same level compared to visit 1 (Table 2).
ED (RHI < 1.67) was reproduced in 29 (65.9%) patients
during mental stress tests 2 years after the acute episode
of TTS: 17 patients with reduced baseline RHI and
12 patients who did not have ED before the stress test. In
the remaining cases (n=15), RHI was >1.67 after mental
stress.

Only 10% of control subjects had RHI below normal at
rest, which was significantly fewer than in the main group
of TTS patients in the acute period — 100% (p<0.001);
furthermore, 40% at visit 1 (p<0.01) and 43.2% at visit 2
(p<0.001). The mean RHI values differed significantly in
the main and control groups (Table 2).

After mental stress, only 1 person without ED at baseline
in the control group had RHI reduced to the level of
dysfunction < 1.67, while the control group generally
showed an increase in mean RHI during stress (Table 2).

The comparison of the main and control groups by
the number of patients with reduced RHI after stress
tests revealed highly significant differences were found
in the acute period (p<0.001), in 1 year (p<0.001), and
in 2years (p<0.001; Table 2).

Mean values of laboratory markers of ED were statistically
significantly different between patients with TTS in
the remote period of the disease (n=41) and control
subjects (n=40): ET-11.25 [0.69; 2.33] and 0.95 [0.43;
1.43] pg/mL, respectively (p<0.01), CEC S [2; 7] and
1 [0; 2] cells/3%x10% leukocytes, respectively (p<0.0001).
The level of ET-1 and CECs was significantly higher
in the main group of patients and in subjects with ED
(RHI <1.67) in the control group compared to those who
had normal RHI (Table 3).

The ROC curves (Figure 1) showed that ET-1
>0.48 pg/mL increased 3.4-fold the hazard ratio (HR)
of the occurrence of TTS (95% confidence interval
(CI) 1.18-9.58; p<0.0S) and 3-fold the number of
CECs > S cells/3x10° leukocytes (95% CI 2.10-4.29;
p<0.001). The area under the curve (AUC) calculated
for both indicators was 0.68 for ET-1 (95% CI 0.57-
0.80; p<0.001) and 0.80 (95% CI 0.71-0.90; p<0.001)
for CEC, which, according to the expert scale of clinical
significance of the test, characterizes the model quality as
good.

In the general group of all subjects, a strong direct
relationship (r=0.82) was shown between the levels of
ET-1 and CECs in the blood (p<0.05) and strong inverse
relationship between RHI and ET-1 (r=-0.91; p<0.05),
RHI and CECs (r=-0.88; p<0.05). Comparable data were

Table 2. Mean RHI values before and after mental stress tests in the study groups

Main group (TTS) Control group
Parameter _ P
7-14 days (n = 40) lyear (n=40) 2years (n=40) (n=40)
Prs<0.001; p, , < 0.05
RHI before stress test 1.48+0.17 1.74 £0.19 1.70£0.21 1.88+0.29 P3+ < 0.01;p, , < 0.001
P13 <0.001; p, ;—ns
P14 < 0.001; p, , < 0.001
RHI after stress test 142 +£0.17 1.57+0.21 1.60+£0.17 2.17£0.49 P-4 <0.001; p,_, <0.001
P13<0.001;p, ;—ns
p p <0.001 p <0.001 p <0.001 p <0.001 -

TTS, Takotsubo syndrome; ns, non-significant.; 1 — acute period of TI'S (7-14 days); 2 — first visit, 3 — second visit, 4 — control group.
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Table 3. Levels of the laboratory markers of endothelial dysfunction respective to RHI in the study groups

Parameter Group RHI< 1.67 RHI > 1.67 p
TS 2.42[1.57; 6.03] 0.77[0.51; 1.11] <0.001
ET-1, pg/mL
Control 1.72 [1.62; 2.44] 0.76 [0.41; 1.22] <0.01
IS 7.0 [6.0; 15.0] 2[1;3] <0.001
CEC, cells/3x10° leukocytes
Control 3.5(3;4] 0[0;2] <0.01

RHI, reactive hyperemia index; ET-1, endothelin-1; CEC, circulating endothelial cells; TI'S, takotsubo syndrome.

