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Abstract.

BACKGROUND: In weightlessness, alterations in organ systems have been reported. The microcirculation consists of a
network of blood vessels with diameters of a few wm. It is considered the largest part of the circulatory system of the
human body and essential for exchange of gas, nutrients and waste products. An investigation of the microcirculation in
weightlessness seems warranted but has not yet been performed.

OBJECTIVE: In this paper, we outline a study in which we will investigate the possible interrelations between weightlessness
and microcirculation. We will induce weightlessness in the course of parabolic flight maneuvers, which will be conducted
during a parabolic flight campaign. In this study protocol also an evaluation of a possible influence of parabolic flight
premedication on microcirculation will be described.

METHODS: The microcirculation will be investigated by sublingual intravital measurements applying sidestream darkfield
microscopy. Parameters of macrocirculation such as heart rate, blood pressure and blood oxygenation will also be investigated.
RESULTS: In our pre-study experiments, neither dimenhydrinate nor scopolamine altered microcirculation.
CONCLUSIONS: As the application of motion sickness therapy did not alter microcirculation, it will be applied during
the parabolic flight maneuvers of the campaign. Our results might deepen the understanding of microcirculation on space
missions and on earth.
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1. Introduction

With a formal Mars program established for the 2030 s by national space agencies, the understanding
of human physiology in weightlessness is of utmost interest for adequate planning and conduction of
such a complex mission of long duration [1, 2]. In weightlessness, adaptive changes in distinct organ
systems have been reported, e.g. osteoporosis-like bone changes of the musculoskeletal system as well
as muscular atrophy [3, 4]. Furthermore, impairment of lung function and the immune system have
been reported [5, 6]. Still, major complications during space missions might mainly be triggered by
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unfavorable alterations in the cardiovascular system, leading to life threatening impairment of tissue
oxygenation [7—10]. In studies conducted in weightlessness, an increase of cardiac output of up to 41%
has been described [11, 12]. In animal experiments with pigs in weightlessness, a change in pulmonary
flow was observed and even structural changes of capillaries were documented [6]. Moreover, changes
in the baroreceptor reflex and on cerebrovascular auto-regulation have been reported in weightlessness
[11-14].

The microcirculation consists of a network of blood vessels of smallest scale, comprising arteri-
oles, venules and capillaries, with diameters ranging from 2 to 100 pm. In terms of surface area, it
is considered the largest part of the circulatory system of the human body. The primary role of the
microcirculation comprises gas exchange as well as exchange of nutrients and waste products. Accord-
ingly, the microcirculation is accountable for adequate tissue oxygenation and cellular organ perfusion
[15-17].

Studies concerning hemodynamic changes of the microcirculatory system in zero-gravity are
still lacking, partly because a thorough evaluation of the microcirculation warrants special devices.
However, new devices have emerged that allow a direct online visualization of the sublingual micro-
circulatory blood flow [18]. For instance, intravital microscopy has successfully been applied to
estimate clinical outcomes of critically ill patients [19-22]. In our opinion, the measurement of the
microcirculation in states of weightlessness in the setting of parabolic flight maneuvers seems feasible.

With regard to long duration space missions, further evaluation of the microcirculation in weight-
lessness seems indispensable to deeper understand the pathophysiological mechanisms involved and
identify possible risks for human beings conducting space missions of long duration. The target of
this study is to enhance the understanding of the function and autoregulation of the microcirculation
in weightlessness. In the course of participation in the Parabolic Flight Campaign in September 2017,
the alterations of the microcirculation under these circumstances will be quantified.

The present paper presents the study protocol for this novel experimental approach as well as two
necessary pre-study experiments.

2. Materials and methods
2.1. Pre-study experiments

A common side effect of participation in parabolic flight maneuvers is motion sickness. Therefore,
the prophylactic administration of an anti-emetic drug is strongly recommended. In this context, dimen-
hydrinate and scopolamine remain the most frequently applied drugs. Therefore, in a pre-study, we
measured the microcirculation after administration of standard doses of these drugs, to assess possible
alterations of the microcirculation.

In this context, we measured the sublingual microcirculation of 8 healthy individuals before and
one hour after peroral administration of the standard dose of 50 mg Dimenhydrinate. Furthermore, we
assessed the microcirculation of 6 healthy individuals before and after the administration of Scopo-
lamine applied subcutaneously (standard dose for male test subjects: 0,175 mg; standard dose for
female test subjects: 0,125 mg; with optional additional doses according to medical history of known
motion sickness). For each individual at least 3 repetitive measurements were performed before and
after drug administration respectively. After the acquisition of the imagery data, the analysis was done
offline, applying the certified Microscan®-Analysis Software (AVA, Version 4.3C). According to con-
sensus for ideal analysis reports in this setting, we documented the perfused vessel density (PVD)
and the perfused proportion of vessels (PPV) as well as the total vessel density (TVD) as standard
variables. Additionally we assessed the number of vessel crossings.
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2.2. Main study protocol

The main study constitutes an observational study. Prior to inclusion into the study, a medical
check-up for airworthiness had to be performed by each subject. All subjects gave their informed
consent for inclusion before they participated in the study. The study was conducted in accordance
with the Declaration of Helsinki (1975, revised in 2008), and the protocol was approved by the German
Ethics Committee of the Medical Faculty of the University Hospital Duesseldorf, Germany (Date of
approval: August 14th, 2017; Project Identification code: 2017054297) and by the French Ethics
Committee (Comite de Protection des Personnes (CPP Nord-Ouest III) of the Medical Faculty of
the University of Caen (Date of approval: September 06th, 2017; Project Identification code: 2017-
A01185-48)).

2.3. Inclusion and Exclusion criteria

The inclusion criteria were defined as: age >18 years; airworthiness; cardiorespiratory health;
spontaneous circulation; accessibility of the sublingual mucosa; signed informed consent.

The exclusion criteria were defined as: history of cardiovascular and respiratory primary diseases
or regular intake of medication except oral contraceptives; inaccessible sublingual mucosa e.g. after
orofacial trauma or surgery; missing or withdrawal of informed consent; insufficient requirements for
airworthiness; positive pregnancy test.

2.4. Parabolic flight

The Parabolic Flight campaign will take place from September 04th to September 16th in Bordeaux,
France. The experiment will take place aboard the Airbus A 310 Zero-G of the French company
NoveSpace. The A 310 Zero-G is a specially equipped aircraft, meticulously designed for the operation
of parabolic flight maneuvers. In order to perform the scheduled flight maneuvers, three jet pilots with
profound training simultaneously operate in the cockpit, with each pilot assigned to a different specific
task, with respect to different components of the dimensions of the flight maneuver (i.e. speed, vertical
movement and horizontal movement). During the parabolic flight maneuver (Fig. 1), from its horizontal
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Fig. 1. Profile of a parabolic flight maneuver (copyright by NoveSpace, France).
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Table 1

Protocol of measurements of one complete data set, exemplified for 1 test subject

Day I
Test Parabola G-Forces Measurements per
subject 1: parabola
Ist parabola 1g 1st measurement (1.1)
Og 2nd measurement (1.2)
g 3rd measurement (1.3)
2nd parabola 1g 1st measurement (2.1)
Og 2nd measurement (2.2)
1g 3rd measurement (2.3)
[...]
10th parabola g 1st measurement (10.1)
Og 2nd measurement (10.2)
1g 3rd measurement (10.3)

flight path, the aircraft climbs steeply upward (“pull-up”), to follow a parabolic trajectory thereafter,
as the pilots throttle back the propulsive force of the engines. This results in a free fall, during which
the passengers experience nearly zero gravity (0 g) aboard, lasting for about 20 seconds. The phase
of microgravity is followed by a “pull-out” phase, during which the pilots steer the aircraft back to
its horizontal flight path. The phases of pull-up and pull-out comprise states of hypergravity (up to
1.8 g). As the duration of zero-gravity and hypergravity phases differ slightly between each parabola, a
protocol of the exact durations will be kept by the pilots. The protocol will be available to all participants
at the end of the flight campaign. A typical parabolic flight day has a total duration of approximately 3
hours and includes 31 parabolic flight maneuvers. In total, 12 experimental setups are mounted in the
aircraft. The first parabola on each flight day is a test run for all teams on board. After a successful test
run, the individual experimental set-ups are released for their measurement procedures, in accordance
with each experimental study protocol. Overall, the Parabolic Flight Campaign will cover 4 flight days
within the period of 2 weeks. Our group will participate in all 4 flight days. For each flight day, each
one of three test subjects will be assigned to 10 parabolic flight maneuvers. For each of the parabolic
flight maneuvers, measurements will be performed in different phases of gravity, as one data set per
parabolic flight maneuver (Table 1).

2.5. Measurements

Each data set will comprise measurements of the microcirculation, blood pressure, pulse oxymetry
and ECG. Two ECGs will be applied in this study: a standard 12-lead ECG and a Holter-ECG to inves-
tigate also changes of autonomic function. Both ECGs will measure heart rate constantly. Additionally,
in the Holter-ECG the beginning of each zero-gravity phase will be marked.

Blood pressure, pulse oxymetry and microcirculation will be measured at different time points: Two
measurements in normal gravity (1 g), one before and one after the flight of the parabola, and one
measurement during zero-gravity (0 g) at the peak of the flight of the parabola (see also Fig. 1).

2.6. Experimental setup

In line with the Experimental Safety Data Package (ESDP) of NoveSpace specifically designed
for each experiment, all experiments have been prepared with special emphasis on safety during the



N.-Y. Bimpong-Buta et al. / Analysis of human microcirculation in weightlessness 5

parabolic flight maneuvers. After the final onboard setup of all experiments, a final security check will
be conducted by NoveSpace.

In our experimental setup, all ECG-electrodes will be placed on the test subject before take-off.
The Holter-ECG (Schiller medilog AR4 plus DARWIN2 Holter-ECG Professional-Package, Schiller
AG, Baar, Switzerland) will be mounted completely before take-off and recording will be activated
shortly prior to take-off. Recording will be stopped shortly after landing of the aircraft. The 12-lead
ECG (Welch Allyn PC-based resting ECG, Skaneateles Falls, New York, USA) will be connected
onboard with the test subject in supine position according to the setup for the measurements of the
microcirculation. Accordingly, the recording of the 12-lead ECG will only be elicited during the
measurements of the microcirculation.

The study subjects will be lying on the back with the feet in flight course, fixed by one strap over
the legs and another one over the pelvis, to diminish free floating during the phases of weightlessness.
Similarly, the head of the test subject will be fixed in a special mount (Speedblock head immobilizer,
by Laerdal, Stavanger, Norway). The cuff of the blood pressure device (Welch Allyn Connex Pro BP
3400 digital blood pressure device, Skaneateles Falls, New York, USA) will be placed on the right
upper arm. The study subject will elicit the measurement of the blood pressure at the beginning of each
zero-gravity phase. The pulse oxymeter (Pulox PO-300, Nividion GmbH, Cologne, Germany) will be
placed on the test subject’s left index finger. All investigators will be attached to the grounds of the
aeroplane by straps, so that safe and reproducible measurements can be conducted.

Visualization of the sublingual microcirculation will be performed by the application of the
sidestream darkfield (SDF) imaging technique. The device used in this context is the Microscan®
intravital-microscope (Microvision Medical, Amsterdam, The Netherlands), as implemented in our
previous studies on microcirculation [23-25]. This device is a CE-licensed (Conformité Européene-
licensed) handheld microscope for high-quality imaging approved for the application in human beings
and has already served as diagnostic tool in more than 200 clinical trials. The device’s tip carries a
microscopic camera that acquires the imagery data of the sublingual capillary network [18]. The mea-
suring process is initialized by placement of the device’s tip towards the sublingual mucosa. On the
connected tablet (Microsoft Surface Pro 4, Redmond, Washington, USA), the acquired video data are
demonstrated as 2-dimensional AVI-videos (Audio Video Interleave — videos). Representative videos
will be recorded and saved. The next step of the analysis entails the application of the software (AVA,
Version 4.3C) [18, 26]. The main analysis of the recorded intravital blood flow measurements will be
done offline.

The operator of the Microscan© device will be placed in supine position, headwards and in square
angle to the study subject, with a hereby optimized view and accessibility to the sublingual mucosa,
guaranteeing optimized measurements of the microcirculation. Next to the main operator an assistant
will be placed who will operate the tablet connected to the Microscan© device. At the feet of the study
subject, a second assistant in charge of documentation of the vital signs (blood pressure, heart rate and
oxygen saturation) of the test subject will be positioned.

2.7. Schedule and procedures

Each flight day, preparations of the experiments onboard of the aircraft as well as preparations of
all participating test subjects start at around 06:00 a.m. From 08:15 a.m., a prophylactic anti-motion
sickness therapy is offered on ground, at the NoveSpace medical facility. At 08:45 a.m. the doors of
the aircraft are closed. Take-off is scheduled for 09:00 a.m. Each flight day comprises the performance
of a total of 31 parabolic flight maneuvers. Between each parabola there is a short break of about 2
minutes. After every set of 5 parabolas, a longer break of 5 minutes will be held. One large break (8
minutes) is scheduled after 15 parabolas.
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3. Statistical analysis

Statistical analysis was performed by using a commercially available software (Graph Pad Prism
Software, Version 6, Graph Pad Software, San Diego, California, USA). From the repetitive measure-
ments of each subject, for the different experimental settings the mean values were calculated. For
detection of differences between groups, not assuming a Gaussian distribution of the obtained param-
eters, the Wilcoxon matched-pairs signed rank test was used. A 2-tailed p-value < 0.05 was considered
statistically significant. Data were presented as mean + SD (Standard Deviation).

4. Results

Administration of standard doses of the anti-motion-sickness therapy regimens, with dimenhydrinate
and scopolamine, respectively, did not alter the microcirculation in healthy subjects. Specifically,
there was no significant alteration of the microcirculation per se observed one hour after peroral
administration of 50 mg Dimenhydrinate (Fig. 2) nor after the subcutaneous application of gender-
specific doses of scopolamine (Fig. 3).

5. Discussion

Microcirculation is essential for tissue oxygenation, organ perfusion, gas metabolism and exchange
of nutrients and waste products [15, 16]. In weightlessness, alterations of the macrocirculation are well
known. However, data on the microcirculation is scarce.
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Fig. 2. Results of testing the influence of the administration of the anti-emetic drug Dimenhydrinate (Vomex) on the microcir-
culation, obtained by evaluation of the microcirculation with Sidestream Darkfield (SDF) imaging, for n=_8 (PVD: Perfused
Vessel Density, PPV (%): Proportion of perfused vessels, TVD: Total Vessel Density, Crossings: number of crossings of
vessels recorded).
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Fig. 3. Results of testing of the influence of the administration of the anti-emetic drug Scopolamine on the microcirculation,
obtained by evaluation of the microcirculation with SDF-imaging, for n=6 (PVD: Perfused Vessel Density, PPV (%):
Proportion of perfused vessels, TVD: Total Vessel Density, Crossings: number of crossings of vessels recorded).

In our study, we aim at improving the understanding of alterations of the microcirculatory system in
weightlessness. Zero-gravity leads to multiple pathophysiological reactions and adaptations in organ-
isms [3, 27]. As a direct consequence of exposure to weightlessness, astronauts experience a number
of pathophysiological changes which can lead to serious medical implications [3, 7]. Most immediate
and significant is a headward shift of body fluids, as part of the adaptive responses of the cardiovascular
system during weightlessness [3, 11]. Furthermore, capillary structural changes have been described
in response to weightlessness [6]. As shown with septic patients in previous studies on earth, mortality
rates were increased with impaired microcirculation. Interestingly, in this setting, macrohemodynam-
ical variables seemed not to be reliable markers of septic shock recovery. These findings support the
assumption that the adequate function of the microcirculation is a prerequisite for adequate organ func-
tion. Accordingly, malfunctioning of the microcirculation might cause organ-dysfunctions leading to
possible life-threatening dysregulations. With this in mind, the importance of further investigations on
the microcirculatory function in weightlessness seems evident, for the prevention of microcirculatory
dysfunctions in space missions of long duration [28, 29].

Prior to participation in a parabolic flight, the prophylactic administration of an anti-motion-sickness
medication is strongly recommended. In our pre-Campaign-study, we aimed at evaluating potential
effects of these drugs on the microcirculation. Our experiments showed no effect of anti-motion sickness
therapy on the microcirculation, thereby ruling out a potential influence of the motion sickness therapy
on our planned experiments.

The aim of our study during the planned Parabolic Flight Campaign will be to evaluate the microcir-
culation of healthy subjects in vivo and during parabolic flight maneuvers, to deepen the understanding
of cardiovascular response mechanisms during weightlessness. The presented study protocol will be
applied in the course of the Parabolic Flight Campaign in France in September 2017. The results
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observed will certainly enhance health-care on future space missions and might deepen our under-
standing of microcirculation on earth. Besides, our results might help optimizing both astronauts’ and
day-to-day patients’ outcome.

6. Conclusions

We will thoroughly investigate the interrelations between the microcirculation and weightlessness.
Based on our pre-study experiments reported in this paper, the application of motion sickness therapy
does not alter the microcirculation and will therefore be applied during the experiments aboard the
aircraft, to ensure optimized comfort of our test subjects in the course of the performance of the
parabolic flight maneuvers.

The results observed in our investigation of the microcirculation in weightlessness will enhance
health-care on future space missions and might deepen the understanding of microcirculation on earth.
Our results might therefore optimize both astronauts’ and patients’ outcomes.
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Background: The wearable cardioverter defibrillator (WCD), (LifeVest, ZOLL,
Pittsburgh, PA, USA) is a medical device designed for the temporary detection
and treatment of malignant ventricular tachyarrhythmias. WCD telemonitoring
features enable the evaluation of the physical activity (PhA) of the patients. We
sought to assess with the WCD the PhA of patients with newly diagnosed heart
failure.

Methods: We collected and analyzed the data of all patients treated with the WCD
in our clinic. Patients with newly diagnosed ischemic, or non-ischemic
cardiomyopathy and severely reduced ejection fraction, who were treated with
the WCD for at least 28 consecutive days and had a compliance of at least 18 h
the day were included.

Results: Seventy-seven patients were eligible for analysis. Thirty-seven patients
suffered from ischemic and 40 from non-ischemic heart disease. The average
days the WCD was carried was 77.3 + 44.6 days and the mean wearing time was
22.8 + 2.1 h. The patients showed significantly increased PhA measured by daily
steps between the first two and the last two weeks (Mean steps in the first
2 weeks: 4,952.6 + 3,052.7 vs. mean steps in the last 2 weeks: 6,119.6 + 3,776.2,
p-value: <0.001). In the end of the surveillance period an increase of the ejection
fraction was observed (LVEF-before: 25.8+6.6% vs. LVEF-after: 37.5+10.6%,
p <0.001). Improvement of the EF did not correlate with the improvement of PhA.
Conclusion: The WCD provides useful information regarding patient PhA and may be
additionally utilized for early heart failure treatment adjustment.

KEYWORDS

wearable cardioverter defibrillator, life vest, physical activity, ejection fraction, heart failure,
sudden cardiac death, remote monitoring

Introduction

Heart failure with reduced ejection fraction (HFrEF) is a clinical condition associated
with increased sudden cardiac death (SCD) risk (1-4). In the early phase of newly
diagnosed HFrEF,
tachyarrhythmias, or acute peri-myocarditis must be treated promptly. Furthermore,

reversible causes such as ongoing myocardial ischemia,
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despite swift initiation of the evidenced-based medical therapy for
heart failure, titration of the of the disease-modifying drugs may be
progressively achieved over longer periods (5). During this time
frame, the SCD risk may be temporarily high, or cannot be
determined. On the other hand, a prophylactic transvenous
implantation of a cardioverter-defibrillator (ICD) in patients with
severely reduced left ventricular ejection fraction (LVEF) in the
early phase after an acute myocardial infarction lacks survival
benefit (6, 7).

The wearable cardioverter defibrillator (WCD, LifeVest, ZOLL,
Pittsburgh, PA, USA) is a device specifically designed for the
temporary  detection and  treatment of  ventricular
tachyarrhythmias in patients during a vulnerable period for
sudden arrhythmic death. The recently published European
Guidelines for the prevention of SCD suggest that the
surveillance with the WCD may be prophylactically considered
in the early phase after acute myocardial infarction, whereas data
on the beneficial effect of the WCD for patients with newly
diagnosed non-ischemic cardiomyopathy are sparse (8). The
device contains four non-adhesive electrodes positioned
orthogonally around the waist (anterior-posterior & right-left),
able to produce a two-lead filtered electrocardiogram (ECG) and
three self-gelling defibrillation electrodes. This allows an effective
and continuous arrhythmia detection from the WCD after
combining data from both heart rate and QRS-complex
morphology. All detected arrhythmic events are stored in the
LifeVest Network server (https://lifevestnetwork.zoll.com) and the
physician is automatically notified.

Furthermore, WCD has an incorporated accelerometer, which
facilitates the counting of the steps, thus providing information
about the patients’ daily physical activity (PhA). The reliability of
the WCD accelerometer as a tool for the assessment of PhA has
been already successfully proven compared with the 6-minute-
walking test (6MWT) (9).

Registries from Europe and the United States have
thoroughly examined the feasibility and safety of the WCD
during a vulnerable period for SCD in real world scenarios
(10-15).

stratification  over

Furthermore, the importance risk
SCD
optimization of heart failure treatment and the reduction of
ICD
demonstrated (16-18). The VEST-trial examined prospectively
a potential benefit of the WCD in patients with reduced LVEF
<35% after AMI (19). The study showed no benefit in this

population, however the wearing time with the device was

of patient

time for after initiation and

unnecessary implantations has been previously

much lower than anticipated (20).

Finally, data selected from the WCD are being stored and can
be transmitted to the physician for offline analysis. Available data
contain arrhythmic events, heart rate profile and the PhA of the
patient in the form of daily steps (Figure 1).

In the present single-center, retrospective study we sought to
evaluate the PhA of all patients with newly diagnosed severely
reduced LVEF of either ischemic, or non-ischemic etiology, being
telemonitored with the WCD until the end of the surveillance
period. We also sought to identify clinical factors having an
impact to the PhA of the patients.
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Methods
Study population

A retrospective analysis of all patients treated with the WCD
from January 2016 until October 2022 in our clinic was
conducted. Inclusion criteria for the study were newly diagnosed
non-valvular heart failure, with severely reduced LVEF less than
35% at the day of hospital discharge, of either ischemic, or non-
ischemic etiology. Additional inclusion criteria were the duration
of the bridging period with the WCD and the compliance to the
treatment. Thus, a treatment with the WCD for at least 28
consecutive days and a minimum wearing time of the WCD of
at least 18 h daily were prerequisite (Figure 2). Patients with
primary electrical heart disease, or being bridged with WCD
after removal of their implanted cardioverter defibrillator due to
device infection were excluded from the study. The study
protocol conformed to the ethical guidelines of the 1975
Declaration of Helsinki.

Physical activity estimation

All data for analysis were retrieved from the manufacturer
database (LifeVest, ZOLL, Pittsburgh, PA, USA). The detection of
either ventricular, or supraventricular episodes was noted. The
endpoint of PhA was assessed by calculating the average number of
daily steps in the first two weeks and comparing it to the average
number of daily steps from the last two weeks prior to termination
of the surveillance with the WCD. Additionally, we reported the
initiation and/or modifications of all guideline reccommended heart
failure medications affecting the neurohumoral cycle of heart failure
at the day of hospital discharge. Finally, we recorded and compared
the change of the LVEF of each patient and correlated it with the
PhA estimated with the WCD.

Evaluation of the left ventricular
ejection fraction

LVEF evaluation was performed with 2D-transthoracic
method.
Transthoracic echocardiography was performed after reperfusion

echocardiography using the modified Simpson’s
therapy and/or initiation of medical heart failure treatment
(index event) prior to WCD therapy, as well as on scheduled
follow-up prior to decision for termination of the WCD therapy.

Statistical analysis

The SPSS 29 (IBM SPSS Statistics) was used for all statistical
analyses of this study. Continuous variables are shown as the
mean * standard deviation (SD). Categorical variables are
presented as percentages. Pairwise comparisons of continuous
variables were performed using the paired t-test. Factors affecting

the results were examined with multivariate linear regression
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FIGURE 1
Recordings of the trends from wearable cardioverter defibrillator during the entire surveillance period. Highlighted with red color are the first two weeks
and the last 14 days of the total wearing period.

FIGURE 2

Recordings from the wearing time of the wearable cardioverter defibrillator from two different patients. Patient (A) shows a very compliance to the WCD
therapy with an average wearing time of 23.91 h per day. Patient (B) shows a low compliance to the WCD therapy with an average wearing time of 16.84 h
per day, resulting to early termination of the surveillance and exclusion from the study.
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analysis. All of the statistical tests were two-sided at a significance
level of 0.05.

Results

From January 2016 to October 2022 a total of 136 patients had
been treated with the WCD. Inclusion criteria were fulfilled in 77
patients, who were included in the analysis. Fifty-five patients
were males (70.5%) and the mean age of the study population
was 63.7+11.7 years. WCD therapy without further device
(64.9%). In
particular, 44 of the patients showed an improvement of their

implantation was terminated in 50 patients
left ventricular function with a LVEF over 35%, whereas six
patients denied a permanent device implantation despite no
adequate LVEF improvement under heart failure medication at
the end of the
cardioverter defibrillator (ICD) was implanted in 18 patients
(23.4%) and a biventricular cardioverter defibrillator (CRT-D) in
9 patients (11.7%). Episodes of non-sustained ventricular
tachycardia were recorded in four individuals (5.2%), all of
whom showed no improvement of their LVEF (Table 1).

follow-up. A transvenous one-chamber

The average days that our study population carried the WCD
was 77.3+44.6 days and the average daily wearing-time of the
WCD was 22.8 £2.1 h. An improvement of the LVEF was noted
at the end of the surveillance period with the WCD (LVEF-

before: 25.8+6.6% vs. LVEF-after: 37.5+10.6%, p<0.001).

TABLE 1 Demographic data.

Study population (n=

77)

Males 55 71.4
Females 22 28.6
Age (years) 63.7+11.7

Body mass index (BMI—kg/m?) 28.9+5.7

Comorbidities

Ischemic Cardiomyopathy 37 48.1
Non-ischemic Cardiomyopathy 40 51.9
Atrial Fibrillation 30 39

Paroxysmal 7 9.1

Persistent 14 182

Permanent 9 11.7
Coronary Heart Disease 47 61.4
Chronic obstructive pulmonary disease 15 19.5
Diabetes mellitus 22 28.6
Arterial hypertension 57 74

Overweight (BMI >25 kg/m?) 53 68.8

10.3389/fcvm.2023.1176710

Furthermore, the PhA of the patients increased significantly in
the last two weeks of surveillance, compared to the first two
weeks (mean steps first two weeks: 4,952.6 £ 3,052.7 vs. mean
steps last two weeks: 6,116.6 + 3,776.2, p <0.001) (Table 2).

Multivariate regression analysis was used to evaluate the factors
affecting the change of the left ventricular ejection fraction
(A-LVEF). Included factors in the model were the type of
cardiomyopathy (ischemic vs. non-ischemic), the wearing time of
the WCD in hours, the length of duration the WCD was carried
in days and the initiation of each of the guideline recommended
heart failure medications (B-Blockers, Angiotensin Converting
(ACE)-Inhibitors, Angiotensin-1 (AT-1)

Sacubitril/Valsartan, Mineralcorticoid

Antagonists (MRAs) and Sodium-glucose Cotransporter-2
(SGLT2) Inhibitors (Table 3). The only factor that was
associated with LVEF improvement was Sacubitril/Valsartan
(Table 4).

Additionally, multivariate regression analysis was used to

Enzyme receptor

blockers, Receptor

evaluate the factors affecting the change of the physical activity
measured in daily steps (4-Steps). Included factors in the model
were all previously mentioned plus the A-LVEF. The only factors
associated with improvement in physical activity were wearing

TABLE 2 Follow-up Data.

Last two
weeks

First two weeks

Average daily 4,952.6 +3,052.7 6,119.6 £ <0.001
steps 3,776.2
Average heart 73.1+11.1 71.4+10.6 ns

rate

End of
follow-up
37.5+10.7

Beginning of
follow-up
258+6.6

Left ventricular ejection
fraction (%)

A-Steps 1,167.1 £
2,455.9

A-LVEF (%) 11.6 £10.6

Wearing Time | 22.8+2.1

(hours)

Days carried 773 +44.6

A-Steps, Improvement of physical activity measured in daily steps; A-LVEF,
Improvement of left ventricular ejection fraction.

TABLE 3 Overview of medical treatment for heart failure.

After index
event (n)

Prior index %

event (n)

LVEF, left ventricular ejection fraction; ICD, implantable cardioverter defibrillator;
CRT-D, cardiac resynchronization therapy defibrillator.

Frontiers in Cardiovascular Medicine

Arrhythmic ~ events  and B-Blockers 31 40,3 75 97,4
Outcome ACE-Inhibitors 18 234 19 24,7
Non sustained ventricular tachycardia 4 5.2 AT-1 Receptor 15 19,5 8 10,4
Sustained ventricular tachycardia 0 0 Blockers

Ventricular fibrillation 0 0 Sacubitril/ 4 52 50 64,9
ICD Implantation 18 234 Valsartan

CRT-D Implantation 9 11.7 MRAs 12 15,6 65 84,4
No device implantation 50 64.9 SGLT2- 5 6,5 34 44,2
Improvement of LVEF >35% 44 57,1 Inhibitors

ACEs, angiotensin converting enzyme; AT-1, angiotensin-1; MRAs, mineralcorticoid
receptor antagonists, SGLT2, sodium-glucose cotransporter-2.
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TABLE 4 Factors potentially associated with improvement of left ventricular ejection fraction (4-LVEF). Results of multivariate regression analysis.