Figure 1. Sensitivity and specificity ROC-curves for circulating
endothelial cells (CECs) and endothelin-1 (ET-1)
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obtained in the group of patients with TI'S: RHI and ET-1
(r=-0.92; p<0.05), RHI and CECs (r=-0.92; p<0.0S), ET-1
and CECs (r=0.89; p<0.0S); in the control group: RHI and
ET-1 (r=-0.90; p<0.05), RHI and CECs (r=-0.86; p<0.05),
ET-1 and CECs (r=0.75; p<0.05).

The obtained relationships between the analyzed
laboratory and clinical indicators were preserved when
the subjects were divided into subgroups with and
without ED. The main group in patients with ED (n=19):
RHI and ET-1 (r=-0.83; p<0.05), RHI and CECs
(r= -0.75; p<0.05), CECs and ET-1 (r=0.87; p<0.05);
patients without ED (n=22): RHI and ET-1 (r= -0.80;
p<0.05), RHI and CECs (r= —0.69; p<0.05), CECs and
ET-1 (r=0.72; p < 0.05).

Discussion

Currently, ED is considered as the leading risk factor for
the development of cardiovascular diseases and adverse
outcomes [5].

The findings of our study are consistent with previously
published data in that all TTS patients had ED in the first
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14 days of the disease [6]. Carbonara et al. [6] found
that patients with TTS (n = 50) had low FMD (Flow
Mediated Dilatation measured by ultrasound Doppler
on the brachial artery after S minute occlusion with a BP
cuff) in the first 12 hours from admission to the hospital,
but it was observed to increase in 6.38+1.65 days
[6]. Comparable data were obtained by the Russian
researchers (Vasilyeva et al.) who evaluated FMD in
patients with TTS (n=4), acute myocardial infarction
(AMI) with ST-segment elevation (n = 18), and control
patients (n = 26) on day 1 and in 7-21 days [7]. In
the first 24 hours of the disease, FMD was significantly
lower in patients with TTS than in the comparison groups,
however, the repeated test study revealed no significant
differences between the groups in 1-3 weeks [7].

In this study, ED was assessed using the well-proven
plethysmography technique for recording amplitude
of peripheral artery tone in a vascular occlusion test
using EndoPAT 2000 described above. EndoPAT 2000
is a unique complex for non-invasive assessment of
that
produces results comparable with the findings of

endothelium-dependent vasodilation disorders
intracoronary acetylcholine tests [8]. This technique
for measuring peripheral arterial tone was approved
by the FDA in 2003 [9], has a European CE quality
certificate, and listed in the Framingham Heart Study
protocol. Bonetti et al. described that the RHI threshold
value of < 1.67 calculated on EndoPAT 2000 is indicative
of ED with sensitivity of 82% and specificity of 77% [10].
In the study by Lipunova et al. [11], the presence of ED
(RHI < 1.67) was confirmed in 91.4% of cases using
EndoPAT 2000 in patients with coronary microvascular
dysfunction shown by 82Rb-chloride positron emission
tomography under stress tests (cold pressor test and
dipyridamole). Thus, EndoPAT 2000 can be used for
non-invasive assessment of the coronary microvascular
dysfunction, specifically abnormalities of endothelium-
dependent vasodilation, which was essential to solve our
tasks for patients with T'TS.

In this study, we examined endothelial function in
patients with TTS using mental stress test for the first
time. Ghiadoni et al. [12] were among the first to
describe in 2000 the occurrence of transient ED in
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response to mental stress in 10 conditionally healthy men
and 8 men with non-insulin-dependent diabetes mellitus.
The authors explained the mechanisms of stress-induced
ED by sympathetic overstimulation and a local increase
in the levels of noradrenaline, reduced synthesis of nitric
oxide (NO) by endotheliocytes, lower levels of cyclic
adenosine monophosphate (cAMP), and increased
secretion of ET-1 vasoconstrictor [13, 14]. Mental stress
also provokes oxidative stress, which aggravates ED,
causing further release of ET-1 and angiotensin II, and
neutralizes the effects of vasodilating molecules [15].

We found that 100% of patients had ED at rest in the acute
phase of TTS, which worsened severely when challenged
by experimental mental stress in 78 % of cases.