Unstandardized Coefficients Standardized P Value 95.0% Confidence Interval for B
Coefficients

Std. Error Beta Lower Bound Upper Bound
(Constant) —34.706 17.534 —~1.979 0.052 —69.704 0.292
Type of heart failure —2.841 2.369 —0.135 -1.199 0.235 —7.570 1.887
Wearing time (hours) 0.964 0.570 0.189 1.693 0.095 —0.173 2.101
Days carried 0.042 0.026 0.177 1.595 0.115 —0.011 0.095
B-Blockers 8.345 7.406 0.126 1.127 0.264 —6.437 23.127
ACEi 12.080 7.121 0.496 1.697 0.094 2132 26.293
ARBs 5404 8.030 0.157 0.673 0.503 —10.623 21.432
Sacubitril/valsartan 15323 7.132 0.697 2.148 0.035 1.087 29.559
MRAs 1.905 3.296 0.066 0.578 0.565 —4.673 8.484
SGLT-2i -1.730 2.457 —0.082 —0.704 0.484 —6.634 3.174

Type of heart failure: ischemic vs. nonischemic; ACEi, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor blockers; MRAs, mineralocorticoid receptor

antagonists; SGLT-2i, sodium-glucose cotransporter-2 inhibitors.

time of the WCD and the length of duration the WCD was carried
(Table 5).

Discussion

The WCD is a non-invasive option for the treatment of
malignant ventricular tachyarrhythmias during a temporary
period with increased risk for SCD. Also, the WCD allows daily
remote telemonitoring of the patient’s PhA during the entire
surveillance period.

Currently, the 6MWT is a well-established and simple medical
tool for the evaluation of functional capacity among patients with
heart failure (21, 22). Results from Burch AE. et al. showed that the
WCD-guided 6MWT provides similar step counts compared to
clinician-guided 6MWT, suggesting the reliability and accuracy of
step counts with the WCD (9). However, a limitation of the
clinical 6GMWT remains its applicability in every-day and out-of-
hospital settings, as well as its continuity in real life during the
entire day and over longer periods. On the contrary, high
adherence during the entire day, which is a prerequisite of an

effective WCD therapy, enables more accurate and representative
assessment of PhA in patients with HFrEF.

The high wearing time compliance with an average daily
wearing time of the WCD of 22,8 +2.1h per day was aligned
with the average wearing time of previous studies (10-13, 23)
assuring a careful daily
Additionally, the average wearing days that our population
carried the WCD was 77.3 +44.6 days. Tripp C. et al. examined
the PhA with the WCD in a large cohort of patients after acute

myocardial infarction (24). Results from that study showed a

telemonitoring of the patients.

significant increase of the PhA from the beginning of the
prescription of WCD to the end of the therapy. Furthermore,
they showed a negative relationship between wearing time over
20 h per day and PhA. Our results confirm their first finding,
PhA
measured by daily steps and wearing days of the WCD. This

showing a positive correlation between incremental
may be attributed to a general improvement of health condition.
On the contrary, we report a positive correlation between
prolonged wearing time and increased PhA. We assume that this
may be the result of improved familiarization with the WCD and
increased confidence of the patient to exercise after the index
event, as none of the administered medical substances were

TABLE 5 Factors potentially associated with improvement of physical activity (4-steps). Results of multivariable regression analysis.

Unstandardized Standardized Coefficients P value 95.0% Confidence Interval for B
Coefficients

B Std. Error Beta Lower Bound Upper Bound
(Constant) —7,403.588 4,378.612 ~1.691 0.096 —16,145.770 1,338.594
Type of heart failure 426.845 581.195 0.087 0.734 0.465 —733.548 1,587.239
Change in LVEF 7474 29.654 0.032 0.252 0.802 —51.731 66.679
Wearing Time (hours) 300.357 141.208 0.253 2.127 0.037 18.427 582.287
Days carried 13.830 6.518 0.251 2122 0.038 0.816 26.845
B-Blockers 2,756.052 1,814.530 0.180 1.519 0.134 —866.775 6,378.878
ACEi —2,094.027 1,765.064 —0.370 —1.186 0.240 —5,618.091 1,430.037
ARBs ~1,349.070 1,955.594 ~0.169 —0.690 0.493 —5,253.539 2,555.399
Sacubitril/valsartan -2,022.073 1,789.791 -0.395 -1.130 0.263 —5,595.506 1,551.360
MRAs —442.009 801.970 —0.066 —0.551 0.583 —2,043.194 1,159.176
SGLT-2i 50.226 598.536 0.010 0.084 0.933 —1,144.789 1,245.241

Type of heart failure: ischemic vs. nonischemic; LVEF, left ventricular ejection fraction; ACEi, angiotensin converting enzyme inhibitors; ARBs, angiotensin receptor
blockers; MRAs, Mineralocorticoid receptor antagonists, SGLT-2i, Sodium-glucose cotransporter-2 inhibitors.
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FIGURE 3

electrodes, FB: front-back electrodes).

Recordings of alerts from the wearable cardioverter defibrillator during the surveillance period. Patient (A) reported worsening of dyspnea, with the
electrocardiographic confirmation of atrial fibrillation. In the lower panel are depicted the daily heart rate trends from the same patient, with a sudden
increase of the heart rate suggestive for an arrhythmic event. (SS: side-side electrodes, FB: front-back electrodes) Recording from the wearable
cardioverter defibrillator of an episode of non-sustained ventricular tachycardia in patient (B) with non-ischemic cardiomyopathy. (SS: side-side

correlated with the improvement of PhA. Similar results have been
published by Hillmann et al., examining the PhA with the WCD in
a cohort of patients with both ischemic and non-ischemic
cardiomyopathy (25), showing a significant increase of the step
count between the first and last week of surveillance.

A novel element from the findings of our study is the lack of
correlation between the improvement of the LVEF and the PhA
of the patients. During the surveillance period with the WCD, a
statistically significant improvement of the LVEF was recorded.
The analysis of the applied medication showed, a positive
correlation between the sacubitril/valsartan initiation and LVEF
improvement. None of the remaining prescribed evidenced-based
and recommended heart medication did correlate with the
improvement of PhA. Moreover, the improvement of the PhA of
the patients did not correlate with the improvement of the LVEF.
These results are in accordance with previous studies highlighting
the limited value of LVEF as a marker for physiological
assessment, as this may vary depending on the loading condition
of the patient (preload and afterload) and the myocardial
contractility (26-28).

Thus, high adherence to WCD therapy, patient familiarization
and education with the device facilitate a high quality daily
telemonitoring of PhA. This may lead to early physician
interference in cases of patients with good WCD compliance and
gradually reduced PhA for the adjustment of the applied medical
therapy and avoid unnecessary hospital admissions (Figure 3).
None of them showed improvement of their LVEF during the
bridging period with the WCD. Although these events may not
be enough for conclusions, it highlights the importance of careful
interrogation of all available recordings provided from WCD for
more accurate, non-invasive risk stratification of the patients.

Frontiers in Cardiovascular Medicine

Limitations

The retrospective design of the current study remains a
limitation. Furthermore, the inclusion criteria for the study
population may introduce selection bias in the results, however
high compliance to the WCD is prerequisite for effective therapy
and the extraction of valid results. Finally, alternative ways for
the calculation of PhA, such as steps per hour wearing time,
might have been more descriptive.

Conclusion

The WCD provides useful information regarding the PhA in
patients with heart failure, who are having good compliance.
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Abstract.

BACKGROUND: Parabolic flights offer a unique platform for human experiments in short-term weightlessness. It is gen-
erally known that human organ systems react to changes of gravity. Yet, little is known about alterations of blood parameters
under these conditions with special emphasis on blood rheology.

OBJECTIVE: We investigated the alterations of distinct blood parameters after exposure to weightlessness.

METHODS: 14 healthy volunteers underwent short-term phases of weightlessness induced by parabolic flight. At different
time points (baseline, t2:1 hour after landing, and t3:24 hours after baseline), venous blood was drawn and analyzed.
RESULTS: Analysis of red blood count revealed significant decreases of hemoglobin and hematocrit post flight. While total
white blood counts were unaltered, differential subset analysis revealed significant decreases of eosinophil granulocytes and
monocytes. Cortisole levels were unchanged and lacked physiologic circadian decrease. Parameters of renal function were
found significantly improved (GFR (ml/min/1,73m?): Baseline: 105 [89;109], t2:117 [98;125], t3:110 [102;119]; p =0.0013.
In the sense of mild myocytolysis, levels of myoglobin were significantly elevated post-flight with fast recovery to baseline
levels.

CONCLUSIONS: In the current analysis, significant alterations of blood parameters after exposure to weightlessness could
be detected. These results contribute to the understanding of physiologic adaptations of the human body to weightlessness.

Keywords: Blood parameter analysis, weightlessness, parabolic flight
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IQR Interquartile Range
LDH Lactatedehydrogenase
RBC Red Blood Count

SD Standard Deviation
WBC White Blood Count

1. Introduction

With the privatization of space missions and the race to Mars with the first missions expected to
launch in the next two decades, space medicine has gained a huge importance over the last years
[1, 2]. As a significant increase in short - and long-term missions is expected, the precise evalua-
tion of the physiologic adaptations of the human body in weightlessness represents an indispensable
presupposition for the planning of safe and successful space flights [2-4].

Until today, only a few studies regarding physiologic changes in weightlessness have been con-
ducted, most of them focusing on the adaptive response of distinct organ systems to zero gravity.
The most important changes with respect to short- and long-term space missions are attributed to the
cardiovascular system [5—7]. Above all, an increase in cardiac output as well as changes in pulmonary
flow have been reported [4, 6, 8]. Additionally, weightlessness can also influence baroreceptor reflex
and cerebrovascular auto-regulation [6, 9]. Other potential influences include osteoporosis-like bone
changes, muscular atrophy, and impairment of lung function and the immune system [10-12].

However, the dynamics of blood parameters after exposure.to weightlessness have not yet been
subject to analysis in detail. Considering the auto regulatory mechanisms and closed-loop systems,
which could be easily influenced by zero gravity, the survey of potential changes of blood parameters
should be taken into account.

With a predicted increase of manned space missions over the next years, the need for further inves-
tigations on the adaptive responses of the human body in weightlessness seems evident, especially
pertaining medical safety of all participants under these conditions. With that in mind, the aim of
the present study was to analyze selected blood parameters and their dynamics after exposure to
weightlessness [13].

2. Materials and methods
2.1. Study protocol, general points

Prior to inclusion into the study, all test subjects gave their written informed consent, for voluntary
participation. The study was conducted in-accordance with the Declaration of Helsinki (1975, revised
in 2008), and the protocol was approved by the German Ethics Committee of the Medical Faculty of the
University Hospital Duesseldorf, Germany (Date of approval: August 14th, 2017; Project Identification
code: 2017054297) and by the French Ethics Committee (Comité de Protection des Personnes (CPP
Nord-Ouest III) of the Medical Faculty of the University of Caen (Date of approval: September 06th,
2017; Project Identification code: 2017-A01185-48).

2.2. Inclusion and exclusion criteria

The inclusion criteria were defined as: age >18 years; airworthiness; cardiorespiratory health; spon-
taneous circulation; signed informed consent.
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The exclusion criteria were defined as: history of cardiovascular and respiratory primary diseases
or regular intake of medication with the exception of oral contraceptives, missing or withdrawal of
informed consent, insufficient requirements for airworthiness; positive pregnancy test [3].

2.3. Parabolic flight

This study was conducted in the course of the participation in a so-called Parabolic Flight Campaign.
A Parabolic Flight Campaign comprises two weeks: one week of preparation of all experiments, and
one-week conduction of three to four flight days. The investigated Parabolic Flight Campaign (PFC)
took place from February 26th to March 11th, 2018 in Bordeaux, France. Four flight days were
scheduled and could be successfully performed.

The aircraft implemented in this campaign was the Airbus A 310 Zero-G of the French company
NoveSpace. On each flight day 31 parabolic flight maneuvers were undertaken, as highly-specific flight
maneuvers that entail meticulous control of the aircraft by three jet pilots. During a parabolic flight
maneuver the aircraft follows the trajectory of a flight path that resembles. a parabola. The maneuver
leads to altering short phases of gravity: Starting from 1 g (regular gravity) at steady flight, a phase
of hypergravity (1,8 g, pull-up-phase, of 20 seconds) follows, leading to the microgravity/zero gravity
phase (0 g for 22 seconds) after a short transition phase. Thereafter, another hypergravity-phase (1,8 g,
pull-out-phase, of 20 seconds) is needed to resume steady flight (1 g).

Throughout the campaign, all experiments were situated aboard the aircraft, catered for by approx-
imately 40 scientists of 12 teams. The campaign covered four flight days with our group participating
in all four flight days.

2.4. Experimental set-up and performed measurements

Venous blood from the cubital vein was collected from 14 healthy test subjects (8 males, aged
31.6 & 6.0; 6 females, aged 28.2 & 3.2) in total (according to guidelines for hemorheological laboratory
techniques, see [14]. Each test subject participatedin one parabolic flight day (comprising 31 parabolas
each, with cumulatively 11 min. of weightlessness-in total (22 sec. weightlessness per parabola)). The
collection of blood was done at 3 different time points with respect to the flight per se, as follows: at
baseline (1 hour prior to take off, between 7 a.m:. and 8 a.m.), 1 hour after return from the flight (t2)
and 24 hours after the first blood sampling (t3). The blood was collected with individual punctures
into pre-chilled BD vacutainer tubes (Becton Dickinson, Mountain View, CA), using the following
tubes, per single blood sampling: 3 EDTA tubes (Reference # 368861, Tube size: 75 x 13 mm, Draw
volume: 4 ml), 3 SST tubes (Reference # 367957, Tube size: 75 x 13 mm, Draw volume: 3,5 ml), 1
SST tube (Reference # 367955, Tube size: 100 x 13 mm, Draw volume: 5 ml), 1 Lithium-Heparin tube
(Reference # 368884, Tube size: 75 x 13 mm, Draw volume: 4 ml), 2 Na-Citrate tubes (Reference #
3683048, Tube size: 75 x 13 mm, Draw volume: 2,7 ml). Each blood sample underwent the exact same
protocol for the analysis of specific parameters, per test subject, as listed in Table 1.

2.5. Statistical analysis

To perform statistical analysis, a commercially available software was used (Graph Pad Prism Soft-
ware, Version 6, Graph Pad Software, San Diego, California, USA). Due to the small test subject
group size, a normal distribution could not be assumed. Data were presented as median with Interquar-
tile Range (IQR). To compare the values at the different time points (repeated measures), for each
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Overview of analysed blood parameters per blood sample
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Entity SI Unit
Hematology
Leucocytes G/l
Neutrophil Granulocytes (Gran.) %
Eosinophil Gran. %
Basophile Gran. %
Lymphocytes %
Monocytes %
Hemoglobin g/dl
Hematocrit %
Thrombocytes G/l
Hemostasis
Fibrinogen g/l
D-Dimers ng/ml
Electrolytes
Sodium mmol/l
Potassium mmol/l
Chloride mmol/l
Calcium mmol/l
Phosphate mmol/l
Magnesium mmol/l
Others
CRP mg/1
Base Excess (BE) mmol/l
Creatinine pmol/l
GFR ml/min/1,73m2
LDH un
Lactate mmol/l
Cardiac parameters
BNP pg/ml
CK un
Troponin I ng/l
Myoglobin pg/l
Hormones
Cortisole nmol/l
ACTH pmol/l

parameter, the Friedman test was-implemented, with Dunn’s multiple comparisons test in post hoc

analysis. A 2-tailed p-value <0.05 was considered statistically significant.

3. Results
3.1. Hematologic and hemostatic parameters

Hemoglobin and hematocrit levels remained without si
significant decrease in hemoglobin and hematocrit could

gnificant changes at t2. However, at t3 a
be observed, in comparison to levels at
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Fig. 1. Comparison of haemoglobin (g/dl) and haematocrit (%) as well as absolute numbers of Leukocytes in total (G/I) and
of WBC subsets (eosinophil granulocytes, monocytes and neutrophil granulocytes, each in %) at 3 time points (Baseline; t2:1
hour after landing; t3:24 hours after baseline). The Friedman test was implemented for calculation. A 2-tailed p-value <0.05
was considered statistically significant. Data were presented as median with Interquartile Range (IQR).

baseline (Fig. 1). For the three time points (baseline, t2 and t3) no significant differences were found
in the measurements of thrombocytes (g/dl) [Baseline: Median 191; IQR =64 [175; 239], t2:192; 91
[162; 253], t3:188; 70 [159; 229]; p =0.2231], fibrinogen (g/1) [Baseline: Median 3,9; IQR =0,7 [3,7;
4,41,12:3,9; 0,7 [3,7; 4,4], t3:3,8; 0,5 [3,6; 4,1]; p=0.2574], and D-Dimers (ng/ml) [Baseline: Median
234; IQR =145 [214; 359], t2:222; 70 [214; 284], t3:214; 133 [214; 347]; p=0.5623].
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3.2. Blood count, including white blood count (WBC) differential and C-reactive protein (CRP)

The level of all leukocytes in total was not significantly different at t2 in comparison to baseline level.
However, the level at t3 was significantly decreased in comparison to t2 without significant differences
to levels at baseline (Fig. 1). In the analysis of WBC subsets, for the eosinophil granulocytes and the
monocytes subsets a significant decrease at t2 and a significant increase at t3 was found. After 24
hours, baseline levels were attained (no significant difference between baseline and t3). The neutrophil
granulocytes showed no significant differences to the level at baseline whereas the level at t3 was
significantly decreased in comparison to the level at t2, yet without significant differences to the
level at baseline (Fig. 1). For the lymphocytes and the basophil granulocytes there was no significant
difference at t2 in comparison to the baseline level, however a rise to a significant higher level at t3, in
comparison levels at t2. The levels at t3 showed no significant differences to levels at baseline.

Serum levels of CRP were concomitantly analyzed. Here, no significant differences could be noted
at the reported time points [CRP (mg/l): Baseline: Median 2.0; IQR =8.5 [1.0;9.5], t2:1.5; 9.0 [0.99;
10], t3:1; 5 [1; 6]; p=0.4317].

3.3. Adrenocorticotropic hormone (ACTH), cortisole, lactate and base excess

The analyzed levels of ACTH and cortisole remained without significant alterations throughout all
performed analyses (data not shown). Lactate levels at t2 were not significantly different from levels
at baseline. At t3, a significant drop in concentration could be noted, in comparison to t2, yet without
significant difference to the level at baseline [lactate (mmol/l): Baseline: Median 1.6; IQR=0.9 [1.3;
2.2],12:1.5; 0.6 [1.1; 1.7],t3:1.9; 0.4 [1.7; 2.1] The Base excess stayed without significant differences
at all time points (data not shown).

3.4. Cardiac parameters (Troponin, Brain Natriuretic Peptide (BNP), Lactatdehydrogenase
(LDH)), Myoglobin and Creatinekinase (CK)

For myoglobin, there was a significant increase in concentration at t2 with a significant drop at t3,
returning to baseline levels (no difference between t3 and baseline), see Fig. 2. For LDH, there were
no significant differences for levels at t2, but levels dropped significantly at t3, without significant
differences to baseline levels (Fig. 2).

For all time points, there were no detectable significant differences in the concentrations of the
cardiac enzymes troponin or brain natriuretic peptide (BNP) nor for levels of creatine kinase (data not
shown).

3.5. Markers of renal function (Glomerular Filtration Rate (GFR) and creatinine)

Levels of creatinine were significantly lower at t2 and remained stable at t3, with significant difference
to baseline (creatinine (pmol/l): Baseline: Median 72, IQR =10 [69; 79], t2:65, 11 [60; 71], t3:67,14
[60; 74]; p=0.0013, Fig. 2). Inversely, GFR was significantly higher at t2 and remained high at t3, with
significance in comparison to baseline levels (GFR (ml/min/1,73m?): Baseline: Median 105, IQR =20
[89; 109], t2:117; 27 [98; 125], t3:110; 17 [102; 119]; p=0.0013), see Fig. 2.
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Fig. 2. Comparison of levels of myoglobin (j.g/1), LDH (U/1), creatinine (umol/l) and GFR (ml/min/1,73m?) at 3 time points
(Baseline; t2:1 hour after landing; t3:24 hours after Baseline). The Friedman test was implemented for calculation. A 2-tailed
p-value < 0.05 was considered statistically significant. Data were presented as median with Interquartile Range (IQR).

4. Discussion

The number of manned space missions in the private as well as in the public sector is expected to rise
significantly in the next decades. In this regard, there has been growing interest in future missions to the
moon and especially to the mars. Bearing this in mind, the medical safety of humans participating in
these missions is of utmost importance which underlines the fervent quest for deeper knowledge about
space medicine, with the focus on a precise understanding of physiologic adaptation processes of the
human body in weightlessness. Regarding medical safety and success of these missions, deepening
knowledge in this field seems indispensable [5]. However, scientific projects regarding the evaluation
of distinct blood parameters under these conditions and special focus on blood rheology parameters
are lacking. For this reason, in this study the aim was to analyze specific blood parameters and their
response to weightlessness and hypergravity by means of participation in parabolic flight maneuvers.

It must be noted, that the time of exposure to phases of weightlessness and hypergravity is limited in
the setting of parabolic flights [3].In a standard parabolic flight day, the total duration of weightlessness
and hypergravity is approximately 11 minutes and 22 minutes respectively, interrupted by sequences of
regular gravity at steady flight. Thus, the obtained results about alterations of blood parameters under
these conditions must be interpreted with care. However, as described above, significant alterations
and trends within the inspected laboratory parameters could be detected, even after these comparably
short episodes of exposure to weightlessness and hypergravity.
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It is well known that the participation in parabolic flights, with induced short-term phases of weight-
lessness and hypergravity results in alterations of organ functions of the human body. The focus of
our experiment was to analyze the concomitantly expected alterations in distinct blood parameters, to
detect the extent of the effects by calculating significance in differences.

Regarding red blood count (RBC), a significant post flight decrease in hemoglobin and hematocrit
could be noted in our setting. This finding is in line with former studies, that showed decreased RBC
counts in the course of exposure to weightlessness [15]. Here, reduced plasma EPO levels were found
to be responsible for this finding, as reduced EPO levels result in a shortened survival of red blood
cells and increased rates of apoptosis, according to Alfrey et al. [16, 17]. As especially younger red
blood cells are affected, this process is also called neocytolysis [18]. These shifts per se influence
blood rheology following or during weightlessness. Previous studies by Dintenfass et al. showed
that erythrocytes of healthy test subjects tended to form swarm-like aggregate structures in space
whereas the same blood samples showed rouleaux formation (i.e. cylindrical masses like piles of
money) on the ground. In contrary, blood of patients with myocardial infarction, insulin-dependent
diabetes, hyperlipidaemia and hypertension showed rouleaux in space at zero gravity, but a clumping
pattern on the ground. However, the cellular shape of erythrocytes remained unchanged under zero
gravity [19, 20].

Looking at the white blood count (WBC), the present study revealed that total leukocyte counts
remained unchanged throughout the experiment with a significant decrease at t3, however without
significant differences to baseline levels. To detect leukocyte-inherent reactive differences of subpopu-
lations, analysis of WBC subsets was performed. Here, a significant decrease of eosinophil granulocytes
and monocytes at t2 could be noted, with significant increase at t3. It is tempting to speculate that a
physiological stress response during conduction of the flight maneuvers occurs possibly being one
influential factor. Bearing this in mind, cortisole levels were studied, as cortisole represents one of the
profound markers of stress reactions. It is well known, that in the human body peak levels of cortisole
usually can be found between 7 a.m. and 8 a.m. [21] (in our experiment equal to the time point for
baseline measurements). In physiological states, cortisole levels would show a decrease in the subse-
quent hours until early afternoon. However, in our experiment cortisole levels remained unchanged
throughout the experiment, suggesting that the cortisole levels at t2 could have been increased due to
the flight associated stress response.

To deeper investigate the level of inflammation in our setting, analysis of CRP levels and levels of
neutrophil granulocytes, as known markers of inflammatory responses was performed. As no significant
alterations of CRP levels or of the levels of neutrophil granulocytes throughout the experiment could
be documented, one can assume that the overall inflammatory response does not take place or is occult.
Overall, it can be stated that in all of our (healthy) participants the recovery was fast, as no significant
differences could be noted at t3 in comparison to baseline levels.

As described above, significant alterations in myoglobin- and LDH-concentrations could be found.
Taking these facts into account, the results indicate a subclinical deterioration of muscular tissue during
parabolic flight, in terms of mild myocytolysis. This becomes evident when considering the fact that
in phases of hypergravity body stabilization through intent muscle activation is of utmost importance
to maintain solid body postures [22-24].

Looking at the markers of renal function, evidence for improved renal function during parabolic flight
could be revealed, possibly as-a result of enhanced renal blood circulation due to increased cardiac
output [8, 25]. In healthy humans, this mechanism could also explain a somewhat reno-protective effect
with respect to imminent muscle deterioration under these conditions, as described.

Intense reactive alterations of the cardiovascular system under conditions of parabolic flights have
been well described. For instance, an increase in cardiac output of up to 41 % has been documented in
former studies [8, 25]. Bearing this in mind, serum parameter responses of cardiac blood parameters
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such as BNP and troponin levels were investigated. Surprisingly, there was no significant difference in
BNP and troponin levels at baseline, t2 and t3. In this context, it could be assumed that the comparably
short duration of exposure to weightlessness and hypergravity might have not sufficed to trigger
significant alterations of cardiac parameters in these healthy volunteers. One of the reasons for this
could be that in healthy humans compensatory mechanisms will suffice to impede malfunctions of the
cardiovascular system even under short-term weightlessness.

5. Conclusions

The current study shows that even short-term exposure to weightlessness and hypergravity causes
blood parameter changes, including RBC and WBC subsets as well as myoglobin, LDH levels and
markers of renal function.

This will help to interpret future physiological studies in the context of adaptations of the human
body in weightlessness and hypergravity. The current results might help improving safety procedures
for medical evaluations of candidates for manned space-missions.
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Abstract

Chronic kidney disease is a common comorbidity in patients with peripheral artery disease. We investigated the safety and efficacy
of carbon dioxide (CO,) as supplemental contrast agent to decrease contrast volume during fluoroscopy-guided peripheral
vascular procedures in routine angiological practice. We analyzed 191 consecutive interventions of the lower extremity in
claudicants and critical limb ischemia (CLI) that were performed with iodinated contrast media (ICM) alone (n = 154) or with the
aided or exclusive use of CO, (n = 37). The technical success rate, total irradiation, and intervention time were not significantly
different between ICM and CO,. No severe procedure-related complications occurred. The contrast volume was lower in CO,
than in ICM. Although kidney function, creatinine, and estimated glomerular filtration rate was lower in CO, at baseline, the
incidence of contrast-induced nephropathy was lower in CO, compared to ICM. These data support CO, as an alternative
supplemental contrast agent that can be applied safely and efficiently to lower contrast volume during peripheral vascular
interventions preventing kidney dysfunction even in patients with disease of the popliteal artery and below the knee and CLI.
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angioplasty, peripheral artery disease, contrast-induced nephropathy, carbon dioxide

Introduction

Atherosclerotic peripheral arterial disease (PAD) is a major
public health burden that affects more than 27 million people
across Europe and Northern America, equating to 16% of the
population older than 55 years." The prevalence of PAD,
especially of critical limb ischemia (CLI), is rising worldwide
with considerable impact on the health care and socioeco-
nomic systems. In Germany, the number of hospital admis-
sions of individuals with PAD increased between 2005 and
2009 by >20%.? In parallel, endovascular revascularization
increased by 46%. Chronic renal failure, diabetes, and heart
failure are common comorbidities present in almost 37%,
39%, and 15% of patients admitted with PAD, in particular
those with CLI.”

Current guidelines recommend an ‘“endovascular first”
strategy in case of indication for revascularization.® The stan-
dard approach for endovascular interventions requires conven-
tional radio opaque iodinated contrast media (ICM) for the
procedures (acquisition of diagnostic images, wire guidance,
and stent placement). Contrast-induced nephropathy (CIN) is

a common complication in particular in patients with preexist-
ing chronic renal disease, diabetes, heart failure, and dehydra-
tion associated with increased in-hospital and long-term
mortality, respectively.** Approaches to lower the risk of CIN
include cessation of concomitant nephrotoxic medication,
hydration, statins, and limiting the amount of contrast medium.
Besides conventional nephrotoxic contrast medium, carbon
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Figure 1. Example images of an exclusively CO,-guided intervention of bilateral common iliac stenosis. A, Baseline CO, angiography via pigtail
catheter coming from the right brachial artery due to freshly operated right common femoral. B, Treatment of bilateral common iliac stenoses
(right: proximal subtotal and left: more distal) with kissing balloon-kissing stent technique using brachial and left common femoral access. C,

Postprocedural CO, angiography showing excellent primary success.

dioxide (CO,) gas can be used as an alternative contrast agent,
as it is absorbed almost instantaneously as opposed to other
gases.’ The image quality obtained with CO, may be limited
in particular in small vessels such as below the knee (BTK)
or in the pelvic arteries due to bowel gas motion (Figure 1).
Despite easy accessibility of manual gas injection, this tech-
nique may not permit optimal control of the gas output in all
cases.” However, interventions can be performed by integrating
CO;, and ICM. In order to optimize image quality when
critically necessary, ICM is applied, while CO, is used for
situations where image accuracy is not critical, aiming at
decreasing the total amount of nephrotoxic ICM (CO,-aided
approach). Although CO, has been acknowledged for a long
time as a safe alternative arterial contrast agent to guide per-
ipheral procedures,®’ only a few studies have evaluated its
efficacy in daily practice.'®!?

Therefore, we investigated whether CO,-aided percutaneous
transluminal angioplasty (PTA) is an efficacious and safe method
to decrease contrast volume during fluoroscopy-guided per-
ipheral vascular procedures in routine angiological practice.

Materials and Methods

We retrospectively analyzed 191 consecutive patients (November
2012-December 2013) within the Duesseldorf PTA Registry, who
were admitted for endovascular treatment of lower extremity
PAD. The ethics board of Heinrich Heine University Duesseldorf
approved the study protocol.

Procedures

Indications for peripheral endovascular treatment of PAD were
based on current guidelines.'® All patients had Doppler ankle—
brachial index (ABI) measurements at rest and when possible
after treadmill exercise. In patients with suspected or confirmed
media sclerosis, segmental oscillography was performed.

Furthermore, all patients received a thorough Duplex ultra-
sound examination to localize the flow-limiting stenosis and for
sizing of later potential stent placement. Angiographic images
were obtained via digital subtraction angiography (DSA) on
a Philips Alura system with a flat panel detector. All patients
with estimated glomerular filtration rate (¢GFR) <60 mL/min
received saline infusions starting the night before interventions
at 1 mL/kg body weight/h for 12-hour preprocedure and 12-hour
postprocedure. Metformin treatment was withheld for 48 hours
prior to the procedure. All patients with successful peripheral
procedures received dual platelet inhibition with acetylsali-
cylate and clopidogrel for 1 month following the procedure.

Conventional ICM Interventions

Conventional ICM (Visipaque 250, Amersham Buchler GmbH
& CoKG@G, Braunschweig) was injected manually or via an assist
pump using standard protocols. Briefly, DSA of the distal aorta
and pelvic arteries was performed with a 15 mL bolus injected
at 10 mL/s via a pigtail catheter located in the distal abdominal
aorta. Images of the femoropopliteal or infrapopliteal (below
the knee, BTK) segments were performed with 2 to 10 mL at
3 to 5 mL/s. The standard vascular X-ray protocol options pre-
set by the manufacturer (Alura, Philips, Allura FD20, Philips,
Hamburg, Germany) were used for pelvic (24 mAs, 80 kV, 3
frames/s), femoropopliteal (9 mAs, 70 kV, 3 frames/s), and
BTK imaging (13 mAs, 65 kV, 1 frames/s).

Carbon dioxide-Aided PTA

Selection criteria for COj-aided peripheral interventions
included an eGFR of <30 mL/min, with preserved urine excre-
tion, contrast allergy, hyperthyroidism, or patient preference.
Exclusion criteria for CO,-aided peripheral interventions
included chronic obstructive pulmonary disease stage Gold IV.
In patients with absolute contraindications for ICM, CO, was
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used as the exclusive contrast agent. These contraindications
included hyperthyroidism. Carbon dioxide was injected via the
same catheters as used for contrast. Briefly, the gas (Linde,
Germany) was passed through a pressure-lowering valve (1.3
atm; Optimed, Ettlingen, Germany) via a 3-way valve into a spe-
cial 100-mL syringe (Angioset; Optimed, Ettlingen, Germany)
in which the piston could be fixed to accommodate a certain
volume and hold the supra-atmospheric pressure. Via turning
the 3-way valve in a second position, the syringe containing
pressurized CO, gas was connected to the intra-arterial cathe-
ter. This allowed the gas to expand and passively flow through
the intra-arterial catheter in the arterial lumen. Images were
taken using DSA. In order to minimize bowel motion, patients
expected to receive CO, angiography of the pelvic arteries
received 20 mg butylscopolamine (Boehringer Ingelheim,
Ingelheim, Germany) intravenously upon entering the cathe-
terization laboratory. In order to allow better runoff and pre-
vent proximal embolization of CO,, the legs were elevated by
10° using a pillow placed under the lower part of the legs.The
standard ““vascular CO, Spezial” X-ray protocol options pre-
set by the manufacturer (Alura, Philips) were used for pelvic
(30 mAs, 80 kV, 3 frames/s), femoropopliteal, and BTK ima-
ging (35 mAs, 65 kV, 3 frames/s).

Ankle—Brachial Index

The systolic and diastolic blood pressures were obtained auto-
matically (Dynamap Vital Signs Monitor, Dinamap, General
Electric Health Care, Solingen, Germany) on both arms. The
systolic blood pressure in the distal anterior and posterior
tibial arteries of both legs was measured using a nondirec-
tional Doppler flow detector (Schabert Instrumente, Rotten-
bach, Germany) with a pencil probe (8§ MHz). Arm and leg
yielding the higher systolic pressure were used to calculate
ankle—brachial index.

Assessment of Walking Distance by Treadmill

The walking distance was assessed in all patients before and
after PTA. The walking distance was tested by a standardized
protocol (slope: 12%, velocity: 3.2 km/h)."* Relative walking
distance was defined as the distance completed until pain
started. The investigation was stopped with the onset of
ischemic leg pain and the distance covered until was recorded
as absolute walking distance.

Evaluation of CIN

We evaluated kidney function by serum creatinine concentra-
tions and eGFR (Modification of Diet in Renal Disease ) before
and at days 1 and 2 after the intervention. CIN was defined by a
rise in serum creatinine of >25% or >0.5 mg/dL.

Statistical Analyses

Results are expressed as mean + standard deviation (SD).
Comparisons between groups were analyzed by analysis of var-
iance (gateway test) and, if significant, consecutive post hoc

test (Bonferroni) was performed. Comparisons between 2
groups were performed with independent # test or y? test for fre-
quencies. Linear relationships between continuous variables
were expressed as Pearson’s r. Statistical significance was
assumed at 2-tailed P < .05. All statistical analyses were per-
formed using PASW Statistics 18.

Results
Study Population

A total of 191consecutive patients were treated for lower extre-
mity PAD of the aortoiliac, femoral, popliteal as well as BTK
disease. Of these, 154 received ICM only and 33 received
CO,with supplemental ICM. A total of 4 patients received only
CO, due to overt hyperthyroidism or severe contrast agent
allergy. The groups were comparable with regard to all epide-
miological characteristics (Table 1) except for kidney function
(ICM: 1.1 £+ 0.6 mg/dL and 76 + 28 mL/min, CO,: 2.1 + 1.3
mg/dL and 22 + 34 mL/min, P <.0001 each) at admission. All
interventions were performed by only 2 interventionalists (CH
and ES) either alone or together.

Similar Procedural Success and Irradiation Time Between
ICM and CO, in Claudicants and Patients With CLI

In general, CO, angiography was well tolerated. As we used
manual passive injection, and it is very difficult to measure
the amount of gas delivered to the patient. Several patients
described temporary acute ischemic lower leg pain following
both ICM and CO, injection once the respective contrast
agent had passed the flow-limiting lesion and reached the
ischemic lower leg. The pain subsided spontaneously within
20 seconds. One patient experienced acute dyspnea, and 1
patient experienced nausea following CO, injection. The lat-
ter 2 patients received an oxygen mask and were instructed to
remain calm and hyperventilated. All symptoms subsided
within 5 minutes.

Primary technical success was achieved in 100% of the
CO,-aided interventions and 148 (96%) of patients with ICM
(Table 2; Figure 2). Irradiation (23 + 16 minutes) and inter-
vention (90 + 37 minutes) times as well as the dose—area prod-
uct were not significantly different between ICM and CO,. A
subgroup analysis showed that there was also no difference
when evaluating claudicants (irradiation time: ICM 21 + 16
minutes, CO,: 24 + 16 minutes; intervention time: ICM
73 + 28 minutes, CO,: 80 + 33 minutes) and patients with
CLI having Fontaine III or IV (irradiation time: ICM 25 +
16 minutes, CO,: 22 + 12 minutes; intervention time: ICM
89 + 34 minutes, CO,: 83 + 33 minutes).

Decreased Contrast Volume and Preserved Kidney
Function With CO,-Aided PTA

The amount of ICM used during interventions was significantly
lower with CO,-aided interventions (34 + 41 mL) compared to
ICM (113 + 76 mL, P <.001; Figure 3). A subgroup analysis
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Table I. Patient Characteristics (P Values Refer to t Test).

Table 2. Procedure Related Characteristics and Outcomes.

ICM CO, P ICM CO, P
n 154 37 lliac arteries, n (%) 57 (37) 8 (22)
Age, years 70 + 10 73 + 12 .72 Femoral arteries, n (%) 69 (45) 13 (35)
Male sex, n (%) 118 (77) 23 (62) Popliteal arteries, n (%) 7 (5) 6 (16)
Body mass index, kg/m2 27 + 6 27 + 8 471  Below-the-knee, n (%) 21 (14) 10 (27)
Arterial hypertension, n (%) 136 (88) 30 (81) Plain balloon angioplasty, 41 (27) 13 (35)
Hypercholesterolemia, n (%) 118 (77) 22 (59) n (%)
Diabetes mellitus, n (%) 78 (51) 19 (51) Stents, n (%) 111 (72) 24 (65)
Coronary artery disease, n (%) 110 (71) 24 (65) Recanalization, n (%) 51 (34) 16 (43)
Smoker, n (%) 82 (53) 25 (68) Primary technical 148 (96) 37 (100)
Creatinine, mg/dL 1. + 0.6 2.1 + 1.3 <.00I success, n (%)
Estimated glomerular filtration 76 + 28 22 + 34 <00l Irradiation time, min 23 + 17 22 + 14 .606*
rate, mL/min Area dose product, cGy 9359 + |1 474 8054 + 12 764 8652
Chronic kidney failure, n (%) 55 (36) 31 (84) x cm?
Chronic kidney disease stage, n  (45/65/38/4/ (2/3/16/13/ Intervention time, min 79 + 37 83 + 32 747%
(1/2/3/4/5) 2) 3) Contrast medium, mL 112 + 76 34 + 41 <.001%
Total cholesterol, mg/dL 182 + 95 158 + 79 .079  Creatinine I.I + 0.6 20 + 09 <.001®
Fasting plasma glucose, mg/dL 122 + 53 115 + 33 486 postprocedural day |,
Hemoglobina,. (%) 7.1 £30 70+23 792 mg/dL
Acetylsalicylic acid, n (%) 138 (90) 37 (100) Creatinine 1.3 + 06 23 + 09 <.001®
Clopidogrel, n (%) 135 (88) 32 (86) postprocedural day 2,
Coumadin, n (%) 23 (15) 10 (27) mg/dL
Angiotensin-converting enzyme 63 (41) 17 (46) eGFR postprocedural 73 + 28 37 + 22 <.001*
inhibitor, n (%) day |, mL/min
Angiotensin receptor blocker, n 42 (27) 7(19) eGFR postprocedural 62 + 25 30 + 12 <.001®
(%) day 2, mL/min
Beta-blocker, n (%) 103 (67) 31 (84) Contrast induced 29 (19) 2 (5) .044°
Statin, n (%) 118 (77) 26 (70) nephropathy, n (%)
Fontaine llb, n (%) 95 (62) 16 (43) Walking distance relative, 77 + 50 76 + 53 2142
Fontaine Ill, n (%) 13 (8) 3(8) postprocedural, m
Fontaine IV, n (%) 46 (30) 18 (49) Walking distance 119 + 80 84 + 38 .0l16?
Walking distance relative, m 65 + 42 56 + 35 566 absolute,
Walking distance absolute, m 99 + 66 82 + 56 497 postprocedural, m
Ankle brachial index rest 059 + 0.24 0.66 + 0.28 .382  ABI rest, postprocedural 0.70 + 0.25 0.89 + 0.26 o112
Ankle brachial index after 032 + 0.14 0.32 + 0.26 .398 ABI after exercise, 0.45 4+ 0.27 0.59 4+ 0.25 .0552
exercise postprocedural
MV + SD MV + SD

Abbreviations: ICM, iodinated contrast medium; CO,, carbon dioxide; SD,
standard deviation.

showed that this was true in both claudicants (CO,: 49 + 53
mL, ICM: 125 + 79 mL) and patients with CLI (CO,: 24 +
23 mL, ICM: 95 + 65 mL). A different subgroup analysis
showed that the contrast volume was significantly lower in
CO, than in ICM when comparing intervention within individ-
ual vessel segments (Table 3). The contrast volume used in the
popliteal ICM procedures were significantly lower as com-
pared with interventions of the aortoiliac segment (Table 3).
Please note that in both ICM and CO, groups 15% and 12%
of procedures, respectively, involved additional treatment of
the downstream segment to facilitate runoff (data not shown).
As shown in Table 1, patients in the CO, group exhibited sig-
nificant lower kidney function at baseline.

In the ICM group, CIN occurred in 29 (19%) patients and in
2 patients in the CO, group (5%, P = .044). A subgroup anal-
ysis showed that within the CO, group claudicants did not
experience a single CIN, whereas 2 patients with CLI devel-
oped CIN. All cases were successfully treated with saline

Abbreviations: ICM, iodinated contrast medium; CO,, carbon dioxide; eGFR,
estimated glomerular filtration rate; ABI, ankle brachial index; SD, standard
deviation.

P value refers to:

*t-test or

Py test.

infusion without the need for initiation of hemodialysis and
recovered spontaneously within 4 days.

As approximately half of the patients in each group were
diabetic, we performed an additional subgroup analysis. This
showed that in the ICM group diabetic patients experienced a sig-
nificantly higher rate of CIN (25%) compared to patients without
diabetes (13%) at a similar baseline creatinine of 1.1 4- 0.7 mg/dL
and 1.1 + 0.5 mg/dL, respectively, and similar amounts of con-
trast medium. Within the CO, group, CIN in diabetic patients
(5%) and patients without diabetes (6%) did not differ.

Discussion

This study presents real-life data from all patients receiving
endovascular treatment for PAD in our institution over

Downloaded from ang.sagepub.com at City University Library on April 8, 2016


http://ang.sagepub.com/

Stegemann et al

Figure 2. (A) Intervention time, (B) irradiation time, and (C) technical success. Results are comparable between conventional contrast medium
(iodinated contrast media [ICM]) and CO,-aided intervention in overall patients and on subgroup analysis both in claudicants (Fontaine IIb) and
in patients with CLI (Fontaine llI-IV). No significant differences were found between the groups.

Figure 3. (A) Contrast volume and (B) frequency of contrast-induced nephropathy (CIN) in iodinated contrast media [ICM] and CO, group.
The necessary contrast volume and incidence of CIN was significantly lower with CO2-aided percutaneous transluminal angioplasty (PTA) in
total and in subgroups of both claudicants and patients with critical limb ischemia (CLI). * P < .05 vs ICM (A: t test for total and |-way analysis of
variance [ANOVA] for subgroup analysis, B: % test for individual group comparisons).

Table 3. Amount of lodinated Contrast Medium (mL) Arranged by
Treated Vessel Segment.®

All ICM® CO,¢ P
lliac, n 109 + 58 (65) 118 + 54° (57) 48 + 49 (8) .00l
Femoral,n 92 + 58 (82) 104 + 53 (69) 26 + 26 (I3) <.00l

Popliteal, n 50 + 33 (I3) 72 +20 (7) 25+28 (6) .0l
BTK,n 73+ 71 (1) 93477 (1) 31 + 21 (10) .00!
MV + SD

Abbreviations: ANOVA, analysis of variance; ICM, iodinated contrast medium;
CO,, carbon dioxide; SD, standard deviation; LSD, least significant difference;
BTK, below the knee.

?Overall 1-Way ANOVA P < .001; P value ICM vs CO,.

®15% and °12% of procedures involved additional treatment of downstream
segment.

9P = .048 vs popliteal ICM, LSD post hoc test.

1 year illustrating that CO,-aided angiography is an effec-
tive method to guide peripheral procedures helping to pre-
vent CIN.

Only few studies have evaluated the efficacy of CO,-aided
angiography in daily practice.'®'? One recent Japanese registry
study has assessed the safety and efficacy of CO, angiography-
guided endovascular therapy for renal and stable iliofemoral
artery disease.'® They showed in 98 patients with a baseline
eGFR of 35 mL/min that CO, angiography-guided angio-
plasty was effective (97.5% primary technical success rate)
for preventing CIN. With an average additional dose of ICM
of 15 mL, they observed 5% CIN but also 17% CO, angiography-
related complication. In our current study, we confirm these
data with a similar technical success rate (100%), slightly
higher overall dose of contrast (35 mL), and similar rates of
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CIN (5%) in the CO,-aided group. However, we only observed
minor temporary CO, angiography-related side effects
(ischemic pain, dyspnea, and nausea), which resolved within
minutes. Of note, acute ischemic lower leg pain is a common
side effect of both ICM and CO, when injected proximal to a
severe stenosis. While it can be related to injection pressure,
we submit that it was in most of our patients rather due to the
temporary displacement of oxygen-saturated blood from the
arteries as it did not occur immediately during injection of
CO; but shortly thereafter when the CO, reached the ischemic
part of the lower leg. Interestingly, we frequently observe in both
ICM and CO, that these acute pain symptoms do no longer occur
after injection when the revascularization procedure was suc-
cessful. Taken together, we extend the Japanese data '° and a
more recent study'? by showing that CO, angiography can also
be safely and efficaciously used in the treatment of popliteal and
BTK interventions and also in patients with CLI (Fontaine III
and I'V) ifindividual image quality allows. However, the magni-
tude of benefit may differ between groups of patients. When
evaluating patients with claudication, not a single CIN occurred
with CO,, whereas significantly more CIN was observed after
treatment of patients with CLI. As an additional novelty of our
present study, we present the CO, results as part of an allcomers
group side by side with patients receiving only conventional
ICM as a control group.

Limitations of using CO, as a contrast agent consist of a
somewhat lower quality of angiograms compared to DSAs
applying conventional ICN and of frequently perceived longer
procedure durations.'* This may be related to the manual injec-
tions and to the postprocessing imaging analysis. More ade-
quate opacification of the arteries may be obtained with
optimized injection technique including optimized CO, pres-
sure and volume injections and X-ray protocols. However, our
current data show that these disadvantages can be avoided
using a combined approach. Due to potential inaccuracy of
CO, with regard to diameter quantification,'>'® sizing of stents
was mostly performed by preprocedural ultrasound and by
balloon sizing. In many cases, in the absence of absolute con-
traindications for ICM, we performed focused diagnostic eva-
luations with conventional contrast agent at the beginning
and end of the procedures. Additional runs for wire guidance,
setting of road maps, and stent placement were performed
with CO,. Our data demonstrate that the ICM and CO,-aided
approaches can be performed with similar intervention and
irradiation times at an almost perfect primary technical suc-
cess rate. This, however, could only be accomplished by an
extensive preinterventional ultrasound examination per-
formed by experienced sonographers. In summary, our CO,-
aided approach combines the advantages of both contrast
agents in routine practice achieving optimal interventional
results, with short procedural time, while avoiding further
injury to predamaged kidneys in the most vulnerable patients
by effectively lowering the amount of harmful ICM using
CO; as supplemental contrast. Nevertheless, it may be argued
that CO,-alone angiography should be used as the initial con-
trast agent for the evaluation of PAD in patients with renal

failure, and CO,-aided ICM angiography should be consid-
ered only if the quality of the images is poor.

Important study limitations apply to the study design
including retrospective analysis and lack of blinding and sig-
nificant differences between the study populations of the ICM
and CO, groups. Inherently, major limitations of retrospective
study design include that there is frequently an absence of
data on potential confounding factors, and it may be difficult
to identify an appropriate exposed cohort and an appropriate
comparison group. However, the fact that the baseline kidney
function was significantly lower in the CO, group rather
strengthens our main message that the CO,-aided approach
can preserve kidney function in the context of peripheral vas-
cular interventions.

Conclusions

The present analysis underscores the value of CO, as an
alternative contrast agent that can be used routinely to lower
contrast volume and prevent CIN during peripheral vascular
procedures from the iliac down to BTK even in patients
with CLI.
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Mitochondrial respiratory chain complexes I and III
have been shown to produce superoxide but the exact
contribution and localization of individual sites have
remained unclear. We approached this question investi-
gating the effects of oxygen, substrates, inhibitors, and
of the NAD*/NADH redox couple on H,0, and superox-
ide production of isolated mitochondria from rat and
human brain. Although rat brain mitochondria in the
presence of glutamate+malate alone do generate only
small amounts of H,0, (0.04 = 0.02 nmol H,0,/min/mg), a
substantial production is observed after the addition of
the complex I inhibitor rotenone (0.68 = 0.25 nmol H,0,/
min/mg) or in the presence of the respiratory substrate
succinate alone (0.80 = 0.27 nmol H,0,/min/mg). The
maximal rate of H,0, generation by respiratory chain
complex ITI observed in the presence of antimycin A was
considerably lower (0.14 £+ 0.07 nmol H,O,/min/mg). Sim-
ilar observations were made for mitochondria isolated
from human parahippocampal gyrus. This is an indica-
tion that most of the superoxide radicals are produced
at complex I and that high rates of production of reac-
tive oxygen species are features of respiratory chain-
inhibited mitochondria and of reversed electron flow,
respectively. We determined the redox potential of the
superoxide production site at complex I to be equal to
—295 mV. This and the sensitivity to inhibitors suggest
that the site of superoxide generation at complex I is
most likely the flavine mononucleotide moiety. Because
short-term incubation of rat brain mitochondria with
H,0, induced increased H,0, production at this site we
propose that reactive oxygen species can activate a self-
accelerating vicious cycle causing mitochondrial dam-
age and neuronal cell death.

Superoxide anion, a product of one-electron reduction of ox-
ygen, is the by-product of normal functioning of the mitochon-
drial respiratory chain (1). It has been reported, that this
radical is generated by complexes I and III of the mitochondrial
respiratory chain and readily converted to H,O, by mitochon-
drial Mn-superoxide dismutase (2—6). There is substantial ev-
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idence that superoxide and H,0, contribute to the pathogene-
sis of certain neurodegenerative diseases (7, 8). However, there
is considerable disagreement in recent literature concerning
generated amounts and sites of superoxide production by iso-
lated mitochondria. In contrast to the well documented produc-
tion of superoxide at center “o” of antimycin A-inhibited com-
plex III (2, 9, 10), the exact site and the total contribution of
reactive oxygen species (ROS)! generation in complex I has not
been established so far. Although certain investigators (11, 12)
suggested low potential iron-sulfur clusters as potential sites,
others (6) proposed flavine mononucleotide (FMN) to be the
producer of superoxide being responsible for the H,O, genera-
tion by brain mitochondria. In addition, there are substantial
controversies regarding the exact amounts of ROS production
at the different sites of respiratory chain. Although some re-
ports document the highest rates of H,O, production at a site
at respiratory chain complex I (5, 12) others point to complex
IIT as the main contributor (6, 10). Therefore, we extensively
characterized ROS production at the different generation sites
in respect to oxygen consumption of well coupled isolated rat
and human brain mitochondria. Our results indicate that most
of the superoxide radicals are produced at complex I and that a
high production of reactive oxygen species is a feature of res-
piratory chain-inhibited mitochondria and of reversed electron
flow, respectively. Because the redox potential of the superox-
ide production at complex I was determined to be —295 mV,
this suggests that the generation site is most likely the FMN
moiety. Moreover, short-term incubation of rat brain mitochon-
dria with H,0, in the lower mm range was observed to induce
increased H,0O, production at this site, creating a self-acceler-
ating vicious cycle. This mechanism is proposed to be important
in brain pathology associated with mitochondrial damage and
neuronal cell death.

EXPERIMENTAL PROCEDURES

Materials—Isocitrate dehydrogenase was purchased from Boeh-
ringer (Mannhein, Germany); L-adrenaline and bacterial protease (na-
garse) from Fluka (Buchs, Switzerland); superoxide dismutase and
digitonin from Serva (Heidelberg, Germany); and monochlorobimane
from Molecular Probes (Leiden, The Netherlands). All other chemicals
were obtained from Sigma-Aldrich.

Solutions—Solutions include the following: MSE solution (225 mm
mannitol, 75 mM sucrose, 1 mm EGTA, 5 mm HEPES, 1 mg/ml BSA, pH
7.4); MSE-nagarse solution (0.05% nagarse in MSE solution); MSE-
digitonin solution (0.02% digitonin in MSE solution); and MTP medium
(10 mm KH,PO,, 60 mm KCl, 60 mm Tris-HCI, 110 mM mannitol, 0.5 mm
EDTA, pH 7.4).

Isolation of Rat Brain Mitochondria—Mitochondria from one rat
brain were isolated according to the protocol described by Rosental et al.

! The abbreviations used are: ROS, reactive oxygen species; FMN,
flavine mononucleotide; GSH, reduced glutathione; CMB, p-chloromer-
curiobenzoate; RCR, respiratory control ratio.
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Fic. 1. Experimental traces of H,0, generation by isolated rat
brain mitochondria in the presence of different mitochondrial
substrates. H,0, generation was measured fluorimetrically determin-
ing the oxidation of p-hydroxyphenylacetic acid (200 uM) in oxygen
saturated MTP medium in the presence of horseradish peroxidase (20
units/ml). Vertical arrow, fluorescence change caused by addition of 0.1
nmol H,0O, to the mitochondrial suspension. For A, BM, rat brain
mitochondria (0.07 mg protein/ml); GLU+MAL, glutamate (10 mm) and
malate (5 mm); ROT, rotenone (6.7 um). For B, SUCC, succinate (10
mM); ANTI-A, antimycin A (0.5 uM).

(13) with small modification that allowed to obtain mitochondria with
much better functional characteristics. In brief, the isolation protocol
was the following. Before mitochondrial isolation all solutions were
cooled down until the slight appearance of ice. One Wistar rat (60—90
days old) was anesthetized by chloroform and killed by decapitation. Its
brain was immediately transferred into the ice-cold MSE solution and
shaken to wash out blood. Then we minced the brain, added 10 ml of
ice-cold MSE-nagarse solution, and homogenized it at 600 units/s using
a potter homogenizer. Thereafter, we added 20 ml of ice-cold MSE
solution and centrifuged the homogenate at 2000 X g for 4 min. After
centrifugation we passed the supernatant through a cheesecloth and
centrifuged it at 12,000 X g for 9 min. To permeabilize synaptosomes we
dissolved the resulting pellet with 10 ml of ice-cold MSE-digitonin
solution, transferred the solution to a small glass homogenizator, and
homogenized it 8—10 times manually to obtain a homogenous suspen-
sion. Finally, we centrifuged the suspension at 12,000 X g for 11 min
and dissolved the resulting pellet in about 300 ul of MSE solution to
obtain about 20 mg protein/ml.

Isolation of Human Brain Mitochondria—Tissue samples from hu-
man parahippocampal gyrus were obtained from 9 patients (7 female
and 2 male) with therapy-resistant temporal lobe epilepsy, who under-
went epileptic surgery. White matter was rapidly removed and the
remaining gray matter sample (about 150-200 mg wet weight) was
immediately transferred into ice-cold MSE solution. The remaining
isolation procedure of mitochondria was identical to the protocol de-
scribed above. All patients gave written informed consent, and the
study was approved by the University of Bonn Ethical Committee.

Preparation of Submitochondrial Particles—Frozen rat brain mito-
chondria (protein concentration of about 20 mg/ml) were thawed and
sonicated three times for 15 s by the ultrasonic processor GEX-600. The
further preparation was performed as described in Ref. 14.

Respiration—The oxygen consumption of mitochondria was deter-
mined at 30 °C in MTP medium with a PC-supported Oroboros high
resolution oxygraph (15).

Superoxide Production in Brain Mitochondria

Fic. 2. O, dependence of H,0, generation by rat brain mito-
chondria. A and B, about 0.2 mg protein/ml in the presence of
glutamate (10 mm) and malate (5 mMm) (A, filled circles, dotted curve)
and plus rotenone (6.7 uM) (A, open circles, solid curve) and in the
presence of succinate alone (10 mMm) (B). Different values of O, satu-
ration were obtained by mixing of MTP medium gassed with pure
oxygen (100% saturation) and gassed with argon (0% saturation). The
individual data points were obtained in experiments with four inde-
pendent mitochondrial preparations. C, original experimental traces
of detection of complex I activity using the NADH absorbance meas-
urement at 340-380 nm. Trace 1, MTP medium gassed with air (20%
0,); traces 2 and 3, MTP medium gassed with 100% O,. Additions:
BM, brain mitochondria (0.7 mg protein/ml); ROT, rotenone (20 uM);
DPI, 10 puMm diphenyleneiodonium; CMB, 0.5 uM p-chloromercurioben-
zoate. The depicted numerical values represent the slope of each trace
(in AA/min).
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Fic. 3. Experimental traces of oxygen consumption of brain mitochondria oxidizing glutamate and malate. Air-equilibrated MTP
medium at 30 °C with 10 mMm glutamate, 5 mM malate and 3.3 mm MgCl, was used. Thick traces, oxygen content (left axis); thin traces, rate of
respiration (right axis). The numerical values at the thin curves represent averaged respiration rates (in nmol O,/min/mg protein) in the different
mitochondrial states. Additions: ADP (250 um), TTFB (4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazole) (0.4 um). A, rat brain mitochondria
(RBM, 0.2 mg protein/ml). B, human brain mitochondria (HBM, 0.32 mg protein/ml).