It should be noted that Sullivan et al. [16] provide
evidence that female patients have more pronounced
ED than male patients when reproducing mental stress
(anger return). They evaluated ED using EndoPAT but in
patients with coronary artery disease. At the same time,
Vaccarino et al. [17] who assessed RHI using EndoPAT
during and after stress test (anger return) in female and
male patients with a history of MI (about S months)
and control patients, noted that female patients are
more prone to post-stress ED. Thus, our findings on a
significant decrease in RHI after stress tests in patients
with acute TTS, which is more common in women, are
what was expected.

In the remote period, ED at rest was less common among
our patients: in40% of casesin 1 yearand 43.2% in 2 years.
However, acute ED was detected after the reproduction
of mental stress in 70% of patients at visit 1 and 66% of
patients at visit 2. We found evidence in favor of this
information in previously published works. Patel et al.
[18] demonstrated that 9 of 10 patients with recovered
LV wall motion had signs of coronary microvascular
with
acetylcholine and adenosine S months after the onset of
TTS. Barletta et al. [19] observed zones of abnormal LV
wall motion and reduced coronary blood flow in patients

dysfunction during intracoronary

challenge

with TTS (n=17) in response to cold press test 688 days
after the onset of the disease, myocardial perfusion was
assessed echocardiographically in this study.

Recurrent TTS occurs in 4.7-5% within 10 years [20].
Predictors of the
However, a decrease in RHI both at rest and after mental

disease recurrence are unknown.

stress in the acute and remote periods of TTS, identified
in our study, may probably be indicative of an increased
risk of recurrence in this patient cohort.

It should be noted that we confirmed the literature data
in this study that coronary blood flow should increase in
healthy people in response to mental stress as a result of
the dilation of the microvascular system [21]. Significant
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increase in mean RHI was observed after mental stress in
apparently healthy women in the control group (Table 2).
In our work,we determined for the first time the levels
of ET-1 in patients with TTS in the distant period of
the disease and it was shown that it is significantly
higher than in CG. The concentrations of ET-1 had been
measured previously only in patients with acute TTS.
Jaguszewski et al. [22] showed that the levels of ET-1
in TTS patients is higher than in the group of healthy
individuals but does not differ between patients with
acute STEMI and NSTEMI. These data do not seem
surprising given the pathogenesis of TTS and AMI.

To date, no information has been obtained regarding
the number of CECs in peripheral blood in TTS patients
in the remote period. CECs are mature differentiated
cells that separate from the endothelial wall when it is
damaged and therefore can act as a direct cellular sign of
ED [23]. Healthy people have very little amounts of CECs
in peripheral blood, since in the absence of pathological
conditions, the process of endothelial renewal is slow,
and non-viable endothelial cells are quickly removed
from the circulation by the reticuloendothelial system
[23]. However, the numbers of CECs increase in patients
with cardiovascular diseases [24]. Significantly higher
levels of CECs in patients 2 years after the episode of
TTS indicate that ED is not a consequence, but the cause
of TTS.

As expected, in the group of patients with TI'S and
the control group, the ET-1 and CEC levels were
significantly higher in individuals with ED shown by
EndoPAT 2000. Laboratory indicators indicative of ED
were strongly correlated between each other and with RHI.
In our study, the diagnostic significance in relation to
the risk of TI'S was demonstrated, according to the ROC
analysis, by the ET-1 levels (sensitivity 92.7%, specificity
35%) and CECs (sensitivity 51.2%, specificity 100%). We
also found out that ET-1 > 0.48 pg/mL increased HR of
TI'S 3.4-fold (95% CI) 1.18-9.58; p<0.0S) and CECs >
S cells/3x10%leukocytes increased it 3-fold (95% CI 2.10-
4.29; p<0.001). These data suggest that the ET-1 and CEC
levels can be used in clinical practice to diagnose ED and
assess the likelihood of TT'S, however, it should be further
confirmed.

Conclusions

1. patients with takotsubo syndrome mostly have abnor-
mal vascular reactivity both at rest and in response
to mental stress in the acute and remote periods of
the disease.

2. Abnormal vasomotor reaction due to endothelial dys-
function can be considered as a factor contributing to
the development of takotsubo syndrome.
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Laboratory markers of endothelial dysfunction,
endothelin-1 and circulating endothelial cells, and
the results of EndoPAT2000 testing can be used in
clinical practice to assess the risk of takotsubo syn-

drome.
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