TABLE 1
Maximal rates of H,0, generation of rat brain and human parahippocampal cortex mitochondria
The rates of H,O, generation were determined at oxygen saturation. The resting rates of respiration were determined in the absence of
nucleotides. Other experimental conditions as described in the legend to Fig. 4. The given values are averages = S.D. n, number of independent
mitochondrial preparations.

Rat brain Human parahippocampal
mitochondria cortex mitochondria

Resting respiration rate with glutamate+malate 244+ 176 9.6 5.3
(nmol O,/min/mg) (n = 21) (n=29)
H,0, generation with glutamate+malate 0.04 = 0.02 0.03 = 0.03
(nmol H,0,/min/mg) (n=29) (n=8)

In % of respiration rate 0.19 + 0.13% 0.20 = 0.15%
H,0, generation with glutamate+malate+rotenone 0.68 = 0.25 0.27 £ 0.1
(nmol H,O,/min/mg) (n = 10) (n=28)
Resting respiration rate with succinate 48.3 = 7.8 16.7 £ 5.2
(nmol O,/min/mg) (n = 16) (n=28)
H,0, generation with succinate 0.80 = 0.27 0.13 = 0.08
(nmol H,0,/min/mg) (n = 10) (n = 6)

In % of respiration rate 1.68 + 0.56% 1.13 £ 0.47%
H,0, generation with succinate+antimycin A 0.14 = 0.07 0.04 = 0.03

(nmol H,0,/min/mg) (n =6) (n = 6)
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Measurement of H,0, Production—Mitochondrial H,0, generation
was measured by monitoring the change in fluorescence of 200 um p-
hydroxyphenylacetic acid (A,, = 317 nm, A,,, = 414 nm) catalyzed by 20
units/ml horseradish peroxidase (6). Different O, concentrations were
achieved by mixing argon- and oxygen-saturated buffers. Oxygen concen-
trations were calculated from the O, solubility in air and oxygen-satu-
rated MSE solution at 30 °C and 101 kPa (0.23 and 1.15 mm, respectively),
and from mixing ratios of the argon and oxygen-saturated solutions.

Measurement of Superoxide Production—The Oj-dependent oxida-
tion of 1 mM epinephrine to adrenochrome in the presence of 7800
units/ml catalase was followed spectrophotometrically at 486—-575 nm
with a dual wavelength spectrophotometer (Aminco DW 2000, SLM
Instruments). In control experiments we monitored the change in flu-
orescence of p-hydroxyphenylacetic acid (A,, = 317 nm, A,,, = 414 nm)
catalyzed by horseradish peroxidase (conditions of measurement as
described above) in the additional presence of 22 units/ml Cu,Zn-super-
oxide dismutase.

Determination of Enzymatic Activities—Aconitase activity was meas-
ured according to Ref. 16 with small modifications. The mitochondrial
suspension was diluted 10 times in a solution, containing 50 mMm Tris-Cl
and 0.6 mMm MnCl,, pH 7.4, just before the activity measurement. Then
mitochondria were sonicated for 15 s with the ultrasonic processor
GEX-600. Aconitase activity was determined at 30 °C using a dual-
wavelength spectrophotometer (Aminco DW 2000, SLM Instruments)
following the absorbance change at 340-380 nm (€,.4,, = 5.5 mM *
cm™Y). The reaction mixture contained 50 mm Tris-Cl, pH 7.4, 5 mM

sodium citrate, 0.6 mM MnCl,, 0.2 mmM NADP™", 0.1 mg/ml isocitrate
dehydrogenase, 0.2% laurylmaltoside, and 40—70 pg/ml of protein. The
activity of citrate synthase was determined by a standard method and
the activity of NADH:coenzyme Q;-reductase was measured at 340
nm-380 nm (€,.4.,, = 5.5 mM ' em ™ V; in a buffer containing 50 mm KCl,
10 mm Tris-HCL, and 1 mm EDTA, pH 7.4, in the presence of 150 um
NADH, 100 uM coenzyme Q;, and 2 mM KCN with a dual-wavelength
spectrophotometer (Aminco DW 2000, SLM Instruments) (17). The
protein content of mitochondria was determined using a protein assay
kit based on Peterson’s modification of the micro-Lowry method accord-
ing to the instructions of the manufacturer (Sigma).

Determination of GSH Content—GSH content was determined using
the method described in Ref. 18 with small modifications. The mito-
chondrial suspension was dissolved in MTP medium at a final concen-
tration of ~0.8 mg/ml. After addition of monochlorobimane (100 um)
and glutathione S-transferase (1 units/ml) the reaction mixture was
sonicated for 15 s with the ultrasonic processor GEX-600. After 30 min
development of reaction the mitochondrial suspension was centrifuged
at 16,000 X g for 7 min. Thereafter, the fluorescence of each superna-
tant was measured (., = 380 nm, A_,, = 470 nm) using a fluorescence
reader (Spectra MAX Gemini, Molecular Devices). As standard we used
GSH dissolved in MTP medium in a range of 0 to 100 uMm.

Statistics—All data are presented as means = S.D. and p values
smaller than 0.05 (according to two-sided ¢ test) were considered to be
statistically significant.
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FiG. 5. Redox titration of mitochon-
drial superoxide production. Mito-
chondrial inner membrane preparations
were incubated at about 0.7 mg/ml in ox-
ygen saturated MTP medium in the
presence of 6.7 uMm rotenone. The
O;-dependent oxidation of epinephrine to
adrenochrome at different NADH/NAD™"
ratios was followed spectrophotometri-
cally at 486-575 nm with a dual wave-
length spectrophotometer (open circles,
conditions of measurement as described
under “Experimental Procedures”). In
control experiments (filled circles) we
monitored the change in fluorescence of
p-hydroxyphenylacetic acid (A, = 317
nm, A, = 414 nm) catalyzed by horserad-
ish peroxidase in the presence of 22
units/ml  Cu,Zn-superoxide dismutase.
The data were normalized in respect to
the Oj-generation rate in the presence of
1 mM NADH. For the calculation of redox
potentials the midpoint potential of the
free NADH/NAD™ couple E,, 7.4 = —310
mV (21) and the Nernst equation were
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used.

RESULTS

Oxygen Dependence of H,0, Generation by Mitochondria Iso-
lated from Brain Tissue—Fig. 1 shows the measurement of
generation of hydrogen peroxide by isolated rat brain mito-
chondria using the fluorescent probe p-hydroxyphenylacetate.
Addition of mitochondria (BM) led to transient increase in
fluorescence, which returned to a stable stationary level. The
addition of the respiratory substrates glutamate+malate re-
sulted in a low rate of fluorescence increase indicating the
generation of only small amounts of hydrogen peroxide
(GLU+MAL, upper trace; 1.6 pmol HyOy/min or 0.02 nmol
H,0,/min/mg protein). An about 20-fold higher slope of the
fluorescence trace was observed after the addition of the com-
plex I inhibitor rotenone (ROT, upper trace; 37 pmol H,Oy/min
or 0.53 nmol H,Oy/min/mg protein) or in the presence of the
respiratory substrate succinate alone (SUCC, lower trace; 46
pmol H,Oy/min or 0.66 nmol H,O,/min/mg protein). The addi-
tion of the inhibitor of be; complex antimycin A in the presence
of succinate led to an inhibition of H,O, production (ANTI-A,
lower trace; 7.6 pmol HyOy/min or 0.11 nmol Hy,0On/min/mg
protein). This is an indication that in rat brain mitochondria
most of the superoxide radicals are produced at complex I and
that a high production of reactive oxygen species is a feature of
respiratory chain-inhibited mitochondria and of reversed elec-
tron flow, respectively. Because it is well documented that
mitochondrial superoxide production is strongly dependent on
oxygen concentration (19, 20) we determined the oxygen con-
centration dependence of H,0O, production of rat brain mito-
chondria in the presence of the respiratory substrates
glutamate+malate (Fig. 2A, filled circles), glutamate+
malate+rotenone (Fig. 24, open circles), and succinate (Fig. 2B,
filled circles). We detected hyperbolic concentration depen-
dences from which we calculated a K,, value for oxygen of
0.92 = 0.01 mmM. A similar dependence was also observed for the
production of H,O, by complex III determined in the presence
of succinate+antimycin A (data not shown).

The existence of a bypass of respiratory chain at the level of
complex I in isolated brain mitochondria, leading to superoxide

T T T T T T T T T

-320 -300 -280

redox potential, mV

production, can be detected directly when analyzing the rote-
none sensitivity of NADH:coenzyme Q; oxidoreductase. As
shown in Fig. 2C, this enzymatic reaction is much less rotenone
sensitive (75—80% inhibition, traces 2 and 3) at 100% oxygen
saturation than at 20% oxygen tension (about 90% inhibition,
trace 1), indicating the existence of an oxygen-dependent
NADH oxidation pathway bypassing the site of action of rote-
none. Very clearly, most of the rotenone-insensitive part of the
reaction at oxygen saturation can be inhibited by diphenyle-
neiodonium, a flavin-modifying agent with certain specificity
toward FMN of complex I (trace 2), but not by the thiol reagent
p-chloromercuriobenzoate, that blocks FeS-clusters at complex
I (trace 3). This result is an indication that the site of super-
oxide production is located upstream of both the rotenone in-
hibition site and FeS clusters, and therefore presumably the
FMN moiety.

The Maximal Rates of HyO, Generation of Mitochondria Iso-
lated from Human and Rat Brain Tissue Depend on Specific
Electron Transport Activity—A possible reason for the discrep-
ant results reported about ROS production of isolated brain
mitochondria (5, 6, 12) could be variable mitochondria quality.
Therefore, we checked the isolated mitochondria in the present
investigation with regard to basic characteristics: respiration
rates in different functional states and respiratory control val-
ues. In Fig. 3, typical oxygraph traces of mitochondria isolated
from rat brain (A) and human parahippocampal cortex (B) are
given. Using glutamate and malate as respiratory substrates,
active state respiration rates of 231 = 40 nmol O,/min/mg
protein (n = 21) at an average respiratory control ratio
(RCR) = 5.4 = 0.8 were obtained for rat brain mitochondria
and 88 *= 25 nmol O,/min/mg protein (n = 9) at RCR = 3.2 =
0.6 for mitochondria of human parahippocampal cortex, respec-
tively. With succinate (+rotenone) as substrate we obtained
active state respiration rates of 210 = 25 nmol Oy/min/mg
protein (n = 13) for rat brain mitochondria and 76 * 22 nmol
Oy/min/mg protein (n = 8) for mitochondria of human parahip-
pocampal cortex. These values indicate that both brain mito-
chondria preparations are tightly coupled, but human parahip-
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FiG. 6. Influence of H,0, treatment
on H,0, production (A and B), O, con-
sumption in active state (C), reduced
glutathione content (D), and aconi-
tase activity (E) of rat brain mito-
chondria. Mitochondria (four independ-
ent preparations) were suspended at
about 3.5 mg protein/ml in MTP medium
and treated with the indicated concentra-
tions of hydrogen peroxide for 10 min.
Thereafter, we centrifuged the suspen-
sion at 16,000 X g for 5 min. The resulting
pellet was dissolved in MSE solution. In
control experiments mitochondria were
treated with equal quantities of water. A,
H,0, production (0.17 mg protein/ml) in
oxygen saturated MTP medium in the
presence of glutamate (10 mMm) and
malate (5 mMm) (filled circles, solid curve)
and succinate (10 mwm) (open circles,
dashed curve). B, H,0O, production in the
presence of glutamate (10 mwm) and
malate (5 mm) and rotenone (6.7 um). C,
O, consumption rate (0.2 mg protein/ml)
in state 3 (after addition of 250 um ADP)
in the presence of glutamate (10 mm) and
malate (5 mm) (filled circles, solid curve)
or succinate (10 mM) and rotenone (6.7
uM) (open circles, dashed curve). D, GSH
content; E, aconitase (filled circles, left
ordinate axis) and citrate synthase (open
circles, right ordinate axis) activities, as-
say conditions as described under “Exper-
imental Procedures”. The total GSH con-
tent (100%) of control mitochondria was
determined to be 3.5 = 1.5 nmol/mg
protein.
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pocampal mitochondria appear to be less pure in respect to
respiratory chain activity. Comparing the maximal H,O, pro-
duction rates (c¢f. Table I and Fig. 4A) rat brain mitochondria
(Fig. 4A, white bars) seem to produce much higher quantities of
H,0, in the presence of succinate and in the presence of
glutamate+malate+rotenone than human parahippocampal
mitochondria (black bars). An explanation for this phenomenon
is the mentioned higher specific electron transport activity of
rat brain mitochondria in respect to human parahippocampal
mitochondria (Fig. 4B). Really, as shown in detail in Table I,
the electron transport chain of both types of brain mitochondria
produces the by-product H,O, at approximately similar per-
centage per consumed O, (with similar substrates), about 0.2%
with glutamate+malate and about 1.5% with succinate.
Midpoint Potential of the Superoxide Producing Site in Com-
plex I—To further characterize the site of superoxide produc-
tion at complex I we determined the midpoint potential of
superoxide production in inner membrane preparations of rat
brain mitochondria (submitochondrial particles). For this, we
altered the ratio of concentration of added NADH and NAD™

H,0, concentration, mM

and determined the rate of superoxide production using the
oxidation of adrenaline to adrenochrome (Fig. 5, open circles) or
the oxidation of p-hydroxyphenylacetate in the presence of
peroxidase and externally added Cu,Zn-superoxide dismutase
(Fig. 5, filled circles). With both detection methods a midpoint
potential of the superoxide producing site of rat brain mito-
chondria equal to —295 mV was determined (5 independent
experiments). The fact that this value of midpoint potential
clearly differs from the values reported for FeS clusters
(=370mV for Nla; —250mV for N1b and N3-N5; —100mV for
N2) but evidently resembles the value reported for FMN,? also
points to the FMN moiety as potential site of superoxide
generation.

Treatment of Rat Brain Mitochondria with H,O, Increases
the Rate of H,O, Generation by Direct Electron Flow through
Complex I Creating a Vicious Cycle—Because H,0, has been
reported to accumulate in the injured brain (22), which has

2 Complex I web site: www.scripps.edu/mem/biochem//CI/index.html.
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been postulated to cause further injury accompanied by neuro-
nal cell death, we investigated in further experiments how
treatment of isolated rat brain mitochondria with H,0, would
affect the generation of H,O,. In these experiments isolated
brain mitochondria were incubated for 10 min with H,O, in a
concentration range of 1 to 100 mMm. After removal of H,O, by
re-sedimentation of mitochondria, we determined the rates of
H,0, production in the presence of the respiratory substrates
glutamate+malate (Fig. 64, filled circles), succinate (Fig. 64,
open circles), and in the presence of glutamate+malate+
rotenone (Fig. 6B, filled circles). As shown in Fig. 6A, 10 min
incubation of rat brain mitochondria with concentrations of
H,0, in the range of 1-10 mm increased the generation of H,O,
with glutamate+malate as substrates (filled circles) but de-
creased succinate-dependent H,0, production (open circles).
The generation of HyO, in the presence of glutamate-+malate+
rotenone (Fig. 6B, filled circles) remained in this concentration
range within experimental error nearly constant. To elucidate
the potential cause for the increase of H,O, generation by
direct electron flow but the inhibition of Hy,O, generation by
reverse electron flow we determined the maximal oxygen con-
sumption rates of H,O,-treated mitochondria in the presence of
glutamate+malate (Fig. 6C, filled circles) and succinate+
rotenone (Fig. 6C, open circles). Very clearly, small amounts of
H,0, effectively inhibited maximal respiration with the com-
plex I-dependent substrates glutamate+malate leaving the
succinate+rotenone-dependent oxidation rate nearly unaf-
fected. The almost negligible effect of H,O, treatment in the
1-10 mMm concentration range on mitochondrial oxidative phos-
phorylation with succinate (+rotenone) as substrate is further
corroborated by the observation that the respiratory control
ratio of mitochondria (RCR, defined as ratio between rates in
active state (respiration rate in the presence of ADP) and
resting state (respiration rate in the presence of ATP)) with
this particular substrate changed from 2.7 * 0.3 (control incu-
bation) to 2.2 * 0.2 (at 1 mm H,0,), to 2.1 = 0.1 (at 5 mm H,0,)
and to 2.1 = 0.3 (at 20 mm H,0,). Only the incubation of
mitochondria with concentrations of H,O, above 50 mm seri-
ously affected the coupling of mitochondrial oxidative phospho-
rylation: at 50 mm H,0, the RCR declined to 1.7 = 0.3, at 80
mM H,0, to 1.2 = 0.2, and at 100 mm the RCR was equal to 1
(fully uncoupled condition, four independent experiments).
Taken together, the results of our incubation experiments
with H,O, concentrations below 20 mm can be only explained
assuming a selective partial block of complex I between the

sites of superoxide production and the rotenone-sensitive
ubiquinone reduction site. To determine possible targets of
H,0, in complex I (sulphydryl-groups, iron-sulfur clusters), we
additionally determined the glutathione content (Fig. 6D) and
aconitase and citrate synthase activities (Fig. 6E) in H,0,-
treated rat brain mitochondria. Although the glutathione level
was decreased by the short-term H,O,-treatment by about
30%, citrate synthase activity remained completely unaffected
(Fig. 6E, open circles). On the other hand, aconitase activity
(Fig. 6E, filled circles) was nearly completely lost after incuba-
tion of mitochondria with the lowest dose of H,O, (1 mm).
Because aconitase activity is inhibited by the oxidation of its
ROS-sensitive FeS cluster (23), a similar ROS-sensitive iron-
sulfur cluster within complex I could be the direct target of the
observed action of Hy0,.

DISCUSSION

In the present study we have characterized the H,0O, genera-
tion of mitochondria isolated from rat brain and human parahip-
pocampal cortex. In accordance with several previous reports (5,
12), but in clear contrast to others (6, 10), we observed that the
main quantity of H,O, is produced at a site within complex I of
the respiratory chain whereas only rather small quantities (10—
20% of maximal H,0O, generation) are produced at the bc; com-
plex in the presence of antimycin A. One potential reason for the
discrepant results could be the different quality of mitochondrial
preparations (the specific rates of active state respiration of rat
brain mitochondria with succinate as substrate reported in Ref. 6
are ~10-fold lower than our rates). In accordance with previous
work (19, 20) we detected a clear oxygen dependence of H,O,
generation with the rather high K,, value of 0.92 + 0.01 mm
oxygen (equal to ~85% of maximal oxygen saturation at 30 °C)
for all conditions studied. In line with these results, at 100%
oxygen saturation the superoxide production of brain mitochon-
dria leads to a diminished rotenone sensitivity of NADH/coen-
zyme Q, oxidoreductase. As shown for mitochondria from rat and
human brain, under resting state conditions between 0.2% (with
glutamate+malate) and 1.5% (with succinate) of respiratory
chain electron transport is redirected to superoxide formation.
The different total H,O, generation rates observed for isolated
rat and human brain mitochondria are most likely related to the
different purity of the individual mitochondrial preparations.

Applying two different methods for superoxide detection we
determined the redox potential of the superoxide producing site
to be —295 mV. This result can explain the strict dependence of
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superoxide production on the functional state of mitochondria
reported in previous work (5, 6, 12, 24). Conditions leading to
high NAD-reduction (resting succinate respiration, inhibition
of complex I by rotenone) stimulate superoxide production,
whereas conditions that cause rapid oxidation of NADH (active
state respiration or uncoupling) lead to very low superoxide
production rates. Our result seems to be in contrast to the
redox potential of —360 mV given in Ref. 12 for rat heart
mitochondria. But for determination of the redox potential,
these authors used the B-hydroxybutyrate/acetoacetate redox
couple in rat heart mitochondria, which contain only minor
amounts of B-hydroxybutyrate dehydrogenase not allowing an
efficient substrate couple equilibration.

The following findings point to FMN as the potential site for
superoxide generation. (i) The determined redox potential of
—295 mV, which is in agreement with the midpoint potential of
FMN but not with that of iron sulfur clusters.? (ii) The strong
diphenyleneiodonium sensitivity (in agreement with Ref. 6)
and the rather low p-chloromercuriobenzoate sensitivity (in
contrast to Ref. 11) of this reaction. It is therefore very likely
that the semireduced form of FMN-FMNH' (in close similarity
to the bound semiquinone QH' of center i of bc; complex) is the
competent one-electron donor for the one-electron reduction of
oxygen to superoxide.

The following experimental problems can explain the contro-
versial quantitative data for H,O, and superoxide production
of isolated mitochondria reported so far. (i) The rates of H,0,
generation are very low at 20% oxygen saturation used in the
previous reports (5, 6, 10, 12, 24), which does not allow accurate
determinations. (ii) Some of the fluorescent dyes (especially
Amplex Red) tend to show high endogenous fluorescence
changes for which considerable corrections have to be made
(see discussion in Ref. 24). (iii) And finally, ketoacids, like
pyruvate or oxoglutarate, tend to cause artificial fluorescence
changes in the presence of p-hydroxyphenylacetate or Amplex
Red, which can obscure accurate measurement of superoxide
and H,0, production. In the present study we therefore
avoided the use of ketoacids as mitochondrial substrates and
used p-hydroxyphenylacetate, which did not show considerable
endogenous fluorescence changes as obtained with the more
sensitive dye Amplex Red (data not shown). To obtain reliable
data for maximal H,O, and superoxide generation rates we
also used oxygen saturated media.

Furthermore, we were able to show that incubation of rat
brain mitochondria with H,O, can initiate a vicious cycle of
H,0, generation, which might be of importance for certain
pathological conditions of the brain. In vivo, during the ische-
mia-reperfusion period, the rather stable membrane-perme-
able H,O, can reach stationary concentrations of about 100 um
(22). In our in vitro experiments, we applied a short-term
incubation (10 min) of rat brain mitochondria with H,O, in a
concentration range of 1-10 mMm, which is ~10-100-fold higher
than the maximal concentrations observed in vivo (however,
the in vivo challenge of mitochondria with the lower H,O,
concentrations might be of much longer duration). We observed
increased H,0O, generation by direct electron transport and
diminished H,0, generation by reversed electron flow. On the
other hand, the maximal oxygen consumption of these mito-
chondria was normal with succinate+rotenone but inhibited
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with glutamate+malate to about 50%, pointing to a selective
inhibition of complex I activity. The H,0O, treatment in this
concentration range did not affect the mitochondrial citrate
synthase activity and only small alterations of respiratory con-
trol ratios with succinate (+rotenone) were observed. These
findings exclude a possible unspecific disruption of mitochon-
drial function by the H,O, treatment. Furthermore, it is im-
probable that this complex I inhibition is related to the recently
reported glutathinylation of complex I (25), because under our
conditions, the GSH levels were decreased only by about 30%.
However, aconitase, which harbors a highly ROS-sensitive FeS
cluster (23), was completely inhibited. Consequently, our find-
ings allow the supposition of the scenario depicted in Fig. 7.
H,0, inactivates a ROS-sensitive FeS cluster within complex I
localized between the coenzyme Q-reduction site and FMN
(dotted line). This would initiate a vicious cycle leading to a
self-accelerating inhibition of complex I with the result of fur-
ther elevated H,O, generation. This scenario might explain the
following findings relevant to human disease: (i) the rather
selective inhibition of complex I in combination with accumu-
lation of markers for oxidative stress which has been reported
for Substantia nigra in Parkinson’s disease (26), and (ii) the
detected inhibition of complex I in the epileptic focus of patients
with temporal lobe epilepsy (27).
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Background: Profound knowledge about cardiovascular physiology in the setting
of microgravity can help in the course of preparations for human space missions.
So far, influences of microgravity on the cardiovascular system have been
demonstrated, particularly pertaining to venous fluid shifts. Yet, little is known about the
mechanisms of these adaptations on continuous macrocirculatory level and regarding
the microcirculation.

Methods: Twelve healthy volunteers were subjected to alternating microgravity and
hypergravity in the course of parabolic flight maneuvers. Under these conditions, as
well as in normal gravity, the sublingual microcirculation was assessed by intravital
sidestream dark field microscopy. Furthermore, hemodynamic parameters such as heart
rate, blood pressure, and cardiac output were recorded by beat-to-beat analysis. In
these settings, data acquisition was performed in seated and in supine postures.

Results: Systolic [median 116 mmHg (102; 129) interquartile range (IQR) vs. 125 mmHg
(109; 136) IQR, p = 0.01] as well as diastolic [median 72 mmHg (61; 79) IQR vs.
80 mmHg (69; 89) IQR, p = 0.003] blood pressure was reduced, and cardiac output
[median 6.9 I/min (6.5; 8.8) IQR vs. 6.8 I/min (6.2; 8.5) IQR, p = 0.0002] increased
in weightlessness compared to normal gravitation phases in the seated but not in
the supine posture. However, microcirculation represented by perfused proportion of
vessels and by total vessel density was unaffected in acute weightlessness.

Conclusion: Profound changes of the macrocirculation were found in seated postures,
but not in supine postures. However, microcirculation remained stable in all postures.

Keywords: weightlessness, microcirculation, parabolic flight, microgravity, hemodynamic changes

Abbreviations: 0 G, microgravity; 1, G regular terrestrial gravity; 1.8 G, hypergravity; BP, sys/dia systolic/diastolic blood
pressure; bpm, beats per minute; BSA, body surface area; HR, heart rate; IQR, interquartile range; PPV, perfused proportion
of vessels; TVD, total vessel density.
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INTRODUCTION

Over the past decades, spaceflight has been a thriving field
of scientific interest (Buckey, 1999; Mairesse et al., 2019). In
the meantime, hundreds of astronauts have spent months in
space, challenged by the circumstances of microgravity. However,
striving to space is not without perils looking at in-flight and
postflight health risks (Buckey et al., 1996; Lawley et al., 2017).
As commercial flights to space will become accessible in the near
future, even more humans with different health states will be
exposed to microgravity. Even though putative health risks do
not seem permanent, understanding more about physiological
processes of the human body under these conditions is of
great interest (Hubbard and Hargens, 1989; Demontis et al,
2017; Garrett-Bakelman et al., 2019) as good human health is a
prerequisite for the success of any space mission (Hubbard and
Hargens, 1989; Demontis et al., 2017).

It is evident that there are only a few platforms that harbor
the possibility of fruitful experiments in space or else can mimic
conditions of space here on earth. In this regard, spaceflight
analogs, such as bed rest, head-down tilt at a moderate angle,
or water immersion, have been implemented, particularly in
scientific settings (Hargens and Vico, 2016). Even so, since a
few decades, parabolic flights have equally proven a promising
spaceflight analog (Caiani et al., 2009; Petersen et al., 2011; Norsk,
2014; Shelhamer, 2016; Klein et al., 2019).

It is well known that gravitational changes have significant
effects on the cardiovascular system, constantly challenging the
cardiovascular system in diminishing venous blood return to
the heart and therewith altering cardiac outputs, particularly
in seated, and upright postures (Norsk et al., 2006). Here,
cardiopulmonary and arterial baroreflexes compensate for
gravity-induced dropping of blood pressure by induction of
vasoconstriction (Norsk et al., 2006). Prior studies have revealed
that in microgravity, the effects on the cardiovascular system
are somewhat even more prominent (Aratow et al., 1991; Baisch
et al., 2000). In microgravity in particular, headward venous
fluid shifts have been reported as hydrostatic gradients are
abolished and tissue pressures change (Buckey et al, 1993).
In this regard, prominent clinical features of microgravity are
pufty faces, nasal congestion, headaches, and bird legs due to
dehydration of the lower legs (Hargens et al., 1983; Hargens and
Richardson, 2009). Buckey et al. (1993) stressed that, in particular,
central venous pressure is altered. It has also been described
that in the course of acute loss of gravity in weightlessness,
substantial fluid shifts are induced, leading to central volume
expansion (Fritsch-Yelle et al., 1996; Norsk et al., 2006, 2015).
Hargens et al. (1983) documented the acute effects of these
fluid shifts with transition into microgravity (Breit et al., 1993;
Hargens and Richardson, 2009) as well as in simulated models
of weightlessness. Looking at these facts, one has to bear in
mind that understanding the mechanism of fluid shifts under
these conditions remains complex, particularly as overall fluid
response mechanisms may have significant medical implications
(Nicogossian et al., 1991; Simanonok and Charles, 1994). As
stated above, one of the primary fluid shift mechanisms upon
entrance into microgravity is the relocation of vascular fluids to

cephalad compartments (White and Blomqvist, 1998; Drummer
etal., 2000; Hawkey, 2003). However, it should be mentioned that
overall fluid distribution also entails fluid allocations into other
locations such as extravascular and extracellular compartments
(Leach et al., 1996; Drummer et al., 2000), for instance, in the
course of transcapillary fluid shifts (Hargens and Richardson,
2009). Furthermore, shifts of interstitial fluids have been reported
in former studies as potentially underlying causes of complex
systemic adaptations of the human body to weightlessness
(Kirsch and Von Ameln, 1981; Blomqvist, 1983). Another
noteworthy aspect of fluid distributions under these conditions
is its timescale: previous studies have revealed the importance
of characterizing short-term, mid-term, and long-term fluid shift
alterations in this setting (Norsk et al, 2015; Gerber et al,
2018; Norsk, 2020), even with respect to postflight readaptations
(Moore and Thornton, 1987).

Furthermore, details about general physiologic adaptations
during spaceflights have been addressed (Tipton and Hargens,
1996). These changes occur immediately upon entering
microgravity and last for at least several days or even weeks
(Norsk et al., 2006, 2015). As an excellent health status is a
prerequisite of any astronaut, candidates for space missions
undergo profound prior medical testing proving excellent health
states. Thus, most astronauts recover from postflight health
deficits in a timely fashion of a few weeks, and permanent
health deficiencies have remained scarce. However, postflight
cardiovascular deconditioning, as in orthostatic intolerance, is
an important issue. Buckey et al. (1996) and Lee et al. (2015) have
investigated about its clinical relevance and implications (Buckey
et al,, 1996; Lee et al., 2015).

So far, scientific works have been focusing on macrocirculatory
parameters such as blood pressure, cardiac output, and heart
rate during human space missions as well as with spaceflight
analogs (Mukai et al., 1991; Fritsch-Yelle et al., 1996; Schlegel
et al, 1998; Norsk et al., 2006, 2015; Caiani et al., 2009;
Coupé et al.,, 2009). However, in-flight measurements of these
cardiovascular parameters are dijcult to obtain, and results have
been inconsistent (Fritsch-Yelle et al., 1996; Norsk et al., 2006;
Verheyden et al., 2009; Petersen et al., 2011; Klein et al., 2019).

With respect to the known data about cardiovascular
adaptations in space, alterations of the microcirculation
under these conditions seem likely, but the impact of acute
weightlessness on the microcirculation has not yet been
addressed. The microcirculation is regarded the largest part
of the circulation. It entails a large network of arterioles and
venules that facilitates gas and nutrient exchange on tissue and
endothelial levels (Coupé et al., 2009), with an estimated surface
area of 350 m2. In this regard, the microcirculation plays a crucial
role in blood flow regulations, ensuring adequate organ function
(Jung et al., 2016a). The evaluation of the microcirculation has
become more and more clinically relevant, in particular, in
the setting of critically ill patients (De Backer et al., 2014; Jung
et al., 2016b). In these scenarios, the microcirculation has been
identified as one of the key predictors of mortality. The timely
evaluation of the microcirculation has been esteemed one of the
tools for improvement of therapeutic strategies. Former studies
demonstrated that in challenging scenarios with profound
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alterations of the cardiovascular system, macrocirculation, and
microcirculation might differ substantially in responses (Jung
et al,, 2010; Jung et al.,, 2016b). Therefore, in our setting, one of
the aims was to investigate about differences of macrocirculation
and microcirculation as substantial effects on the cardiovascular
system are generally known. Handheld video microscopes, as the
one we implemented in our setting, have been classified helpful
in the assessment of microcirculatory flow (Massey and Shapiro,
2016; Ince et al., 2018).

There were two aims of this study: (1) to test the feasibility
of measurements of the sublingual microcirculation during
parabolic flight maneuvers as a novel approach on a spaceflight-
mimicking platform and (2) to assess alterations of hemodynamic
cardiovascular parameters of the macrocirculation and the
microcirculation during microgravity and to evaluate the effect
of supine and seated body postures on these variables.

MATERIALS AND METHODS
Study Population

Twelve healthy volunteers (seven male, median age of the whole
group 29 years) were recruited for this study. Airworthiness
(proven by medical certificate) was attested prior to participation
in this study. The study was conducted in accordance with the
Declaration of Helsinki (1975, revised in 2008), and the protocol
was approved by the German Ethics Committee of the Medical
Faculty of the University Hospital Duesseldorf, Germany (Date
of approval: August 14, 2017; Project Identification number:
2017054297), and by the French Ethics Committee [Comité
de Protection des Personnes (CPP) Nord-Ouest III] of the
Medical Faculty of the University of Caen (Date of approval:
September 6, 2017; Project Identification number: 2017-A01185-
48). Written informed consent was voluntarily provided by all
participants of the study.

Parabolic Flight

The study was conducted within a participation in a so-
called parabolic flight campaign by the German space agency
[Deutsches Zentrum fir Luft-und Raumfahrt (DLR)] as
described previously (Bimpong-Buta et al., 2018a). The location
of this campaign was in Bordeaux (France) with flight over
the Mediterranean Sea and the Atlantic Ocean. On-site in
Bordeaux, the French company NoveSpace (headquarter in
Mérignac, France) was in charge of regulations of adequate
aviation procedures. On each flight day, 31 parabolic flight
maneuvers were performed. The aircraft implemented in this
flight campaign was an Airbus 310. To obtain best parabolic
flight trajectories, the aircraft was aviated by well-trained jet
pilots. In the course of each parabolic flight path, alternating
states of gravity can be experienced aboard. These gravity
states range from earthly gravity (1 G) to begin with (“steady
flight”) followed by a state of hypergravity (“1.8 G pull-up”)
followed by a state of microgravity (0 G) for the duration
of 22 s. Hereafter, via a second phase of hypergravity (“1.8
G pull-out”), regular gravity (1G) is resumed at the end
of each parabolic flight maneuver. Details about the flight

maneuver have been published before (Schlegel et al., 1998;
Shelhamer, 2016).

One of the primary concerns in the course of preparation
of the flight campaign was the possible occurrence of motion
sickness due to the anticipated abrupt gravitational changes
inherent to the scheduled flight maneuvers. In worst-case
scenarios, health issues of the crew or participants might
have led to cancelation of a flight day. With respect to the
extensive efforts of preparation of each experiment prior
to the campaign, one aim prior to takeoff was to minimize
possible interferences or interruptions of the flight maneuvers,
especially as this physiologic reaction has proven foreseeable.
On the basis of experiences from former flight campaigns,
the intentional application of antiemetic medications prior
to takeoff has helped alleviate this issue. Thus, in order
to prevent motion sickness during the parabolic flight
maneuvers, the antiemetic drug scopolamine was administered
subcutaneously around 2 h prior to takeoff on a voluntary
basis. In one of our previous studies, we could demonstrate
that scopolamine does not affect our measurements of the
sublingual microcirculation (Bimpong-Buta et al, 2018b).
Nonetheless, one has to bear in mind that the application of
scopolamine in this setting might have unknowingly modified
the results of the performed measurements in other ways (see
also limitations).

Experimental Setup

In our experimental setup, for each flight day, three test subjects
were scheduled. As 31 parabolas were flown per flight day,
each test subject was examined in the course of 10 consecutive
parabolas, with five parabolas in the supine posture and five
parabolas in the seated posture. Each data set comprised the
measurements of parameters of microcirculation and parameters
of macrocirculation, respectively.

Macrocirculation

The macrocirculation was investigated using a device for
continuous and non-invasive beat-to-beat measurement
of hemodynamic blood flow (CNAP® Monitor 500 HD,
CNSystems Medizintechnik GmbH, Graz, Austria). In
short, the analysis includes blood pressure wave form
documentation and provides derived parameters. The device
has been validated in clinical trials indicating an excellent
comparability with invasive measurements (Smolle et al,
2015; Wagner et al,, 2015; Rogge et al., 2017). In the course
of preparations of the project, a specially trained CNAP®
instructor was invited from Austria for hands-on training
sessions with our team of operators. With respect to the planned
rotations of the test subjects aboard and therewith indicated
changes of postures, this training focused on optimization
of procedures of (re-) calibrations of the device to ensure
correct measurements throughout the experiment. For
correct measurements, the calibration entailed positioning
the left hand on the chest. Aboard, all beat-to-beat data were
stored with defined markers for later analysis. For quick
setup, the monitor was connected to each test subject via
a single-line finger sensor placed on the right index finger.
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Before each set of measurements, notably after the change
of postures, the monitor was calibrated and checked to
ensure proper function in all its particulars. In this manner
in our setup, for each parabola, the following parameters
were obtained: blood pressure (BP), heart rate (HR), stroke
volume (SV), cardiac output [(CO) = HR x SV], cardiac index
[(CI) = CO/body surface area (BSA)], and systemic vascular
resistance {(SVR) = [80 x (mean arterial pressure — mean right
pressure)]/CO}.

Microcirculation

The microcirculation was assessed by implementation of
the sidestream dark field microscopy (MicroScan® device,
Microvision Medical, Amsterdam, Netherlands) as described
before (Ince, 2005; De Backer et al., 2007; Bimpong-Buta et al.,
2018b). This intravital microscope is designed for real-time
measurement of the human sublingual microcirculation. In more
than 200 clinical studies, it has been proven to serve as a
valid diagnostic tool for high-quality imaging of the sublingual
capillary network. With a highly sensitive camera at the tip
of the device, real-time recordings of the sublingual capillary
network can be performed and visualized on a tablet screen
to be saved for later analysis. In this regard, in our setting,
the device was mounted on the side of the tongue of each
participant with application of gentle pressure to ensure just
suycient contact of the tip of the device with the sublingual
surface. As part of the visualization software, the monitor offered
a real-time feedback about the quality of the intended recording.
Thus, high-quality visualization of the microcirculatory network
could be ensured.

The tablet we utilized in this setting is the Microsoft
Surface Pro 4 (Redmond, Washington, United States). After
acquisition of the imagery data, a device-specific software
(AVA, Version 4.3 C) is implemented for data analysis. For
the evaluation of the microcirculation, for each parabola, the
following parameters were measured: Proportion of perfused
vessels [(PPV) = 100 x (total number of perfused vessels/total
number of vessels)], perfused vessel density [(PVD) = total length
of perfused vessels divided by the analyzed area], total vessel
density [(TVD) = total number of vessel crossings], number
of crossings [(NC) = number of vessel intersections the lines
in a grid of 3 equidistant horizontal and vertical lines], and
the perfused number of crossings [(PNC) = number of vessel
crossings with continuous flow].

Statistical Analysis

Statistical analysis was performed applying a commercially
available software (GraphPad Prism Software, Version 6,
GraphPad Software, San Diego, CA, United States). As the size
of the group of test subjects was rather small, we did not assume
a Gaussian distribution in this setting. The data are presented
as median in the course of repeated measures. In this regard,
the statistical tests applied were the Mann-Whitney test and the
Friedman test, respectively. In the course of post hoc analysis, the
Dunn’s multiple comparisons test was implemented. A two-tailed
p-value < 0.05 was considered statistically significant.

RESULTS

The baseline characteristics of the study population are shown
in Table 1. Throughout the course of each parabola in
seated postures, significant changes of hemodynamic parameters
reflecting the macrocirculation could be observed. Thus, systolic
as well as diastolic blood pressure decreased in weightlessness.
Blood pressures reached a median of 116 mmHg (102; 129)
interquartile range (IQR) vs. 125 mmHg (109; 136) IQR, p = 0.01,
e.g., a median of 72 mmHg (61; 79) IQR vs. 80 mmHg (69;
89) IQR, p = 0.003, respectively, after 20 s of microgravity
in the seated posture (Figure 1). Furthermore, in the seated
posture, cardiac output increased in 0 G as well as in hypergravity
compared to steady flight values with a median of 6.9 I/min (6.5;
8.8) IQR vs. 6.8 I/min (6.2; 8.5) IQR, p = 0.0002, upon 20 s
of weightlessness and of 7.3 I/min (6.5; 8.9) IQR, p < 0.0001
after 10 s of 1.8 G in the pull-out phase of the parabola, as
shown in Figure 1. Interestingly, heart rate increased during
phases of hypergravity up to median values of 87 bpm (74; 97)
IQR after 15 s of hypergravity in the pull-up phase compared
to steady flight values with a median of 73 bpm (63; 85) IQR,
p < 0.0001, whereas heart rate returned to baseline levels with
median values of 73 bpm (64; 84) IQR after 20 s of microgravity
(Figure 1). Stroke volume decreased in microgravity, whereas
systemic vascular resistance was unchanged in weightlessness in
seated as well as in supine postures (data not shown).

In contrast to the macrocirculatory changes observed in
seated postures throughout the course of each parabola, in
supine postures, no significant alterations regarding blood
pressure, heart rate, or cardiac output could be observed, as
shown in Figure 2.

Visualization and recording of high-quality imaging of the
sublingual capillary network with a highly sensitive intravital
sidestream dark field microscope connected to a tablet screen
were feasible in microgravity and during steady flight phases.
Despite the observed impact of parabolic flight maneuvers on the
macrocirculation, on the level of microcirculation, no significant
alterations could be detected in parabolic flight maneuvers in
supine and seated postures, as shown in Figure 3A: PPV (%): 1 G

TABLE 1 | Baseline characteristics of the study population. Data are presented in
counts or as median and IQR.

n 12

Sex 7 male, 5 female
Age (years) 29 [23-31]
Height (m) 1.77 [1.71-1.90]
Weight (kg) 80 [62-90]
BMI (kg/m?) 24.5 [20-25]
BSA (m?) 2[1.72-2.13]
BP sys (mmHg) 110 [106-127]
BP mean (mmHg) 92 [87-94]
BP dia (mmHg) 78 [69-81]
HR (bpm) 79 [61-95]

BMI, body mass index; BSA, body surface area; BF, blood pressure, HR, heart
rate; and IQR, interquartile range.
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< 0.0001.

FIGURE 1 | Macrocirculatory parameters in the course of parabolic flights in the seated position. (A) Systolic blood pressure, (B) diastolic blood pressure, (C) heart
rate, and (D) cardiac output changes during the course of a parabola in the seated position are shown. Data are presented as median and interquartile range (IQR).
Significant differences between groups are shown (Friedman test and Dunn’s multiple comparisons post hoc test). “o < 0.05, **p < 0.01, ***p < 0.001, and

supine [median of 93 (90; 97) IQR] vs. 0 G supine [96 (94; 100)
IQR], p = 0.07; Figure 3B: PPV (%): 1 G seated [96 (92; 100) IQR]
vs. 0 G seated [95 (90.5; 99.5) IQR], p = 0.57; Figure 3C: TVD:
1 G supine [7 (6; 9) IQR] vs. 0 G supine [7 (6; 10) IQR], p = 0.92;
and Figure 3D: TVD: 1 G seated [8.1 (7; 9.35) IQR] vs. 0 G seated
[8.2(6.9; 8.7) IQR], p = 0.63.

DISCUSSION

The aims of the presented study were to investigate the
impact of acute weightlessness as well as of acute hypergravity
on macro-hemodynamic parameters and on the sublingual
microcirculation in the setting of parabolic flight maneuvers as
an established spaceflight analog (Shelhamer, 2016). Moreover,
we were interested in learning more about responses of the
cardiovascular system in seated postures in comparison to supine
postures under these conditions. So far, gravitational loads have

had the most prominent effects on the cardiovascular system
in upright postures. This is evident as in upright postures that
the weight of the blood column is more prominent than in
supine postures. Thus, upon microgravity exposure with abrupt
loss of the effect of the blood column, more intense alterations
are expected in upright postures due to abrupt loss of the
weight of the blood column. On the other hand, for supine
postures, with primarily abolished vertical weight of the blood
column, even upon entrance into microgravity, effects would be
anticipated to remain low. Bearing these thoughts in mind, we
did not expect high alterations of cardiovascular parameters in
supine postures.

As a novel approach, we implemented continuous beat-
to-beat-analysis and visualization of the microcirculation
with a handheld video microscope to monitor the sublingual
microcirculation under these conditions. Prior works in the
setting of septic and cardiogenic shock underlined the fact
that, particularly in these life-threatening states with high
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FIGURE 2 | Macrocirculatory parameters in the course of parabolic flights in the supine position. (A) Systolic blood pressure, (B) diastolic blood pressure, (C) heart
rate, and (D) cardiac output changes during the course of a parabola in the supine position are shown. Data are presented as median and interquartile range (IQR).
Significant differences between groups are shown (Friedman test and Dunn’s multiple comparisons post hoc test). *p < 0.05, **p < 0.01, **p < 0.001, and

**p < 0.0001.

mortality rates, assessment of the cardiovascular status can
be challenging as tracked macrocirculatory parameters may
seem stable enshrouding deleterious microcirculatory disorders
causative for organ dysfunctions (Jung et al., 2016a; Jung, 2019;
Legrand et al, 2019). The evaluation of microcirculation at
the bedside has been esteemed highly important (Kara et al.,
2016). In particular in these settings, the assessment of the
sublingual microcirculation with handheld videos microscopes
has proven feasible and reliable (De Backer and Dubois, 2001;
Ince et al., 2018).

In our current experiment, we demonstrated that
measurement of sublingual microcirculation using intravital
sidestream dark field microscopy is feasible in microgravity.
In line with prior studies, our work demonstrates that acute
weightlessness significantly affects the cardiovascular system.

In our setting, significant alterations of macrocirculatory
parameters such as blood pressure and cardiac output were
evident in seated but not in supine postures, as anticipated.
Interestingly, the microcirculation remained unchanged
in the course of the parabolic flight maneuvers regardless
of body posture.

For the acute setting, previous studies conducted during
human space missions and spaceflight analogs on earth
have reported inconsistent data regarding the changes of
cardiovascular parameters under these conditions (Fritsch-
Yelle et al., 1996; Petersen et al, 2011; Norsk, 2014; Klein
et al, 2019). For instance, Klein et al. (2019) documented
decreases of mean arterial pressures, whereas Norsk et al.
(2006) constituted no changes of mean arterial pressures in
the same setting. These discrepancies might be caused by the
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FIGURE 3 | Microcirculation in steady flight and acute weightlessness. Comparison of obtained parameters for normal gravity (1 G) and microgravity (O G) for two
variables of sublingual microcirculation, namely, the perfused proportion of vessels [(A) in the supine posture and (B) in the seated posture] and the total vessel
density [(C) in the supine posture and (D) in the seated posture]. The test applied in statistical analysis was the Mann-Whitney test. ns, not significant.

fact that blood pressure evaluation under baseline conditions
in some studies was done in the standing or seated posture,
whereas in other studies, blood pressure was measured in
the supine posture. This might have affected on account of
differing references. In our setting, baseline parameters for
all variables were documented under normal gravity (1 G)
and for both tested body positions (seated and supine) to
ensure correct correlations to baseline references. Another reason
for differing results for macrocirculatory parameters among
diverse studies pertaining to short-term microgravity during
parabolic flight maneuvers might be different techniques for
blood pressure measurements. In our setting, hemodynamic
variables were obtained by beat-to-beat analysis closely linked
to a defined time line. Thus, great time resolutions could
be provided. Our findings confirmed those of Verheyden
et al. (2009) with decrease of blood pressures during space
missions with more prominent effects for upright postures in

comparison to the effects measured in supine postures. However,
these results contrast the findings of Norsk et al. in other
studies that showed that blood pressure was unchanged in
parabolic flight maneuvers (Norsk et al., 2006) but reduced
during space missions (Norsk et al., 2015), even though
Norsk (2020) performed their baseline measurements in supine
postures as we did.

Another cardiovascular parameter we looked at is the
heart rate. Here, we found an increase in heart rate during
phases of hypergravity in seated but not in supine postures,
whereas heart rate remained unchanged during phases of
microgravity compared to baseline values. However, previous
studies reported a decrease in heart rate in weightlessness
(Fritsch-Yelle et al., 1996; Hughson, 2009). In our setting, these
decreased heart rates might have been overridden on account
of the rapid changes between hypergravity and microgravity
in the course of repeated parabolic flight maneuvers. On the
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other hand, the increase of heart rate we documented might
have been reactive to diminution of peripheral resistance upon
entrance into microgravity, accounting for the increase of
cardiac output. Thus, heart rate might have primarily fueled
the compensatory mechanism to counteract fluid shifts and
blood pressure alterations. These findings are in line with
findings of previous studies (Norsk et al., 2006, 2015) as we
found an increase in cardiac output in acute weightlessness
in seated postures compared to measurements performed in
normal gravity. This increase in cardiac output is furthermore
caused by increased central blood volume (Norsk et al., 2006,
2015) as previous echocardiographic studies showed a distension
of the heart chambers in this process (Videbaek and Norsk,
1996; Pump et al., 1999; Caiani et al., 2009). Again, in supine
postures, we could not detect any significant differences in
cardiac output when comparing normal gravity, microgravity,
and hypergravity.

In acute settings, possible discrepancies of macrocirculatory
and microcirculatory measurements are known (Jung et al,
2009). Accordingly, in our study, despite observed significant
consequences of altering gravitational loads on the parameters
of macrocirculation, the sublingual microcirculation remained
unchanged, regardless of body posture, or gravitational state.
This investigation of the sublingual microcirculation is a
novel approach as, to our knowledge, there are no data
thereabout to date. However, previous studies looked at other
circulatory networks of the human body. In the assessment
of putative health risks for astronauts, visual impairment
has been documented (Zhang and Hargens, 2014; Zhang
and Hargens, 2018). Lawley et al. (2017) constituted that in
prolonged stays in microgravity, slightly elevated intracranial
pressures might be causative for remodeling of the eye but
intracranial pressures were reduced in acute microgravity. Other
studies about cerebral autoregulation showed that cerebral
autoregulation and perfusion are not altered in weightlessness
or head-down bed rest (Arbeille et al., 2001; Iwasaki et al.,
2007). Thus, it is tempting to speculate that the human
organism somewhat harbors safety mechanisms to counteract
hemodynamically challenging scenarios such as weightlessness
aiming at preserving steady organ perfusion to ensure nutrient
and gas exchange. In this regard, localized vascular adaptations
of the sublingual vascular beds might explain the stability of
sublingual flow, even in microgravity. Possibly, pre-capillary
sphincters and myogenic responses could contribute to this
process. As previous studies have demonstrated, vasoactive
hormones such as elevated aldosterone levels (Limper et al.,
2014) might additionally contribute to vasoconstriction of
arterioles. In contrast to our finding of unaltered microcirculation
in the setting of acute weightlessness, a previous study by
Coupé et al. (2009) indicated a microvascular dysfunction upon
56 days of head-down bed rest, as another spaceflight analog.
In that study, as a marker of microcirculatory function, the
endothelial dysfunction was measured, whereas our approach
entailed direct visualization of the sublingual microcirculation
with subsequent software-based calculation of microvasculatory
parameters. Taking these differences into account, these studies
might not be adequately comparable.

Certain limitations of our study have to be addressed:
Parabolic flights have been known as established spaceflight
analog for emulation of acute states of microgravity. However,
as with other spaceflight analogs, there might be differences to
prolonged states of microgravity during human space missions.
In this regard, measurements of cardiovascular parameters
over longer periods might differ from our measurements
of acute alternating gravitational loads with rather short
periods of weightlessness of a little more than 20 s per
aviated parabola.

As motion sickness during the parabolic flight maneuvers
has been a common side effect in former flight campaigns,
application of scopolamine remains a strong recommendation
for all flight participants. Frankly, there was no strong scientific
justification for its use. On the other hand, in our pre-study
experiment prior to the campaign, we could show that use
of scopolamine does not interfere with our measurements
of sublingual microcirculation (Bimpong-Buta et al., 2018b).
However, one has to admit that other known effects of
scopolamine, in particular on the cardiovascular system, might
have altered our results. On the other hand, scopolamine has
an elimination half-life of approximately 2 h (Stetina et al,
2005), which might have mitigated its subsequent effects on our
measurements, as scopolamine was administered around 2 h

prior to takeoff.

Another point is that one has to bear in mind that
the sublingual microcirculation harbors tissue-specific
responsiveness that does not necessarily represent all

microcirculation of the human body, so that findings in
this particular vascular bed cannot necessarily be transferred to
all other vascular beds. However, as described earlier, in former
studies, the microcirculation could serve as a reliable predictor
of mortality outcomes and may gain further importance in
future studies as a tool of improvement of therapeutic strategies,
particularly for critically ill patients.

Finally, it should be noted that the CNAP monitor was
calibrated multiple times in the course of our data acquisition,
as mentioned above. Reasonable accuracy of its measurements
has been proven (Wagner et al, 2015; Rogge et al, 2017).
The intention of repeated calibrations was to ensure correct
measurements throughout the experiment. However, possible
impacts of macrocirculatory and microcirculatory changes on the
accuracy of the instrument cannot be fully excluded.

CONCLUSION

In summary of our works, as a novel approach, we could
demonstrate that the measurement of the sublingual
microcirculation in microgravity induced by parabolic flight
maneuvers is feasible. Our results underline the fact that
profound alterations of the macrocirculatory hemodynamic
parameters occur under these circumstances. In our setting,
these alterations were most prominent in seated postures
but not evident in supine postures, as could be anticipated
with regard to known abolished weight of blood columns in
supine postures. However, microcirculation remained stable in
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acute weightlessness regardless of body posture, suggesting
that localized and tissue-specific reactions in this vascular bed
might be causative. For instance, it would be interesting to
examine standing participants with a similar setting to investigate
about possible effects of a more prominent blood column in
standing postures. Here, we would expect more prominent
results of the documented differences as the weight of the
blood column in standing humans is again more than for
seated postures.

Future studies on cardiovascular parameters seem warranted
to learn more about physiologic circulatory response mechanisms
under these conditions. This could be helpful for establishments
of health safety strategies, as the good health of humans in space
will remain a primary concern for upcoming commercial and
scientific endeavors.
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Case presentation

An 81-year old lady was referred to
the authors’ clinic for the interventional
treatment of medically intractable, symp-
tomatic persistent atrial fibrillation. A pro-
cedure with radiofrequency catheter ab-
lation was scheduled. The three-dimen-
sional (3D) electroanatomic system Rhyth-
mia™ (Boston Scientific, Marlborough, MA,
USA) was implemented and high-density
electroanatomic voltage mapping of the
left atrium (LA) was acquired.

The voltage map of the LA showed at
index procedure extended scarring both
in the anterior and posterior wall with se-
vere fractionated potentials. Bilateral wide
antral circumferential ablation (WACA) of
the pulmonary vein (PV) antra followed.
After first pass ablation, a diagnostic multi-
polar basket catheter (Orion™, Boston Sci-
entific) was positioned inside each PV and
control for bidirectional electrical block
was performed. Three of four PVs were
effectively electrically isolated. After po-
sitioning the mapping catheter inside the
left superior pulmonary vein (LSPV) and
the ablation catheter inside the left atrial
appendage (LAA), the intracardiac electro-
grams of @Fig. 1 were acquired.

Question

Which of following statements is correct:

1. The LSPV is electrically isolated. The EP
tracings show far field signals from the
LAA.

2. The LSPV is not electrically isolated.
The EP tracings show only PV signal on
the mapping catheter.

3. The LSPV is not electrically isolated.
The EP tracings show both far field and
PV signals on the mapping catheter.
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Fig. 1 A Upper panel: Recordings from the surface electrocardiogram and intracardiac recordings from the Orion™ multi-
polar mapping catheter (A°~H*?), the ablation catheter (ABL"/>~ABL%#) and the coronary sinus catheter (CS"2-C5%9).
Lower panel: Three-dimensional electroanatomical mapping of the left atrium (LA) from the superior and left lateral view
and schematic presentation of intracardiac signals (ABL ablation catheter, CS coronary sinus, LA left atrium)
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Fig. 2 A Upper panel: Recordings from the surface electrocardiogram and intracardiac recordings from the Orion™ multi-
polar mapping catheter (A°~H*?), the ablation catheter (ABL">~ABL%#) and the coronary sinus catheter (CS"2-C5%9).
Lower panel: Three-dimensional electroanatomical mapping of the left atrium (LA) from the superior and left lateral view
and schematic presentation of intracardiac signals (ABL ablation catheter, CS coronary sinus, LA left atrium)

Correct answer: 3

Discussion

Differential pacing is a “traditional” elec-
trophysiological maneuver, offering valu-
able information for understanding and
differentiating the origin of recorded elec-
trical intracardiac signals during an elec-
trophysiological study. It is also a very
useful tool for confirming durable electri-
cal conduction block in the ablated areas
of any heart chamber [1, 2]. Despite the
currently available high density mapping
systems with sophisticated signal filters
and algorithms, differentiation between

far field signals and true local signals often
remains challenging. Such cases require
additional confirmation from “traditional”
electrophysiology, proving that “old” ma-
neuvers are still necessary in the modern
era.

In the present case, stimulation from
the LAA was performed and three signals
with different timings were recorded on
the Orion™ catheter. The first electrical po-
tential (LAA) is indeed the stimulation far
field signal from the LAA sensed from the
positioned mapping catheter in the LSPV.
The second electrical potential (LSPV) that
is clearly recorded on the H*> pole of the
Orion™ catheter is the local PV potential of
a non-isolated LSPV. Note the significant

timing difference between the LAA and
LSPV potentials recorded on the splines of
the Orion™ catheter (@ Fig. 2). The third
potential (LV) is indeed the far field signal
from the left ventricle (LV), as the recorded
timings are isochronal with LV far field sig-
nals of the catheter in the coronary sinus
(CS) and the QRS complex of the surface
ECG.

Additional radiofrequency lesions on
the roof of the left atrium—upper WACA
area—resulted in successful isolation of
the LSPV.

Herzschrittmachertherapie + Elektrophysiologie 3
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Conclusion

Differential pacing from the PVs and the
LAA is a very useful classical electrophys-
iological maneuver and is helpful for the
confirmation of successful pulmonary vein
isolation.
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Abstract: Background: we aimed at investigating the influence of weightlessness and hypergravity
by means of parabolic flight on the levels of the heart failure biomarkers H-FABP, sST2, IL-33, GDF-15,
suPAR and Fetuin-A. Methods: 14 healthy volunteers (males: eight; mean age: 28.9) undergoing
31 short-term phases of weightlessness and hypergravity were included. At different time points
(baseline, 1 h/24 h after parabolic flight), venous blood was drawn and analyzed by the use of ELISA.
Results: sST2 evidenced a significant decrease 24 h after parabolic flight (baseline vs. 24, p = 0.009;
1hvs. 24 h, p=0.004). A similar finding was observed for GDF-15 (baseline vs. 24 h, p =0.002; 1 h
vs. 24 h, p = 0.025). The suPAR showed a significant decrease 24 h after parabolic flight (baseline
vs. 24 h, p =0.1726; 1 h vs. 24 h, p = 0.009). Fetuin-A showed a significant increase at 1 h and 24 h
after parabolic flight (baseline vs. 24 h, p = 0.007; 1 h vs. 24 h, p = 0.04). H-FABP and IL-33 showed
no significant differences at all time points. Conclusion: Our results suggest a reduction in cardiac
stress induced by exposure to gravitational changes. Moreover, our findings indicate an influence of
gravitational changes on proliferative processes and calcium homeostasis.

Keywords: space medicine; parabolic flight; microgravity; weightlessness; biomarkers; heart failure

1. Introduction

Human space missions have experienced a revival in recent years. While the National Aeronautics
and Space Administration (NASA) aims for a manned mission to Mars in co-operation with other
space agencies, suborbital commercial space flights are about to enter the private sector. Given the
expected rise in manned space flights, space medicine is gaining major importance as a necessity for
safe and successful missions in the future [1].

In the absence of gravity, the human body undergoes multiple adaptational processes, which
have been analyzed in previous studies [2]. Above all, changes in the cardiovascular system have been
reported [3]. Cardiovascular causes are involved in the majority of medical complications in human
space missions and represent an important target in space medicine [3,4]. In this regard, the most
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significant change is an increase in cardiac output of up to 40% in microgravity [3,5]. In consequence,
a change in the baroreceptor reflex as well as in organ blood supply and a dysregulation of the
cerebrovascular system can be observed in weightlessness [3,6]. However, it remains unclear if
the increase in perfusion compensates for a higher metabolic demand in weightlessness or if the
peripheral resistance is too low for the human heart in microgravity conditions [7]. Given the observed
adaptational changes in the heart, recent studies also speculate about the possibility of a reduction
in cardiac performance due to the deconditioning and restructuring of the heart, thus inducing
heart failure and, in consequence, potential arrhythmias [8]. In addition to these changes, long-term
exposure to weightlessness was reported to cause a dysregulation of the immune system and an
alteration of the microbiome, leading to the increased virulence of pathogens in weightlessness [7].
Furthermore, atrophic processes in bones and muscles are frequent findings after long-term exposure to
weightlessness [9]. A recent investigation of our study group also observed a decrease in hemoglobin
and an increase in the glomerular filtration rate (GFR) [10]. However, while the changes mentioned
above have been described and analyzed extensively by numerous studies, further investigations of
the molecular background of these processes remain scarce.

Cardiac biomarkers have been studied extensively over recent years and represent novel and
promising diagnostic tools in the assessment of cardiovascular disease entities. Especially in heart
failure, biomarkers have been proven to have great potential regarding diagnosis and prognosis.
In this context, a multimarker approach was reported as most effective due to the incorporation
of different pathophysiological processes relevant to the cardiovascular system [11]. Among them,
the heart-type fatty acid binding protein (H-FABP—myocardial ischemia), soluble suppression of
tumorigenicity 2 (sST-2—myocardial strain/stress and inflammation) and its ligand interleukin-33
(IL-33—inflammation), growth differentiation factor-15 (GDF-15—inflammation, remodelling), soluble
urokinase-type plasminogen activator receptor (suPAR—inflammation, remodelling) and Fetuin-A
(vascular calcification) have shown promising results in prior studies and have also found clinical
application in the treatment of heart failure and cardiovascular disease [12-16].

Accordingly, given the lack of information on the molecular background of physiologic changes
in response to weightlessness, we sought to perform a head-to-head analysis of these six heart failure
biomarkers in humans undergoing parabolic flight as a spaceflight analogue. Thereby, we aimed to
better understand the molecular mechanisms and cardiac involvement in these adaptational processes
and thus enlighten the topic of weightlessness-induced heart failure.

2. Results

In total, this study included 14 healthy volunteers (eight males) with a mean age of 28.9 years.
The detailed baseline characteristics for all 14 volunteers are presented in Table 1.

Table 1. Baseline characteristics.

Age Height Weight BMI  BSA BP BP BP Heart

n Sex 2 2 Systolic Mean Diastolic Rate
(y) (m) (kg) (kg/m®)  (m?) (mmHg) (mmHg) (mmHg)  (bpm)
1 M 40 1.76 93 30 2.13 128 91 69 77
2 F 30 1.62 52 20 1.52 96 87 67 78
3 M 22 1.88 86 24 2.11 131 94 78 103
4 M 28 1.83 83 25 2.05 103 84 70 95
5 M 23 1.93 92 25 2.22 111 93 82 51
6 M 29 1.91 82 22 2.08 107 97 79 58
7 F 23 1.64 54 20 1.56 109 102 95 95
8 F 25 1.72 75 25 1.89 109 92 77 69
9 F 30 1.70 62 21 1.71 112 90 80 80
10 M 31 1.77 78 25 1.95 106 87 76 55
11 F 24 1.73 63 21 1.74 124 94 81 82
12 M 37 1.92 91 25 2.20 128 83 54 107
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Table 1. Cont.

30f12

Age Height Weight BMI  BSA Db BP BP ~ Heart
n Sex ) () (ke) (kg/m?)  (m?) Systolic Mean Diastolic Rate
y & (mmHg) (mmHg) (mmHg) (bpm)
13 M 31 1.82 86 26 2.10 126 99 86 87
14 F 31 1.79 76 24 1.90 108 85 73 78
Mean m=8 289 1.79 76.6 23.8 1.9 114.1 91.3 76.2 79.6

2.1. Biomarker Levels
2.1.1. sST2

The serum levels of sST2 remained unchanged 1 h after parabolic flight (2672 pg/mL; SEM
276 pg/mL) compared to the baseline levels (2800 pg/mL; SEM 380 pg/mL, p = 0.760). By 24 h after
parabolic flight (2050 pg/mL; SEM 199 pg/mL), a significant decrease in sST2 was found compared
to the values at baseline and at 1 h after parabolic flight (p = 0.009 and p = 0.004, respectively; see
Figure 1). This finding was consistent in the fold change analysis (baseline vs. 1 h, p = 1.0; baseline vs.
24 h,p=0.0085;1hvs. 24 h, p =0.006. See Figure 2).

2.1.2. IL-33

The serum levels of IL-33 were 545 pg/mL (SEM 392.0 pg/mL) at baseline, 521 pg/mL (SEM
396.0 pg/mL) after 1 h and 561 pg/mL (SEM 419.0 pg/mL) after 24 h. There were no significant
differences between the respective timepoints (baseline vs. 1 h, p = 1.0; baseline vs. 24 h, p = 0.6875; 1 h
vs. 24 h, p = 0.3750. See Figure 1). This finding was also consistent in the fold change analysis (baseline
vs. 1 h, p = 1.0; baseline vs. 24 h, p = 0.3750; 1 h vs. 24 h, p = 0.1563. See Figure 2).

2.1.3. H-FABP

The H-FABP levels remained without any significant changes and were 23,000 pg/mL (SEM
7000 pg/mL) at baseline, 25,000 pg/mL (SEM 9000) at one hour and 15,000 ng/mL (SEM 8000 ng/mL)
at 24 h after parabolic flight (baseline vs. 1 h, p = 0.625; baseline vs. 24 h, p = 0.3223; 1 h vs. 24 h,
p = 0.0977. See Figure 1). This finding was also consistent in the fold change analysis (baseline vs. 1 h,
p = 0.1094; baseline vs. 24 h, p = 0.2188; 1 h vs. 24 h, p = 0.0547. See Figure 2).

2.1.4. GDF-15

The GDF-15 levels were 385 pg/mL (SEM 51 pg/mL) at baseline and remained without significant
changes 1 h after parabolic flight (389 pg/mL; SEM 45 pg/mL, p = 0.9515). At 24 h after parabolic flight
(301 pg/mL; SEM 36 pg/mL), a significant decrease was evident (baseline vs. 24 h, p = 0.002; 1 h vs.
24 h, p = 0.025. See Figure 1). Similar findings were evident in the fold change analysis (baseline vs.
1 h, p=0.8552; baseline vs. 24 h, p = 0.0085; 1 h vs. 24 h, p = 0.0031. See Figure 2).

2.1.5. suPAR

The suPAR levels did not evidence significant changes one hour after parabolic flight compared to
the baseline values (1552 pg/mL; SEM 97 pg/mL and 1658 pg/mL; SEM 94 pg/mL, p = 0.1099). The levels
at 24 h after parabolic flight were significantly decreased (1415 pg/mL; SEM 107 pg/mL, p = 0.009))
compared to the values at 1 h, while no significant changes were apparent compared to the baseline
values (p = 0.1726; see Figure 1). This finding was also consistent in the fold change analysis (baseline
vs. 1 h, p =0.1272; baseline vs. 24 h, p = 0.1531; 1 h vs. 24 h, p = 0.004. See Figure 2).

2.1.6. Fetuin-A

The Fetuin-A levels were 173 ug/mL (SEM 18 ug/mL) at baseline without a significant change
at one hour after parabolic flight (297 ug/mL; SEM 55 ug/mL, p = 0.3). By 24 h after parabolic flight,
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Figure 1. Comparison of biomarker levels at baseline/1 h after/24 h after parabolic flight (ns = not

significant, * p < 0.05, ** p <0.01).
Figure 1. Comparison of biomarker levels at baseline/1 h after/24 h after parabolic flight (ns = not

significant, * p <0.05, ** p <0.01).
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Figure 2. Fold change analysis of biomarkers at 1 h after/24 h after parabolic flight (ns = not significant,

*p<0.05, **FP 0.01). . . o o
Figure 2. Fold change analysis of biomarkers at 1 h after/24 h after parabolic flight (ns =not significant,
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analysis is given in Table S1. There were no significant differences between male and female
volunteers regarding the biomarker levels and laboratory parameters (Table S2).

3. Discussion
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3. Discussion

Along with a growing focus on human space missions, space medicine as a prerequisite for
safe and successful missions has gained significant awareness in recent years [3]. While different
adaptational processes have been reported by numerous studies, cardiovascular complications still
constitute the most important issues encountered during space travel [3,9]. The latest studies have
also reported a potential deconditioning and restructuring of the heart, leading to heart failure [8].
However, the molecular mechanisms behind these findings remain largely unknown, thus giving rise
to further investigations. Accordingly, to further analyze these adaptational processes and to address
the topic of weightlessness-induced heart failure, we aimed for an analysis of heart failure biomarkers
in response to parabolic flight as a spaceflight analogue.

Regarding the levels of sST2, we found a significant decrease 24 h after parabolic flight, while no
changes were observed one hour after parabolic flight. While the membrane-bound ST2L receptor
mediates cardioprotection by the binding of IL -33, sST2 acts as a decoy receptor for IL-33, thus
preventing its (beneficial) effects [12]. Additionally, the correlation of the baseline levels of sST2 and
CRP points out its suspected involvement in inflammatory processes [12]. sST2 is associated with
increased cardiac strain and cardiac fibrosis and is elevated in clinical scenarios of heart failure and
acute coronary syndrome [17]. Vice versa, the decrease in sST2 observed in our study could constitute
an indicator of a reduction in cardiac stress and strain [12]. Our findings match at least in part former
studies that speculate about an influence of microgravity on cardiac stress and cardiac strain. Among
others, Iskovitz et al. reported a reduction in cardiac stress in microgravity, while the left ventricular
strain distributions where not significantly different in different gravitational fields [8]. Additionally,
an increase in left atrial and left ventricular volume was reported [18]. Together with an increase
in cardiac output of up to 40% in zero gravity, as reported in former studies, a reduction in cardiac
stress may seem contradictory [19]. However, cardioprotective effects, such as a reduction in heart
rate as well as a decrease in peripheral vascular resistance, have been observed in weightlessness,
similar to the therapeutic effects of heart failure treatment in the clinical setting [19]. Accordingly, these
effects seem to surpass the cardiac stress induced by the increased pre-load volume in zero gravity.
However, a recent study proposed a decrease in cardiac performance by means of the deconditioning
and restructuring of the heart in response to the reduction in cardiac stress [8].

Interestingly, no significant changes were observed regarding the levels of IL-33 in our study.
However, a trend towards higher levels was evident 24 h after parabolic flight. Considering that IL-33
represents the only known ligand for the ST2-receptor, an IL-33-independent effect induced by sST2
seems unlikely [20]. Accordingly, a delay in the increase in IL-33 in response to the decrease in its
decoy receptor seems the most probable explanation for the lack of dynamic in IL-33. This is mainly
attributed to the small time period in which the biomarker measurements were conducted.

Besides its cardioprotective effects, IL-33 is involved in numerous immunologic processes. It is
responsible for immunomodulation, influencing the secretion and interaction of a range of immune
defense cells, particularly T helper 2 (TH2) cells, mast cells, group 2 innate lymphoid cells, (ILC2s),
regulatory T (Treg) cells, TH1 cells, CD8+ T cells and natural killer (NK) cells [21,22]. However, the
interaction between these cell types and the role of IL-33 is not fully understood yet. Nevertheless,
given the immunomodulatory role of IL-33, a decrease in sST2 might also be involved in the alterations
of the immune system in weightlessness described in previous studies [23]. An essential role of
IL-33 in allergic diseases, such as bronchial asthma and atopic dermatitis, further highlights the
immunomodulatory effects of IL-33 and thus also of weightlessness [22]. Accordingly, the ST2/IL-33
interaction offers a promising target for space medicine in the future.

In contrast, the H-FABP levels did not show any significant changes at 1 h and 24 h after parabolic
flight. H-FABP constitutes a highly sensitive marker of myocardial ischemia and myocardial damage,
providing a sensitivity even superior to troponin [24]. Accordingly, these findings again indicate no
increase in cardiac stress in response to gravity changes. Furthermore, based on these results, it seems
that the myocardial oxygen demand is not critically elevated in response to gravitational changes.
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Of note, considering the minimal secretion of H-FABP in non-ischemic cells together with our young
and healthy study collective, a potential decrease in H-FABP levels in response to gravitational changes
must be assumed as not detectable. This finding also suits a former study of our working group
on the influence of parabolic flight on different blood parameters. Similar to H-FABP, we could not
detect any significant changes in Troponin and BNP in response to parabolic flight [10]. This again
emphasizes the assumption that no significant myocardial ischemia is induced by the gravitational
changes encountered in parabolic flight. The levels of GDF-15 were significantly decreased at 1 h
and showed a further decline at 24 h after parabolic flight. Accordingly, given its involvement in the
response to cardiac stress and myocardial ischemia as well as coronary artery disease, the observed
decrease in GDF-15 further supports the assumption of a reduction in cardiac stress and ischemia in
response to microgravity [14]. However, as GDF-15 is also involved in inflammatory processes and
the regulation of apoptosis and remodeling, it seems that the exposure to weightlessness could also
have an additional influence on processes regarding the cell cycle and immune system, as was also
proposed by recent studies [7,25]. Accordingly, the correlation of the GDF-15 levels at baseline with
the CRP levels in our analyses matches former studies. In this regard, a recent study also reported an
involvement of GDF-15 in the modulation of transcriptional regulation in the Smad pathway [25].

This theory is further confirmed by analyzing the levels of suPAR, which showed a significant
decrease 24 h after parabolic flight, without any significant changes 1 h after parabolic flight. suPAR is
a reliable indicator for the activity level of the immune and inflammatory system and correlates with
organ damage in diverse organ systems, including the cardiovascular system [15,26]. Thus, the decrease
in suPAR in response to zero gravity seems to indicate an anti-inflammatory effect accompanied by
a decrease in the activity of the immune system. This finding matches the results of prior studies,
describing an impairment of the immune system in zero gravity [7].

In contrast to the markers discussed above, Fetuin-A showed a significant increase 24 h after
exposure to parabolic flight. Given the involvement of Fetuin-A in calcium homeostasis and vascular
and tissue calcification, a decrease in free calcium levels resulting in a reduction in extraosseous
calcification with a calcium shift towards the intraosseous departments could be suspected [16].
However, this finding represents a contradiction to the reports of osteoporotic processes in astronauts
after long-term exposure to weightlessness in former studies [9]. Since our study proposes a possible
reduction in extraosseous calcification processes at least in response to short-term gravitational changes,
a change in calcium-homeostasis between short- and long-term exposures should be considered. Of
note, metabolic diseases known to interfere with the secretion of Fetuin-A (e.g., diabetes, CKD) were
ruled out in all study subjects.

Another important point with regard to our results is the biological variability of the tested
biomarkers, since different timepoints were defined for the analysis of these markers. Of note,
investigations into the circadian dynamics of GDF-15, suPAR, H-FABP and the sST2/IL-33 pathway
were conducted in former studies [27-32]. Except for suPAR, which did not show a diurnal secretion
pattern, a circadian dynamic was reported, with an interval of about 12 h between the peak and
nadir in the majority of cases. Of note, the differences observed with regards to a circadian dynamic
are lower than the changes observed in response to parabolic flight. While research on a potential
circadian dynamic of Fetuin-A is still a matter for further investigation, recent studies have shown a
stable expression pattern without significant changes over 72 h [33]. Accordingly, given the timepoints
of blood-sampling with measurements at 5 h and 24 h after the baseline measurements, as well as
the predominantly clockwise dynamic with comparably low circadian changes in biomarker levels,
a difference in diurnal secretion patterns seems unlikely as a relevant confounder of our findings.
Thus, with respect to the secretion profile of our tested heart failure biomarkers, we found molecular
correlates for several weightlessness-dependent changes described in former studies. Above all,
similar to former investigations, we suspect a decrease in cardiac stress, which might be most probably
based on the decrease in peripheral vascular resistance and heart rate observed in zero-gravity. These
findings are supported by studies that show a significant increase in cardiac biomarkers with long-term
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physical activity [34]. Moreover, studies showing cardiac atrophy with an up-to-12% reduction in
left ventricular mass in weightlessness underline the significant decrease in cardiac stress in zero
gravity [3]. Additionally, further investigations in simulated microgravity and computer models
observed a potential reduction in cardiac stress [8]. Accordingly, in synopsis with our findings and
former studies, both indicating a decrease in cardiac stress, a potential reduction in cardiac performance
by means of deconditioning and restructuring of the heart in response to weightlessness has to be
taken into account. In this regard, the potential development of heart failure in long-term exposure to
weightlessness represents an important target for future studies. Furthermore, our data emphasize
the potential influence of weightlessness on the immune system through impairment and a decrease
in inflammatory activation, reflected in the reduction in inflammatory biomarkers [7]. Additionally,
our findings propose a potential difference in calcium homeostasis between short- and long-term space
missions. While osteoporotic changes are observed in long-term missions, based on our findings,
a short-time exposure to weightlessness may have an opposite effect [9,16].

However, given the novelty and the hypothesis-generating approach of the present study, the
possible practical application of our findings will remain a topic for further investigation. Nevertheless,
heart failure biomarkers could be of great benefit in the course of the timely identification of people
at risk for complications in zero gravity, similar to risk stratification in clinical medicine [35]. In this
regard, a multimarker measurement seems the most promising approach. By incorporating different
pathophysiological processes present in the response to gravitational changes, heart failure biomarkers
could be of value as monitoring and safety parameters, particularly in the course of preventive medical
care for crews on long-term space missions.

4. Materials and Methods

4.1. Participants

The study was conducted in accordance with the Declaration of Helsinki (1975, revised in 2008)
and the protocol was approved by the German Ethics Committee of the Medical Faculty of the
University Hospital Duesseldorf, Germany (Date of approval: August 14th, 2017; Project Identification
number: 2017054297) and by the French Ethics Committee (Comité de Protection des Personnes (CPP
Nord-Ouest III) of the Medical Faculty of the University of Caen (Date of approval: 6 September
2017; Project Identification number: 2017-A01185-48). In total, we enrolled 14 healthy participants in
this study. Recruitment was conducted at the University Hospital of Duesseldorf, Germany. All the
participants signed a written informed consent form. The inclusion criteria were defined as: age
>18 years, airworthiness, cardiorespiratory health, spontaneous circulation and signed informed
consent. The exclusion criteria were defined as: a history of primary cardiovascular and respiratory
diseases or the regular intake of medication, except for oral contraceptives; missing or withdrawal of
informed consent; insufficient requirements for airworthiness; and a positive pregnancy test. Further
details have been published in a study outline paper of our study group [36].

4.2. Parabolic Flight

A “Parabolic flight” represents a special aerial maneuver aimed at achieving a state of
weightlessness (Figure 3). From a stabilized level-flight altitude (1 g), a steep ascent up to 47°
is initiated by the pilots (1.8 g). After this climb, the so-called “injection” maneuver is performed. The
power thrust is reduced, and the plane is directed into descent to follow the trajectory. During this
phase, the vertical load factor shifts to zero gravity. With the plane tilting forward, the exit phase is
initiated, leading to an up-to-45° descent and a second phase of hypergravity (1.8 g), before re-entering
the steady flight (1 g) [37]. Each phase averages between 20 and 25 s, respectively [37].



Int. J. Mol. Sci. 2020, 21, 3467 9of12
Int. ]. Mol. Sci. 2020, 21, x FOR PEER REVIEW 9of 12

Fiiatre s irshationataparaRalicdiaht mans s (Rmiahtdy NSRS

4.3. Experimental Set-Up
4.3. Experimental Set-Up

The study was conducted as part of the 31st Parabolic thglt Campaign (PFCi)of the German space
agenty DL ZaNdysted AP ARl RS L RersSEls WISk a‘i%p%%“ ohbilisg shiet
S ERCBAE e denipin b L s Rabd erl}gtrr‘r?&é% ARSI 90l BiRGE, R
Nt nandi&Hﬂ%a fourl}Pgﬁée N LrancseAhilights e RemS fﬁféomfﬁ% AYS) Pace;/
daRmce o%lgila%?m%l R ﬂua%su%yemﬁarﬁf&n%ua slon e ﬁ%u 3% Fobblmtt/ RS a0
Sl a e &Ed t%%eﬁa %%E%Q%ﬁ%@% gy ariggf i
rticipa ood s €s wer I 1 ol
g ﬁ%%%%?gi%sﬁlge%%eooof 6 a7?5tm1§; gneara ur, af }‘:felr }t?];;e rab hcz6 fliyht&(éﬁﬁ ptl Ot E:p%ra%o'iht
1 m sam les ere co ecte RS us panet Tes at‘ each ime point,
egg?rr’l tht%g ?O?P %fnﬂl he;[t %aqo y c)u%amer ts aggg I%ecteorref Eﬁlclﬁlr’ﬁesgrw ogqut%%l]@aev%u&%uf%gs
SB Hme SESIK ngh%sn%gﬁhe &é%wﬁg%ef%%%%rs@%@ vaghiaimer tbes (ecton Pickinson A %ta%
Vleav 1 gSAl’ lS) eRef%rence %e?(?f%glgu%le smé q&) ()I(i(igerence f 3xg7\?(5)f1ﬁ tube5s1zE) 7"1511 ¢ serum éa E\ﬂe

a(f1 S5 S rB O3B dnePardHRs a(Feé‘Ef@ECFo AR A %sﬁlszgftler%foo%i Tk G,y olume: 5 m
The serum sample aliquots were frozen and stored at"-80 °C for further analys1s after blood

withdranealeal Analysis

44. Séﬁgﬁg@tﬁ%?géysis was performed using GraphPad Prism software (GraphPad Software, USA)
and SPSS (IBM SPSS Statistics, USA). Correlation analyses were conducted using Spearman’s Rank

corrébatidiistical analy sisevas R iQrmed singdrtrnaled Srispinettwans (SEarhPaskSobhivartr iRy
BrbRIma BN sltsreetntishesy MRt wersieation-eaalyics wernsRuABreHMeHE SRR STR ARk
e elbicinésl SRdh ATEYRIL 3% 8B dosfatdard £150d ehihg ey SEMY e SORCERAHRRAGh
hipmarkershedwaan Sinaneinty vstesenpassdersinadhedddirpxpmetshednairates bl oo s
roblsiRegS, oF %%fér?;lgpgﬁa ye@de0 conducted a fold change analysis, again using the Wilcoxon

matched-pairs test. p-values < 0.05 were considered statistically significant. A p-value of <0.05 was
ibd@abediusidnand a p of <0.01 as **.
In conclusion, our findings indicate a decrease in cardiac stress, matching former studies. On this

5. Conclusions
regard, a potential reduction in cardiac performance by means of deconditioning and restructuring of

the Heaepfichusightlessnbissdingst bediakée indeareanenin Rarehaeratrssom atishing dgesten safliesncoof
thisightiaghess drofieatiamiadusyivemithrearghaen peitiorneand biedesndndhfdesanddipninty atuh.
rastditgbraily, ofuthindienrd propsightiesteredal mhifférdecéakernlsitanahoredstivisthetmers, shortdatal
Joggetdan mxibosnee 0b weightikssiresssoHbw ivenugie syistearibreltghivdphiehepbehek isdasneaseiiy
imploroachtofthaqsireationstidisl fiethalhin wastignibing srpitepeda pta poten hab@difesereeniarrealid m-

homeostasis between short- and long-term exposure to weightlessness. However, given the novelty

and the hypothesis-generating approach of the present study, further investigations on the

adaptational processes are warranted.

6. Limitations
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6. Limitations

The biggest limitation of our study constitutes the small sample size, especially with regards to the
biological and analytical variability of biomarkers. Nevertheless, the changes in biomarker levels were
consistent in a fold change analysis, thus indicating robust results. When interpreting the findings of
our study, one must keep in mind that the time frames of actual zero gravity were limited in the course of
the parabolic flight maneuver. During an average flight day, the cumulative duration of weightlessness
in total averaged 11 min and 20 s. Moreover, hypergravity must be considered as a potential confounder
in parabolic flight. However, studies have shown a good comparability of short-time weightlessness
by means of parabolic flight with space missions with regards to hemodynamic changes. Additionally,
given the lack of previous analyses, no reference values are available in the literature. Thus, the
hypothesis-generating character of this study must be emphasized.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/3467/s1.
Table S1: Correlation analysis of biomarker expression and baseline characteristics/laboratory parameters. Table
S2: Analysis on gender related differences in biomarker levels.
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CKD chronic kidney disease

DLR Deutsches Zentrum fiir Luft- und Raumfahrt
ELISA enzyme-linked immunosorbent assay

g gravitational force

GDEF-15 growth differentiation factor-15
H-FABP heart-type fatty acid binding protein

IL-33 interleukin-33

NASA National Aeronautics and Space Administration

PFC parabolic flight campaign

sST2 soluble suppression of tumorigenicity 2

suPAR soluble urokinase-type plasminogen activator receptor
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Exposure to acute normobaric
hypoxia results in adaptions
of both the macro-

and microcirculatory system

Moritz Mirna®°, Nana-Yaw Bimpong-Buta?°, Fabian Hoffmann®*, Thaer Abusamrah?,
Thorben Knost?, Oliver Sander®, Yayu Monica Hew®, Michael Lichtenauver?,

Johanna M. Muessig?, Raphael Romano Bruno?, Malte Kelm?, Jochen Zange?,

Jilada Wilhelm?, Ulrich Limper®’, Jens Jordan®#, Jens Tank® & Christian Jung?**

Although acute hypoxia is of utmost pathophysiologic relevance in health and disease, studies on

its effects on both the macro- and microcirculation are scarce. Herein, we provide a comprehensive
analysis of the effects of acute normobaric hypoxia on human macro- and microcirculation. 20 healthy
participants were enrolled in this study. Hypoxia was induced in a normobaric hypoxia chamber by
decreasing the partial pressure of oxygen in inhaled air stepwisely (pO,; 21.25 kPa (0 k), 16.42 kPa

(2 k), 12.63 kPa (4 k) and 9.64 kPa (6 k)). Macrocirculatory effects were assessed by cardiac output
measurements, microcirculatory changes were investigated by sidestream dark-field imaging in

the sublingual capillary bed and videocapillaroscopy at the nailfold. Exposure to hypoxia resulted

in a decrease of systemic vascular resistance (p <0.0001) and diastolic blood pressure (p=0.014).
Concomitantly, we observed an increase in heart rate (p <0.0001) and an increase of cardiac output
(p<0.0001). In the sublingual microcirculation, exposure to hypoxia resulted in an increase of total
vessel density, proportion of perfused vessels and perfused vessel density. Furthermore, we observed
an increase in peripheral capillary density. Exposure to acute hypoxia results in vasodilatation

of resistance arteries, as well as recruitment of microvessels of the central and peripheral
microcirculation. The observed macro- and microcirculatory effects are most likely a result from
compensatory mechanisms to ensure adequate tissue oxygenation.
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CDh Peripheral capillary diameter
CO Cardiac output

CPI Cardiac performance index
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LLS Lake Louise Score

NC Number of crossings

NIRS Near-infrared spectroscopy
PCD  Peripheral capillary recruitment
pCO, Partial pressure of carbon dioxide
PNC  Perfused number of crossings
pO,  Partial pressure of oxygen

PPV Proportion of perfused vessels
PVD  Perfused vessel density

SBP  Systolic blood pressure

SV Stroke volume

SVR  Systemic vascular resistance
THb  Total hemoglobin concentration
TSI Tissue saturation index

TVD  Total vessel density

The microcirculatory system comprises a network of small blood vessels with a pivotal role in maintaining
adequate tissue perfusion, oxygenation and nutrient supply at the cellular level. Anatomically, the network con-
sists of arterioles, venules and capillaries, with diameters well below 100 um?. Current evidence suggests that the
microcirculation plays a paramount role in the pathophysiology of multi-organ failure in critically ill patients,
which is why the evaluation of microcirculatory disorders is gaining increasing recognition in intensive care
medicine®. In fact, reduced cardiac output, changes in peripheral vascular resistance or alterations of the volume
status or pH-value can lead to microcirculatory disorders, which result in tissue edema®*, inadequate tissue perfu-
sion and, subsequently, reduced cellular oxygen supply>*. The resulting tissue hypoxia markedly aggravates tissue
damage and thus promotes end-organ dysfunction in critically ill patients with sepsis or shock, which is why
the restoration of tissue perfusion and oxygenation constitutes a paramount treatment goal in clinical practice®.

Tissue hypoxia resulting from an inadequate uptake of ambient oxygen or an increase in cellular oxygen
demand is one of the key features of the critically ill patient’. Since hypoxaemia, defi ed as a decrease in arterial
oxygen tension®, is also a predominant feature of the high-altitude environment, research on the pathophysiologic
processes behind hypoxia was signifi antly facilitated with the advent of altitude simulation tests’. On the cellular
level, hypoxic stress initiates a transcriptional response by hypoxia inducible factors (HIF; during intermittent
hypoxia predominately HIF-1a!"'?), which leads to a reduction of cellular energy consumption, a secretion of
pro-angiogenic and survival factors'’, and qualitative changes in mitochondrial function'?, which in turn results
in alterations of the cardiovascular, haematological and even urinary physiology'*!>. Among the observed physi-
ological alterations in response to hypoxia, the effects on the human macrocirculatory system have been subject to
several extensive scientific investigations in the past. Hence, acute hypoxia is known to result in an initial increase
in heart rate, blood pressure and cardiac output, whereas a decrease in stroke volume can be observed only after
a few days of exposure'®~'8. In contrast, studies concerning the effects of hypoxia on the microcirculatory system
are comparatively scarce. For example, previous studies reported an increase in sublingual microcirculatory
blood fl w and capillary density after ascent to high altitudes'**, which suggests microvascular recruitment
after exposure to hypobaric hypoxia?'. However, recent studies also reported that the physiological adaptions
to hypobaric hypoxia can differ substantially from those to normobaric hypoxia®»*, which is why the results of
studies conducted in high altitude can not be fully applied to the normobaric environment.

Since the microcirculation constitutes one of the central components where hypoxia mediates its unfavourable
effects in critically ill patients, a thorough investigation of the effects of normobaric hypoxia on the microcir-
culatory system, with regards to its interplay with larger vessels, is of interest. To further elucidate this matter,
we conducted an altitude simulation test and investigated both the macro- and microcirculatory effects of acute
normobaric hypoxia (Fig. 1 provides an overview of the conducted measurements).

Results

In total, we enrolled 20 healthy subjects in this study, who had no signifi ant experience in climbing or com-
petitive sports. Of the subjects enrolled, the majority was male (n=11, 55%), the median age was 29 years (IQR
25-31) and the median body mass index (BMI) was 23 kg/m? (IQR 21-25.3). At baseline, the median systolic
blood pressure (SBP) was 115 mmHg (IQR 106-128), the median diastolic blood pressure (DBP) was 70 mmHg
(IQR 64.5-75), the median heart rate (HR) was 67 beats per minute (bpm; IQR 61.5-70), the median peripheral
oxygen staturation (SpO,) was 97% (IQR 96-98) and the median respiratory rate was 16 min™! (IQR 14-17, see
Table 1). Eighteen subjects completed the entire hypoxia protocol.

The atmospheric data of the two hypoxia runs are displayed in Supplementary Figure 1. Briefly, the partial
pressure of oxygen (pO,) in ambient air decreased significantly throughout the two hypoxia runs, whereas humid-
ity, temperature, overall pressure and the partial pressure of carbon dioxide (pCO,) remained relatively stable.

Regarding symptoms of acute mountain sickness (AMS), the median Lake Louise Score (LLS) at baseline was
0.2 points (IQR 0.0-0.6), with a gradual increase to the median LLS of 3.8 points (IQR 1.7-4.4) at 6 k.

Exposure to hypoxia resulted in a signifi ant decrease of DBP, but it did not result in a change of SBP.
Whereas HR increased signifi antly throughout the two tests, stroke volume remained unchanged. Systemic
vascular resistance decreased, whereas cardiac output (CO) and cardiac performance index (CPI) increased
signifi antly (see Fig. 2, Table 2 and Suppl. Figure 2). Furthermore, exposure to hypoxia resulted in a signifi ant
decrease of SpO, and a signficant increase in respiratory rate, as expected (see Table 2). Notably, there was no

Scientific Reports |

(2020) 10:20938 | https://doi.org/10.1038/s41598-020-77724-5 nature research



www.nature.com/scientificreports/

Figure 1. Schematic representation of the conducted measurements during the two hypoxia tests. TVD total
vessel density, PPV proportion of perfused vessels, PVD perfused vessel density, PCD peripheral capillary
recruitment, CD peripheral capillary diameter, SV stroke volume, HR heart rate, CO cardiac output, SBP systolic
blood pressure, DBP diastolic blood pressure, SVR systemic vascular resistance, TSI tissue saturation index, THb
total hemoglobin concentration.

% n (total =20)
Sex (% male) 55 11

Median | IQR
Age (years) 29 25-31
BMI (kg/m?) 23 21-253
Height (cm) 176.5 169.5-181.3
Weight (kg) 71.5 63.8-78.5
Systolic blood pressure (mmHg) 115 106-128
Diastolic blood pressure (mmHg) 70 64.5-75
Heart rate (bpm) 67 61.5-70
Respiratory rate (min™") 16 14-17
Peripheral oxygen saturation (%) 97 96-98

Table 1. Baseline characteristics of the subjects enrolled.

change in oxygen delivery (DO,), although a trend towards an initial decrease, followed by an increase to 6 k,
was observed (see Table 2).

In the sublingual microcirculation, acute hypoxia resulted in an increase in the number of crossings (NC),
total vessel density (TVD), perfused number of crossings (PNC), proportion of perfused vessels (PPV) and
perfused vessel density (PVD; see Fig. 3, Table 2 and Suppl. Figure 2).

In the capillary bed of the nailfold, we observed a signifi ant increase in peripheral capillary recruitment
(PCD) at 2 k and 4 k when compared to the baseline values (0 k mean: 78.33% vs. 2 k: 84.72% and 4 k: 83.01%,
p<0.01, see Fig. 3, Table 2 and Supplementary Figure 3). Correspondingly, the mean peripheral capillary diameter
(CD) of arterial limb (11.6 um at 0 k), apex (16.6 pm at 0 k) and venous limb (15.7 um at 0 k) showed a signifi-
cant increase of 4% at 2 k (all p <0.05) and 2% at 4 k (apex signifi ant at p=0.049). As estimated by the law of
Hagen-Poiseuille**, which states that the fl w rate is proportional to the radius of the vessel to the fourth power,
the average fl w increases corresponded to 17% (2 k) and 8% (4 k) and additionally 5% due to the increased
capillary recruitment. Notably, the initial increase in PCD and CD was followed by a decrease in both variables
at 6 k (see Table 2). A graphical overview of the findings concerning the macro- and microcirulatory system is
provided in Supplementary Figure 2.

Changes in peripheral microcirculation did not result in clinical signs of increased microvascular perme-
ability, since we observed no significant peripheral edema after hypoxia, as assessed by ultrasonographic tissue
thickness of the lower leg or the forehead (see Table 2).

Concerning tissue oxygenation, we found only moderately diverging baseline values of the tissue saturation
index (TSI) in both muscles at rest (see Table 2), but total hemoglobin concentration (THb) was almost three
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Figure 2. Systolic blood pressure (SBP), diastolic blood pressure (DBP), heart rate (HR), stroke volume (SV),
systemic vascular resistance (SVR), cardiac output (CO) and cardiac performance index (CPI) throughout the
altitude simulation test. *p <0.05, **p <0.01 and ***p <0.001.

times higher in the tongue than in the vastus lateralis muscle. Similar to the decrease in SpO,, hypoxia resulted
in a statistically signifi ant, yet comparatively low change of the TSI of the tongue at 4 k and 6 k (baseline: mean
63.6% to 4 k: mean 58.3%, p=0.01, and 6 k: mean 59.7%, p=0.009) and of the vastus lateralis muscle at 6 k (base-
line: mean 69.6% to 6 k: mean 66.4%, p=0.013) when compared to the respective baseline values. In the tongue,
however, the decrease in TSI in reponse to hypoxia reached statistical signifi ance at more moderate levels of
hypoxia and was in total more pronounced than in the vastus lateralis muscle. The THb was not signifi antly
influenced by exposure to hypoxia (see Fig. 4 and Table 2). Also, the systemic red blood cell counts (RBC) and
hemoglobin concentration remained unchangend (see Table 2).
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50 m (0 k) 2000 m (2 k) 4000 m (4 k) 6000 m (6 k)

Median | IQR Median | IQR Median | IQR Median | IQR p value
Hemorheological variables
Red blood cell count |, 43-55 49 42-54 49 43-54 49 43-53 0.984
(per pL)
Hemoglobin (g/dl) 14.8 129-157 | 144 13.0-157 | 145 12.8-155 | 14.6 12.7-15.5 0.944
é:l%‘l‘;l oxygen content | 5, 182-222 | 192 171217 | 173 153-19.0 | 157 13.6-174 | <0.0001
gﬁ;‘ge“ delivery (ml/ | 5 971.8-1189 | 1069 950.4-1209 | 1040 916.4-1139 | 1128 977.2-1255 | 0.455
Macrocirculation
Peripheral oxygen 97 97-97.5 95 93-97 84 80-87 80 67-83.5 <0.0001
saturation (%)
Respiratory rate 16 14-16 18 16-18 18 16-22 24 21-28 <0.0001
(breaths per minute)
Systolic blood pressure

115 105-130 114 103-122 116 103-119 110 104-122 0.251
(mmHg)
Diastolic blood pressure | 63-76 68 58-75 66 64-70 65 63-74 0.014
(mmHg)
Systemic vascular resist- | ¢ 1072-1421 | 1199 982-1352 | 1067 951-1152 | 940 814-1125 | <0.0001
ance (dynes*s/cm?)
Heart rate (bpm) 65 60-70 66 61-72 76 69-86 80 73-92 <0.0001
Stroke volume (ml) 83 77-91 84 78-93 82 76-89 87 78-93 0.281
Cardiac output (I/min) | 5.35 4.60-6.08 | 5.56 4.80-640 | 6.00 5.60-7.00 | 7.20 5.60-8.10 | <0.0001
Cardiac performance |, ., 0.48-0.59 | 0.53 0.48-0.63 | 0.60 0.54-0.69 | 0.67 0.53-0.75 | <0.0001

index (I/min/m? BSA)

Sublingual microcirulation

Perfused number of

! 32 27-37 33 27-40 35 29-39 36 30-42 <0.0001

crossmgs
Perfused vessel density | ¢ o 5.7-7.8 7.0 57-85 7.4 6.2-8.3 7.7 6.4-8.9 <0.0001
(mm/mm?)
Proportion of perfused | o, 89-97 94 89-98 95 90-98 95 91-100 0.017
vessels (%)
Number of crossings 34 30-39 36 30-42 37 31-42 39 32-44 <0.0001
Total vessel density 7.2 6.4-8.3 7.7 6.4-8.9 7.9 6.6-8.9 8.3 6.9-9.4 <0.0001
(mm/mm?)

Mean SEM Mean SEM Mean SEM Mean SEM p value
Peripheral microcirculation
Vessel density (n/mm?) | 6.69 1.51 7.26 1.72 7.07 1.94 7.29 1.74 <0.01
Peripheral capillary | ;g 33| g 5 8472|015 8301 | 017 83.45 | 0.14 <0.01
recruitment (%)
Peripheral capillary 1658 | 7.77 1732|809 1699 | 826 1714|812 0.01
diameter, apex (um)

Baseline Post hypoxia

Median | IQR Median | IQR p value
Peripheral edema (tissue thickness)
Leg (mm) 5.14 44-7.0 5.54 47-6.4 0.936
Forehead (mm) 4.85 44-538 4.98 44-5.6 0.184

Mean SEM Mean SEM Mean SEM Mean SEM p value

Tissue oxygen saturation

Tissue saturation index

) 63.57 |1.27 6151 | 0.90 5831 [ 1.10 59.66 | 0.98 0.044
tongue (%)
Tissue saturation index
Mvastus Tat. (%) 69.59 | 0.81 69.58 | 0.62 6823 |0.97 6637 | 1.10 0.145
Total hemoglobin 129.5 414 136.3 5.56 123.1 6.91 1238 7.24 0.356
tongue (pmol/l)
Total hemoglobin 4827 | 3.94 4683 | 3.56 4957 | 4.48 4843 | 4.20 0.997

M.vastus lat. (umol/l)

Table 2. Investigated variables throughout the altitude simulation tests.

In the two hypoxia runs conducted, a total of 2 subjects had to exit the test prematurely because of severe
symptoms of AMS. These two participants did not show any difference in the investigated macro- and microcir-
culatory variables when compared to participants who did not exit the tests prematurely.
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Figure 3. Perfused number of crossings (PNC), perfused vessel density (PVD), proportion of perfused vessels
(PPV), number of crossings (NC), total vessel density (TVD), and peripheral capillary recruitment (PCD)
throughout the altitude simulation test. *p <0.05, **p <0.01 and ***p <0.001.

Participants who showed objective hypoxia, as portrayed by an SpO, <75% at 6 k (SpO,<75%: n=8) had
a signifi antly higher LLS at 2 k (median 1.7 vs. 0.5, p=0.015), but a signifi antly lower respiratory rate at 6 k
(median 21.3 breathspm vs. 27.7 breathspm p=0.026). Moreover, the increase in HR from baseline to 6 k was
significantly higher in these patients (Delta HR at 6 k: 23.8 vs. 10.1, p=0.036).

Supplementary Table 1 depicts an overview of the differences between female and male participants, while
the rest of the investigated variables were not different between the two genders. Compared to male participants,
we observed a significantly lower SBP, DBP and THb of the vastus lateralis muscle in female subjects.

Discussion

In the last decades, several studies have investigated the effects of hypoxia on the human macrocirculation.
According to current evidence, chronic hypoxia leads to a signifi ant increase of systolic and diastolic blood
pressure by an overstimulation of the adrenergic and renin-angiotensin system?>*, as well as a downregulation
of endothelial NO synthase (eNOS)?". Hence, long-term hypoxia is regarded a key precursor in the pathogenesis
of arterial hypertension in patients with obstructive sleep apnea (OSA)?. In contrast, acute hypoxia is known to
result in local or systemic vasodilatation via nitric oxide (NO), which is a direct result of enhanced secretion of
adenosine, adenosine triphosphate (ATP), prostaglandins (PGs) and adrenaline?, and constitutes a compensa-
tory mechanism to ensure adequate tissue perfusion®**!.

Scientific Reports |

(2020) 10:20938 | https://doi.org/10.1038/s41598-020-77724-5 nature research



www.nature.com/scientificreports/

Figure 4. Tissue saturation index (TSI), Delta-TSI and total hemoglobin concentration (THDb) of the tongue
and the vastus lateralis muscle throughout the hypoxia test. T denotes the t-test of vastus lat. versus tongue at 4 k,
where the p value was < 0.05; F denotes the t-tests of the tongue and vastus lat. at 4 k versus 0 k, where the p value
was <0.01; § denotes the t-test of the tongue at 6 k versus 0 k, where the p value was <0.05. *p <0.05, **p <0.01
and ***p <0.001.

In our study, exposure to normobaric hypoxia resulted in profound systemic hypoxaemia, as portrayed by a
significant decrease in SpO,. In contrast, decreases in TSI of the tongue and of the vastus lateralis muscle were
comparatively low and probably clinically irrelevant. However, the response of TSI to hypoxia was more sensitive
and pronounced in the tongue than in the leg muscle (Delta-TSI tongue min. —5.3% at 4 k, Delta-TSI vastus
lateralis muscle min. —3.2% at 6 k, see Fig. 4), which indicates that hypoxia was predominantly compensated by
an increased perfusion in both muscles at rest, with a more effective compensation in the vastus lateralis muscle,
which is also adapted to high increases in energy turn-over during work.

Similar to previous studies’®*!, we found that exposure to acute hypoxia resulted in a decrease of DBP. This
fi ding was most likely a result from vasodilatation of the arterioles, as portrayed by a signifi ant decrease in
SVR. Concomitantly, we observed a compensatory increase in HR which, since there was no signifi ant change
in stroke volume, resulted in an increased CO (CO=HR x SV) and CPI.

The observed macrocirculatory effects of systemic hypoxaemia were accompanied by microcircultatory
changes, which indicate an increase in organ perfusion. Hence, we found that exposure to normobaric hypoxia
leads to a signifi ant increase in TVD, PPV and PVD of the sublingual microcirculation, which can be interpreted
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as a result of capillary recruitment. Capillary recruitment is known as an opening of previously closed capillaries
by dilatation of the precapillary sphincters in response to unmet metabolic demands®?. In fact, only 20-30% of the
capillaries are actively participating in tissue perfusion under resting conditions®®. Therefore, capillary recruit-
ment constitutes an important compensatory mechanism to ensure adequate tissue perfusion and oxygenation
in the capillary beds of several muscles®* and the lungs®*. Notably, our findings are in line with the results of a
previous study by Hilty et al.*!, who found that exposure to high altitudes was associated with capillary recruit-
ment of sublingual capillaries and thus an increase in microcirculatory oxygen extraction capacity.

Similar to the microcirulation of the sublingual capillary bed, we observed a signifi ant increase in PCD and
CD in the microcirculation of the nailfold. Th s indicates capillary recruitment in the peripheral microcirculation
by exposure to acute hypoxia. Notably, Paparde et al. recently reported that acute hypoxia does not influence
capillary recruitment in human nailfold capillaries, but rather leads to capillary vasodilatation®®. Since capillary
recruitment is a rapid adaptation, the short duration of hypoxia in this study is no plausible explanation for the
discrepancy of the study’s results to our current fi dings. In our study cohort, however, we were able to identify
identical areas of the nailfold where we could demonstrate capillary recruitment directly (e.g. capillaries visible
at 2 k that were not visible at 0 k, see Supplementary Figure 3) and could calculate recruitment rates fitting to the
expected increase in circulation. Furthermore, in contrast to hypoxia, hyperoxia was recently found to reduce
capillary recruitment®. Considering our current data and this previous fi ding, it seems plausible and credible
that dysregulations of the pO, in blood affect the microcirculation of the nailfold.

In the last decades, clinicians have increasingly recognized the role of the microcirculatory system in the
pathophysiology of different diseases. In fact, current evidence suggests, that microcirculatory disorders are a
key component of the processes involved in the pathogenesis of multi-organ failure in critically ill patients?.
Hence, microcirculatory dysfunctions can be found in a large proportion of patients admitted to intensive care
units. For example, a reduction in PPV and PVD can be observed in patients with sepsis, and can be interpreted
as a result of the impairment of the functional perfusion of the microcirculation®***. Microcirculatory disor-
ders themselves can result in tissue hypoxia, which markedly aggravates end-organ dysfunction in critically ill
patients®. In fact, microcirculatory changes could even be associated with adverse outcomes in several previous
studies*®, which is why the restoration of adequate tissue perfusion and oxygenation constitutes a paramount
treatment goal in clinical practice.

The observed macro- and microcirculatory effects of acute hypoxia in healthy participants in our study are
most likely a result from compensatory mechanisms which ensure adequate tissue perfusion in case of profound
hypoxaemia. Hence, by recruiting microvessels of the central and peripheral microcirculation, the organism
adapts to hypoxaemia to counteract the state of inadequate tissue oxygenation. In fact, tissue hypoxia resulting
from inadequate uptake of ambient oxygen or an increase in cellular oxygen demand is one of the key features of
the critically ill patient”. However, whether the observed compensatory mechanisms also occur in the hypoxaemic
patient, and, if absent or reduced microcirculatory adaptions are associated with adverse outcomes, remains to
be elucidated in clinical trials.

Materials and methods
The study protocol of this exploratory study was reviewed and approved by the ethics committee of the Heinrich-
Heine-University, Diisseldorf, Germany (5925R) and conducted according to the principles of the Declaration
of Helsinki and Good Clinical Practice. Informed consent was obtained from all subjects before enrollment.
The study was conducted at the ‘DLR:envihab’ of the German Aerospace Center (https://www.dlr.de/envih
ab/), Cologne, Germany. In total, 20 healthy subjects without signifi ant experience in climbing or competitive
sports were enrolled by an announcement at the University of Diisseldorf. The anthropometric data and baseline
characteristics of the study participants are depicted in Table 1.

Induction of hypoxia, measurement of oxygen delivery and Lake Louise Score (LLS). Baseline
measurements of 20 healthy participants were acquired under normoxic conditions and compared to measure-
ments under normobaric hypoxic conditions. Hypoxia tests were performed in a normobaric hypoxia chamber,
which comprises a laboratory space of about 120 m? including examination rooms, sanitary facilities and a big
common room where subjects could move freely and where they waited for individual examinations. Hypoxia
was achieved by nitrogen dilution through the air conditioning system in the atmoshperic self-suffici thypoxia
chamber. Nitrogen was supplied by an external tank. Hence, four different altitudes above sea level were simu-
lated (50 m (0 k), 2000 m (2 k), 4000 m (4 k) and 6000 m (6 k) above sea level). Th oughout the test, the partial
pressure of nitrogen in ambient air was gradually increased, which led to a reduction of the partial pressure
of oxygen (pO,; 21.25 kPa (0 k), 16.42 kPa (2 k), 12.63 kPa (4 k) and 9.64 kPa (6 k), FiO2: median 0.21 (0 k),
0.16 (2 k), 0.12 (4 k), 0.10 (6 k), see Supplementary Figure 1). The partial pressure of carbon dioxide remained
relatively stable throughout the two hypoxia runs (pCO, median 0.046 kPa (0 k), 0.060 kPa (2 k), 0.72 kPa (4 k)
and 0.059 kPa (6 k)). The subjects were exposed to an ‘altitude’ for two hours before proceeding to the next level.
Measurements were performed at each oxygen level to investigate the effects of hypoxia on the micro- and mac-
rocirculation (Fig. 1 provides an overview).

Oxygen delivery (DO,) was calculated as previously published (DO, = cardiac output (CO) x CaO, x 10; where
CaO, was the arterial O,-content defi ed as: (1.34 x hemoglobin concentration x SpO,) +(0.003 x PaO,) and the
amount of dissolved oxygen in blood was estimated by 0.003 x pO,)*!. Hemoglobin concentration and red blood
cell count (RBC) were measured at each of the four different altitudes using an ABL800 FLEX blood gas analyzer
(Radiometer Medical, Copenhagen, Denmark).
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Symptoms of hypoxia and severity of acute mountain sickness (AMS) were assessed by the Lake Louise Score
(LLS), as previously published. Mild AMS was defi ed as LLS 3-5 points, moderate AMS as 6-9 points, and
severe AMS as 10-12 points*.

Macrocirculation and cardiac function. Systolic and diastolic blood pressure (SBP and DBP) were
assessed using a ProBP 3400 (Welch Allyn, Skaneateles Falls, New York, USA) blood pressure monitor, periph-
eral oxygen saturation was assessed using a PULOX PO-300 (Novidion, Cologne, Germany) pulse oximeter.
Systemic vascular resistance (SVR), heart rate (HR), cardiac output (CO), cardiac performance index (CPI) and
stroke volume (SV) were measured using transthoracic impedance cardiography (ICON, OSYPKA Medical,
Berlin, Germany) and non-invasive Electrical Cardiometry (EC, OSYPKA Medical, Berlin, Germany).

Central and peripheral microcirculation. A sidestream darkfi 1d microscope (MicroScan device, Micro-
Vision Medical, Amsterdam, The Netherlands) was used to assess the sublingual microcirculation as described
previously®. Only suffici tly trained researchers performed measurements. In brief, on the tip of this device, a
highly sensitive camera digitally recorded the sublingual capillary network. Different regions under the tongue
were used for all videos and at least four videos were taken per area. In the next step, a tablet computer was used
(Microsoft Surface Pro 4, (Redmond, Washington, USA)) for video analysis. After recording videos with suffi-
cient quality, a validated automatic algorithm-software (AVA, Version 4.3 C, MicroVision Medical, Amsterdam,
The Netherlands) was used to perform the offl e analysis. Agreeing to the second consensus on the assessment
of sublingual microcirculation in critically ill patients (European Society of Intensive Care Medicine), the fol-
lowing variables were assessed**:

Microvascular values can offer information about both convexity and diffusion. The proportion of perfused
vessels (PPV =100 * (Total number of perfused vessels / total number of vessels) gives information both about
convexity and perfusion. Diffusion can be assessed by the total vessel density (TVD) and the number of crossings
(NC). Density was evaluated by the total vessel density and the number of crossings. With both information,
the perfused vessel density (PVD =total length of perfused vessels divided by the analyzed area) and perfused
number of crossings (PNC =number of vessel crossings with continuous fl w) can be calculated. Vessels with
diameters of less than 20 mm correspond mostly to capillaries and are primarily responsible for the microcircula-
tion. These small vessel values are signed with the prefix “s” (e.g. SPPV =PPV of small vessels). The values for all
vessels can be considered as a quality check to exclude for example pressure artifacts. Before AVA 4.3C analysis,
all videos were evaluated according to the microcirculation image quality score (MIQS), that were originally
introduced by Massey et al.*®. In brief, MIQS rates the acquired videos into three categories: “good’”, “accept-
able”, and “non-acceptable”. Overall, six different criteria are evaluated: illumination, focus, content, stability,
pressure, and the duration was not rated. A video without signifi ant impairment in all criteria gets zero points.
Mild impairment results in 1 point for each impaired criterion. Severe impairment in one criterion is defined to
be rated with 10 points, which results in the category “non-acceptable”.

Peripheral microcirculation at the nailfold was assessed at two areas of fingers III-V of both hands, images
of the nailfold of 1 mm were obtained using videocapillaroscopy (Di-Li 2100, Distelkamp-Electronic, Kaiser-
slautern, Germany). The acquired images were assigned to each other and identical capillaries were compared in
density (PCD), visibility (visible 1, scanty 0.5, not visible 0, not shown x), shape (hairpin 1, tortuous 2, abnormal
3), distance (to the right capillary 50 um before apex in pm), diameter (CD) of the arterial limb (50 pm before
apex in pm), apical (in the middle in pm), venous limb (50 pm behind apex in um) and tail (diameter between
arterial and venous limb 50 um from apex in pm).

Assessment of the microcirculation was conducted according to the current recommendations of the Euro-
pean Society of Intensive Care Medicine*.

Peripheral microcirculation and edema. To investigate whether microcirculatory disorders resulting
from generalized hypoxia cause peripheral edema, we performed ultrasonographic measurements of the tissue
thickness of the leg and the forehead in supine position. Measurements were conducted in the evening before
the hypoxia tests and immediately after the subject left the hypoxic atmosphere. Tissue thickness was measured
repeatedly by ultrasound (10-18 MHz linear-probe) at both the anterior tibia and the midline forehead locations
(MyLab25, Esaote, Genova, Italy). In more detail, a self-made mechanical fix ure device was used to avoid meas-
urement bias due to hand-held measurements and different surface pressure of the ultrasound probe on tissue.
In addition an automatic, Matlab (Matlab 2017b, The MathWorks Inc., Natick, USA) based tissue identifi ation
software was used to reliably estimate tissue thickness. The software enables automatic and robust tissue thick-
ness estimation from the ultrasound images to minimize analysis biases and improves analysis effici cy dur-
ing tissue thickness identifi ation and evaluation. The average tissue thickness was calculated from the central
section of the ultrasound image (only 50% of the image at the center) to reduce calculation bias caused by the
imaging technique. Tissue thickness was defi ed as the distance between the surfaces of the skin and the tibia
and frontal bone, respectively.

Tissue oxygenation. We investigated the effects of hypoxia on oxygen saturation and blood content of the
muscles by assessing the tissue saturation index (TSI=100*(O,Hb)/(O,Hb + (HHb); O,Hb = oxygenated hemo-
globin, HHb = desoxygenated hemoglobin) and the content of total hemoglobin (THb=0,Hb +HHb) in the
vastus lateralis muscle and the tongue by near-infrared spectroscopy (NIRS) at each of the different altitude
levels and after the end of the hypoxia tests. For the examination of vastus lateralis muscle we placed a PortaMon
device (Artinis Medical Systems, Elst, The Netherlands) over the belly of the muscle. For measuring the tongue
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we used the PortaLite device (Artinis Medical Systems, Elst, The Netherlands) placing the sensor part on the
tongue after shielding it from saliva fluid using a thin plastic foil.

Statistical analysis. Statistical analysis was conducted using GraphPad Prism software (GraphPad Soft-
ware, USA) and SPSS (Version 24.0, SPSSS Inc., USA). Normally distributed data were expressed as mean and
standard error of the mean (SEM), whereas not normally distributed data were shown as median and interquar-
tile range (IQR). A Kolmogorov-Smirnov test was used to test the distribution of data for normality. Medians
of the data on micro- and macrocirculation were analyzed using a Kruskal-Wallis test with Dunn’s post-hoc
test, data on the tissue thickness were analyzed using a Wilcoxon signed-rank test, and data on the TSI and THb
of the muscles were interpreted by applying a Student’s t-test and a Linear Mixed Effects (LME)-analysis. A p
value < 0.05 was considered statistically signifi ant.

Ethics approval. The study was reviewed and approved by the ethics committee of the Heinrich-Heine-
University, Diisseldorf, Germany (5925R) and conducted according to the principles of the Declaration of Hel-
sinki and Good Clinical Practice. Informed consent was obtained from all subjects before enrollment.

Conclusions

Exposure to acute normobaric hypoxia results in enhanced perfusion of the central and peripheral microcircula-
tion, as well as an increase in cardiac output. The observed macro- and microcirculatory effects are most likely
a result from compensatory mechanisms to ensure adequate tissue perfusion in case of profound hypoxaemia.

Limitations

Since this study was an exploratory study, we did not conduct a statistical power calculation prior to enroll-
ment. Hence, a type one error can not certainly be excluded. Another limitation is that SVR, CO, CPI and SV
were investigated using transthoracic impedance cardiography, which is less accurate than invasive methods.
Due to the technique of impedance cardiography, which is based on calculations derived from the basic laws of
electricity, several limitations and possibilities for bias arise*>*’, which have to be taken into consideration when
interpreting the fi dings of our study. However, invasive methods, such as thermodilution, are labor- and time-
intensive and unsuitable for the narrow setting of a hypoxia chamber. Hence, we chose transthoracic impedance
cardiography over invasive methods in our study.

Perspectives

Herein, we provide a comprehensive analysis of the effects of acute normobaric hypoxia on the macro- and micro-
circulation in healthy subjects. Our findings can contribute to the understanding of health and disease, since
hypoxia and the following systemic reactions are of utmost relevance in the pathophysiology of various diseases.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding author
on reasonable request.
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Next-generation sequencing analysis of circulating micro-RNA
expression 1n response to parabolic flight as a spaceflight

analogue

Peter Jirak', Bernhard Wernly', Michael Lichtenauer @', Marcus Franz?, Thorben Knost?, Thaer Abusamrah®, Malte Kelm?,

Nana-Yaw Bimpong-Buta® and Christian Jung ™

Understanding physiologic reactions to weightlessness is an indispensable requirement for safe human space missions. This study
aims to analyse changes in the expression of circulating miRNAs following exposure to gravitational changes. Eight healthy
volunteers (age: 24.5 years, male: 4, female: 4) were included. Each subject underwent 31 short-term phases of weightlessness and
hypergravity induced by parabolic flight as a spaceflight analogue. At baseline, 1 and 24 h after parabolic flight, venous blood was
withdrawn. Analysis of circulating miRNAs in serum was conducted by means of next generation sequencing. In total, 213 miRNAs
were robustly detected (TPM > 5) by small RNA sequencing in all 24 samples. Four miRNAs evidenced a significant change in
expression after adjusting for multiple testing. Only miR-223-3p showed a consistent significant decrease 24 h after parabolic flight
compared to baseline values and values at 1 h after parabolic flight. miR-941 and miR-24-3p showed a significant decrease 24 h
after parabolic flight compared to 1 h after parabolic flight but not to baseline values. miR-486-5p showed a significant increase
24 h after parabolic flight compared to 1 h after parabolic flight but not to baseline values. A target network analysis identified
genes of the p53 signaling pathway and the cell cycle highly enriched among the targets of the four microRNAs. Our findings
suggest cellular adaption to gravitational changes at the post-transcriptional level. Based on our results, we suggest a change in cell

cycle regulation as potential explanation for adaptational changes observed in space missions.
npj Microgravity (2020)6:31; https://doi.org/10.1038/541526-020-00121-9

INTRODUCTION
Human space missions regained international focus in the last
years. Besides an established Mars program by the National
Aeronautics and Space Administration (NASA) and a manned
mission to the moon planned by both the Chinese space agency
and NASA, space flights are also entering the private sector.
Therefore space medicine, representing an indispensable require-
ment for save and successful missions, gained major awareness'~.
The adaptation of human organ systems following exposure to
microgravity has been investigated in former studies. The most
important changes comprise an increase in cardiac output and
pulmonary flow as well as changes of the baroreceptor reflex and
the cerebrovascular autoregulatory system®~. Long term changes
commonly affect bones and muscles atrophy. Additionally, an
impairment of lung function and liver function as well as a
dysregulation of the immune system have been described®'". A
decrease in hemoglobin and an increase in glomerular filtration
rate (GFR) and levels of myoglobin were reported by our study
group'?. While adaptive responses have been described recently,
the molecular background of these adaptations, necessary to
understand the changes in physiology, remains topic to ongoing
investigations. First studies showing an alteration of miRNA
expression in T-cell activation as well as a change in miRNA
signature potentially influencing TGF-Beta response, and fibroblast
growth suggest a weightlessness induced change in microRNA
(miRNA) expression patterns as a potential explanation'>">.

miRNAs are small, single stranded noncoding RNAs, usually
between 19 and 24 nucleotides long'®. They are found in both,
plants and animals and probably represent a well-preserved
system of gene regulation'”. miRNAs originate from precursor
molecules known as primary miRNAs (pri-miRNAs), which can
span up to several hundred bases and undergo sequential
processing via the ribonuclease Ill complexes “Drosha” and “Dicer”
in the nucleus and cytoplasm, respectively’®'’. After the proces-
sing, mature miRNAs bind to the RNA-induced silencing complex
(RISC)'®'”. Via a complementary sequence also known as the seed
region (6-8 nucleotides long), the miRNA can guide the RISC to a
target messenger RNA (mRNA), leading to translational repres-
sion'®"”, a mechanism referred to as RNA interference'®.
Accordingly, miRNA expression levels represent a key factor in
the regulation of gene expression on the posttranscriptional level,
influencing cell function and differentiation as well as autoregula-
tion of protein formation'®, Of note, individual miRNAs can target
a huge number of different genes and thus regulate the whole
gene expression patterns instead of only one specific gene. Apart
from their intracellular role, miRNAs are also present in a cell-free
and circulating form'®. While cell-free miRNAs can be found in
different body fluids (e.g., saliva, spine fluid) circulating miRNAs
are only found in the blood. Besides a passive leakage following
apoptosis, necrosis, and inflammatory processes, the majority of
circulating miRNAs depends on different carriers for active
secretion to avoid degradation'®?°. Such carriers comprise protein
complexes, lipoproteins as well as extracellular vesicles such as
exosomes and microvesicles'®?°. However, the exact distribution
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across the carriers mentioned above and their potential influence
on the mode of action of the respective miRNAs is still topic to
investigation. Circulating miRNAs can be disseminated as auto-
cring, paracring, and endocrine signaling molecules within the
body'®?". Studies have shown that circulating miRNAs are fully
functional at their recipient cells, with a similar effect on gene
silencing as observed for cellular miRNAs'®?'. Accordingly,
circulating miRNAs represent an important mode of intercellular
communication, with the possibility of donor cells being able to
influence the gene expression and the microenvironment of
distant recipient cells'®. Several studies have shown that miRNA
transcription is cell-type specific and highly dynamic, with
transcriptional changes occurring within minutes following a
stimulus®®. However, while the mode of action of circulating
miRNAs appears similar to that of cellular miRNAs, their secretion
patterns can differ considerably. This fact must be considered
when interpreting findings made for circulating miRNAs.
Considering the different physical requirements in microgravity,
an involvement of miRNAs in weightlessness-induced changes is

assumed and was already described in small studies'>'>.

However, further analysis on the influence of space travel on
miRNA regulation is needed to better understand the involved
adaptational processes on a post-transcriptional level. In the
present study, we hypothesized that exposure to gravitational
changes might lead to rapid changes in intracellular miRNA
profiles in various cell types, which would alter miRNA release
from cells. Accordingly, we aimed for an analysis of circulating
miRNA expression following exposure to gravitational changes
induced by parabolic flight as a spaceflight analog.

RESULTS

Baseline characteristics

In total, eight study participants were included in the study, four
male and four females. The median age was 24.5 years. Baseline
characteristics are depicted in Tables 1 and 2.

Table 1. Baseline characteristics + laboratory parameters and miRNA levels at baseline/1 h after parabolic flight/24 h after parabolic flight.
Parameter Timepoint Median IQR
Male/female sex n (%) Baseline 4 (50)/4 (50)
Age (years) Baseline 24.5 125
Weight (kg) Baseline 80.5 27
Height (cm) Baseline 177.5 17
Creatinine (umol/l) Baseline 7293 7.52

1 h after parabolic flight 66.3 8.18

24 h after parabolic flight 67.63 13.26
GFR (ml/min/1,73 m?) Baseline 93.95 26.4

1 h after parabolic flight 106.3 34.45

24 h after parabolic flight 106.15 16.35
CRP (mg/l) Baseline 2 1.75

1 h after parabolic flight 1.5 1.75

24 h after parabolic flight 1.5 1.75
BNP (pg/ml) Baseline 9.5 2.75

1 h after parabolic flight 10 3

24 h after parabolic flight 9 9
CK (U/l) Baseline 113 130.75

1 h after parabolic flight 120 121.5

24 h after parabolic flight 141 125.5
Myoglobin (ug/l) Baseline 335 246

1 h after parabolic flight 40.35 43.7

24 h after parabolic flight 303 47.2
mir-486-3p (TPM) Baseline 807.113.74 600.797.18

1 h after parabolic flight 503.349.41 331.243.28

24 h after parabolic flight 1.067.561.35 629.299.14
mir-24-3p (TPM) Baseline 41417 180.57

1 h after parabolic flight 554.23 211.55

24 h after parabolic flight 318.63 99.47
mir-223-3p (TPM) Baseline 705.58 972.14

1 h after parabolic flight 665.82 1082.92

24 h after parabolic flight 182.72 170.26
mir-941 (TPM) Baseline 953.54 447.29

1 h after parabolic flight 884.13 702.23

24 h after parabolic flight 546.08 350.6

TPM tags per million.

umol/I micromole/liter, mi/min/1.73 m?: milliliter/minute/1.73 square meters, mg/I milligram/liter, pg/ml picogram/milliliter, U/l units/litre, ug/l microgram/liter,
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Table 2. Baseline characteristics + baseline laboratory parameters of each individual study subject.
Study sex (m/f) age (years) weight (kg) height (cm) Creatinine GFR (ml/min/  CRP (mg/l) BNP (pg/ml) CK (U/l) Myoglobin
subject (pmol/l) 1.73 m?) (pg/l)
P1 m 40 93 176 70.7 108 1 9 65 24.8
P3 m 22 86 188 78.7 107.8 1 9 96 38.7
P5 m 23 95 193 734 116 2 9 209 26.7
P7 f 23 54 164 65.4 98.3 1 12 91 248
P8 f 25 75 172 69.8 89.6 3 16 182 53.6
P12 f 24 64 174 725 86.5 2 11 130 383
P14 f 31 69 179 74.3 79.9 5.2 10 56 28.7
P15 m 37 20 190 98.1 753 2 9 304 86.7
umol/l micromole/liter, mli/min/1.73 m? milliliter/minute/1.73 square meters, mg/l milligram/liter, pg/ml picogram/milliliter, U/ units/litre, ug/I microgram/liter.

Assessment of hemolysis

The degree of hemolysis in serum samples was determined using
two different methods: spectrophotometric analysis of free
hemoglobin (414nm) and quantification of the level of miR-
451a relative to the level of miR-23a (hemolysis ratio (ACq) =
CgmiR-23a - CqmiR-451a), as reported by Blondal et al.%. In our
studies both methods were applied. Supplement Fig. 1a presents
levels for RNA spike-in and cDNA spike-in determined by RT-qPCR.
The data indicate homogenous RNA extraction efficiency across all
24 samples and absence of enzyme inhibition. Next the hemolysis
miRNA ratio was determined (Supplement Fig. 1b). None of the
24 samples showed a ratio above the report threshold of ACq > 7.
Next, OD 414 was determined in all samples. Only one sample
exceeded an absorbance of 0.3 but did not show a noticeable
increase in the hemolysis miRNA ratio (Supplement Fig. 1c). As
potential explanation, lipid contaminants but not hemolysis might
have increased the OD414 in this sample. Finally, we compared
the levels of miR-23a-3p, miR-451a, the hemolysis ratio and OD414
across the three groups (Supplement Fig. 1d). We did not observe
a significant difference in the levels of these biomarker and
indicators of hemolysis between the respective groups. Interest-
ingly, a trend towards an increase in miR-23a-3p (not responsive
to hemolysis) after 24 h was observed. Together, these results
demonstrate that the quality of all 24 serum samples was not
impaired by hemolysis and adequate for miRNA profiling by next-
generation sequencing.

Expression-analysis

Regarding miRNA analysis, 213 miRNAs were robustly (tags per
million (TPM)>5) detected in all eight subjects for each time
point. RNA spike-in recovery was assessed by NGS to confirm
homogenous RNA extraction efficiency (Supplement Fig. 2a). A
summary of sequencing quality data and RNA classification tables
are provided in Supplement Fig. 3a—g.

As depicted in Fig. 1a (principal component analysis, PCA), a
change in the distribution of miRNA expression patterns for each
respective timepoint was observed following exposure to gravita-
tional changes. Besides, also donor-dependent differences
between individuals were observed, as shown in the expression
heatmap (Fig. 1b), where samples collected at baseline and 1h
cluster for several subjects (P3, P5, P7, P15, and P8). Figure 1c
depicts the same heatmap ordered according to the donor
number and time point to better illustrate donor-specific changes
in MiRNA patterns at 1 and 24 h compared to baseline.

Using the EdgeR GLM model, a significant alteration in miRNA
expression (false discovery rate (FDR) < 0.05) was observed for 4 of
the 213 miRNAs screened in our analysis 24 h after exposure to
gravitational changes compared to baseline values and/or to
levels 1 h after parabolic flight (miR-941, miR-24-3p, miR-486-5p,
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and miR-223-3p; Figs. 2 and 3). However, no significant differences
in miRNA expression were observed between baseline values and
levels 1 h after parabolic flight after adjusting for multiple testing
(Fig. 4).

As depicted in Fig. 5, after adjusting for multiple testing, miR-
223-3p was the only miRNA to show a consistent significant
change by means of a decrease 24h after parabolic flight
compared to levels at baseline and 1h after parabolic flight.
miR-24-3p and miR-941 showed a significant decrease at 24 h after
parabolic flight compared to levels at 1 h after parabolic flight but
not to baseline values. Inversely, miR-486-5p evidenced a
significant increase at 24 h after parabolic flight compared to
levels at 1 h after parabolic flight but again not to baseline levels.
The detailed results of the EdgeR GLM method together with
Benjamini-Hochberg adjustment for multiple testing are depicted
in Table 3 and Fig. 5. A list of all miRNAs with TPM > 5 that were
identified at each time point for each sample is depicted in
Supplement Table 1.

In order to provide further evidence for the robustness of the
NGS data, we have repeated the analysis of four miRNAs with
significant (FDR < 0.05) change by RT-qPCR (Fig. 6). Again, miR223-
3p was the only miRNA to show a consistent significant change
with a decrease at 24 h after parabolic flight compared to levels at
baseline and 1h after parabolic flight. miR-941 evidenced a
significant decrease at 24 h after parabolic flight compared to
levels at 1 h after parabolic flight but not to baseline values. miR-
486-5p evidenced a significant increase 24 h after parabolic flight
compared to levels at 1 h after parabolic flight but not to baseline
levels. In contrast, no significant change but only a trend towards
a decrease was observed for miR-24-3p at 24 h after parabolic
flight compared to levels at 1 h after parabolic flight.

Correlation analysis

In a correlation analysis on baseline characteristics, we found no
relevant correlations between miRNA expression and gender, age,
or body mass index (BMI). Additionally, no relevant correlations
were observed regarding miRNA expression and laboratory
parameters. The detailed correlation analysis is given in the
supplement Table 2 (miR-486-5p), 3 (miR-24-3p), 4 (miR-223-3p),
and 5 (miR-941).

Target network analysis

We performed a target network analysis for the four differentially
regulated miRNAs using miRNet. We identified that genes from
two KEGG pathways, the p53 signaling pathway (p <0.0001) and
the cell cycle (p <0.0001) were highly enriched (hypergeometric
test and empirical sampling) among the targets of the four
microRNAs (Fig. 7 and Supplement table 6). We observed that
TP53 and E2F1 (miR-223-3p and miR-24-3p), and CDK4 (miR-24-3p
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Fig. 1 Unsupervised data analysis. a Principal component analysis
(PCA) highlights microRNA patterns observed in subjects at baseline
(BL), 1 and 24 h after parabolic flight. Data from 213 circulating
microRNAs detected in all 24 samples by small RNAseq was used
(regularized log tags per million data). The first and second principal
component explain 20 and 14% of the variance, respectively. b
Expression heatmap with unit variance scaling applied to rows
(microRNAs). Both rows and columns are clustered using correlation
distance and average linkage. Pearson correlation was used as
correlation distance. ¢ Expression heatmap with unit variance
scaling applied to rows (microRNAs). Only rows are clustered using
Pearson correlation as measure of distance and average linkage.
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and miR-486-5p) were targeted by two of the four miRNAs. All
other genes were only targeted by one miRNA. miR-24-3p was
found to be the most important regulator of both pathways. A
detailed list of genes regulated by at least one of the four miRNAs
is given in the Supplement Tables 7a (p53) and 7b (cell cycle).

DISCUSSION

In this study, we present an analysis of the expression profile of
circulating miRNAs following exposure to gravitational changes
induced by parabolic flight as a space-flight analog. Exposure to
weightlessness induces adaptations in autoregulatory mechan-
isms and functions of virtually all organs, with the cardiovascular
system being responsible for most severe complications®>2*,
Adaptations to microgravity have been reported in previous
studies especially in the cardiovascular field. First studies showing
an alteration of miRNA expression in T-cell activation as well as a
change in miRNA signature potentially influencing TGF-Beta
response and fibroblast growth suggest a weightlessness induced
change in micro-RNA expression patterns as a potential
explanation''4,

In contrast to recent research targeting miRNA expression
following spaceflight and exposure to gravitational changes, our
study aimed for the analysis of circulating miRNAs from serum.
Accordingly, our results reflect the secretion of circulating miRNAs
following exposure to gravitational changes but limited conclu-
sion can be drawn with regards to definite intracellular
processes'®. Thus, also direct comparability of our results with
former projects is limited'®'92",

In our study, four miRNAs, miR-941, miR-24-3p, miR-486-5p, and
miR-223-3p evidenced a significant change following exposure to
gravitational changes after adjusting for multiple testing. Of note,
only miR-223-3p showed a consistent significant decrease 24 h
after parabolic flight compared to both baseline levels and levels
1 h after parabolic flight. For the rest of the miRNAs, significant
changes were only observed between 1 and 24 h. Accordingly, the
effect of these changes is assumed to be lower compared to miR-
223-3p. However, the results of the RT-qPCR analyses in our study
point emphasize the consistency of our results. Of note, hemolysis
was ruled out as a potential confounder by spectrophotometric
analysis of free hemoglobin (414 nm) as well as by quantification
of the level of miR-451a relative to the level of miR-23a in our
samples. Hence, the possibility of our findings being not a
directional biological effect, but the product of noise variability is
highly unlikely. Thus, given the hypothesis generating design, the
miRNAs identified in our analysis might provide important hints
towards adaptational processes despite their low dynamic.

Since different timepoints were defined for miRNA analysis, an
influence by means of a circadian dynamic of miRNA expression
must be considered. For two of the biomarkers mentioned above,
a diurnal secretion pattern has been reported, miR-223-3p and
miR-24-3p. For miR-223-3p peak-levels were observed at 11:38 a.
m., for miR-24-3p peak levels were observed at 12:23 according to
Heegaard et al.>>. However, with regards to a diurnal secretion, it is
important to note that the reported circadian changes in miRNA
expression are low, and are by far surpassed by the changes
observed following exposure to parabolic flight*. Thus, changes
in miRNA expression durin% 24 h in normal conditions are unlikely
as a relevant confounder®. Accordingly, the influence on the
other two miRNAs miR-941 and miR-486-5p, which were not
included in previous studies on diurnal expression changes is
assumed to be negligible.

With regards to previous studies, miR-223-3p is known to be
involved in myocardial injury and positively correlates with cardiac
apoptosis and oxidative stress through interaction with kriippel-
like factor 15 (KLF-15). Furthermore, an inverse correlation of miR-
223-3p with an improved cell viability, prevention of cardiomyo-
cyte apoptosis as well as with inhibition of reactive oxygen species
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Fig. 2 Volcano plot illustrating the effect of gravitational changes on serum levels of 213 miRNAs detected and quantified by next-
generation sequencing. Plot depicts the relation between unadjusted p-value (y-axis, —log10 transformed) and effect size (x-axis, log,
transformed fold change) for serum microRNA of subjects at 1 h compared to baseline. MicroRNAs with a log, fold change > 0.57 (1.5 fold
linear change) are indicated in green. MicroRNAs with an adjusted p-value (FDR) of < 0.05 are highlighted in red. FDR false discovery rate.

Fig. 3 Volcano plot illustrating the effect of gravitational changes on serum levels of 213 miRNAs detected and quantified by next-
generation sequencing. Plot depicts the relation between unadjusted p-value (y-axis, —log10 transformed) and effect size (x-axis, log,
transformed fold change) for serum microRNA of subjects at 24 h compared to baseline. MicroRNAs with a log, fold change > 0.57 (1.5 fold
linear change) are indicated in green. MicroRNAs with an adjusted p-value (FDR) of < 0.05 are highlighted in red. FDR false discovery rate.

and lipid peroxidation was shown in a former study?®. Similar,
elevated levels of miR-223-3p were reported under simulated
microgravity in rats with an inhibitory effect on hepatocyte
proliferation trough a cyclin dependent kinase 2/Cullin1 (CDK2/
CUL1) signaling pathway'".

For miR-941, a significant upregulation in acute coronary
syndrome was reported?’. As miR-941 is associated with metabolic
processes, inflammation and cell proliferation through its role in
insulin-activated, mitogen-activated protein kinase (MAPK)—and
T-cell receptor signaling, a connection with atherosclerosis was
suggested as a potential explanation®’. Additionally an involve-
ment in proliferative processes and cell migration was reported in
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recent studies®®?°. miR-941 expression levels have been shown to

be elevated in cancer-derived cell lines and human embryonic
stem cells and might also be involved in neuronal develop-
ment?®2°, A balancing effect of tumor suppressing P73 antisense
RNA 1T (TP73-AS1) by means of a miR-941 sponge was observed,
emphasizing its proliferative aspect?®2°,

miR-24-3p is known to be involved in cell proliferation and
migration as well as inhibition of apoptosis in several malignancies
such as lung cancer, hepatocellular carcinoma, and colon
cancer’®2, Accordingly, miR-24-3p acts as a regulator of cell
proliferation and apoptosis. Another study investigated the role of
miR-24-3p in a murine cardiac ischemia-reperfusion model. A
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Fig. 4 Volcano plot illustrating the effect of gravitational changes on serum levels of 213 miRNAs detected and quantified by next-
generation sequencing. Plot depicts the relation between unadjusted p-value (y-axis, —log10 transformed) and effect size (x-axis, log,
transformed fold change) for serum microRNA of subjects at 24 h compared to Th. MicroRNAs with a log; fold change > 0.57 (1.5 fold linear
change) are indicated in green. MicroRNAs with an adjusted p-value (FDR) of < 0.05 are highlighted in red. FDR false discovery rate.

Fig. 5 Levels of miRNAs with significant changes after 24h
compared to baseline or 1 h. EdgeR GLM method together with
Benjamini-Hochberg adjustment for multiple testing. *adj-p value <
0.05, **adj-p value < 0.01.

cardioprotective effect of miR-24-3p through an inhibition of
receptor-interacting serine/threonine-protein kinase 1 (RIPK1) is
suspected, correlating with a significant reduction in infarct size>.
Furthermore, the same study showed an inverse correlation of
miR-24-3p with the rate of apoptosis and the levels of Fas and
tumor necrosis factor alpha (TNF-a)*3.

npj Microgravity (2020) 31

miR-486-5p was investigated in various malignant diseases and
mostly acts as a regulator of tumor-suppressor-genes. Negative
regulations of NIMA-related kinase 2 (NEK2) in hepatocellular
carcinoma and a repression of GRB2-associated-binding protein 2
(GAB2) in nonsmall cell lung cancer have been reported34'35.
Besides its role in malignant processes, miR-486-5p was investi-
gated in ischemic kidney injury and seems to attenuate ischemic
effects in the kidney by targeting the phosphatase and tensin
homolog (PTEN) and the Akt pathway>°.

Regarding potential pathways involved in our findings dis-
cussed above, a target network analysis identified that genes from
two KEGG pathways, the p53 signaling pathway and the cell cycle
were highly enriched among the targets of the four microRNAs*’.
We observed that TP53 and E2F1 (miR-223-3p and miR-24-3p), and
CDK4 (miR-24-3p and miR-486-5p) were targeted by two miRNAs.
All other genes were targeted by only one miRNA. Accordingly,
the interaction between the four miRNAs in the regulation of the
p53 signaling pathway and the cell cycle are considered to be low.
However, despite the high enrichment it must be pointed out that
both pathways mentioned above are highly studied and
annotated. Thus, they have a high likelihood of being linked with
a selected group of miRNAs.

Interestingly, the findings of our study are in part consistent
with former findings of a reduction in cell proliferation and a
higher rate of apoptosis of in vitro and in vivo studies on changes
in miRNA expression following exposure to microgravity. In vitro
an altered expression pattern of miRNAs in human peripheral
blood lymphocytes was shown to increase apoptosis and decrease
cell proliferation following exposure to microgravity®®. A recent
study reported a decrease in TGF-Beta response and a change in
miRNA signature as potential regulators of weightlessness
induced changes in rodents. Above all, a reduction in cell
proliferation and a higher rate of apoptosis was reported,
matching prior in vitro studies'®. Furthermore, an upregulation
of miR-21 was reported to limit immune-response through a
regulation of T-cell activation in microgravity'®. A change in the
expression pattern of immune-related miRNAs was also reported
as a potential link to skeletal muscle atrophy in another
investigation®. Of note, all studies mentioned above were
conducted in cellular miRNAs.
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Table 3. miRNA expression analysis.

Abundance 1 h vs. Baseline 24 h vs. Baseline 24hvs. 1h
microRNA ID Avg TPM logFC p value FDR logFC p value FDR logFC p value FDR
hsa-miR-223-3p 563 0,61 0.18 0.98 —1.86 <0.01 0.02 —2.47 <0.01 <0.01
hsa-miR-24-3p 364 0.31 0.21 0.98 —0.52 0.04 0.62 —0.83 <0.01 0.04
hsa-miR-486-5p 698.389 —0.69 0.01 0.98 0.42 0.13 0.78 1.1 <0.01 0.01
hsa-miR-941 686 0.24 0.37 0.98 —0.68 0.01 0.58 —0.92 <0.01 0.04
Avg TPM average tags per million, logFC log fold change, FDR false discovery rate.

Fig. 6 Technical verification of NGS results by RT-qPCR. Three
miRNAs were selected for RT-qPCR analysis. Normalized delta Cg-
values (ACq) values to the RNA spike-in as internal standard are
shown. *adj-p value < 0.05, **adj-p value < 0.01.

Considering the novelty but also the hypothesis generating
character of our study, we can only speculate about the potential
adaptational processes following exposure to gravitational
changes due to the hypothesis generating design of our study.
Despite limited comparability with former studies, our results
suggest an involvement in cardioprotective mechanisms as well as
myocardial strain and the susceptibility for ischemic damage.
Furthermore, cell-proliferation and apoptosis and possibly also the
immune-system might be influenced by gravitational changes. As
a rationale, a change in activation of DNA-repair mechanisms, a
change in apoptotic processes and in the regulation of cell cycle
progression and cell fate decision can be taken into considera-
tion*®*!, Potential implications of our findings are to be further
validated and elucidated. However, analysis of the expression of
circulating miRNAs might prove of further relevance for space
medicine in the future, similar to the application of miRNA
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expression patterns in other extreme situations as for example in
intensive care patients*?,

With regards to the limitations of the present study, the
hypothesis generating character must be emphasized. While
parabolic flight was reported as a suitable space flight analog, the
respective effects of microgravity and hypergravity cannot be
distinguished properly in this study. Additionally, as we focused
on circulating miRNAs, comparability with former studies con-
ducted on cellular miRNAs is limited. Therefore, the results
obtained must be interpreted with care. Additionally, a large part
of research on miRNAs focuses on malignancies, thus complicat-
ing the interpretation of our results. On the other hand, the
strength of the study is its novelty in a unique setting.

In conclusion, the present data indicate an alteration of
expression patterns of circulating miRNAs following exposure to
gravitational changes. We identified that genes from two KEGG
pathways, the p53 signaling pathway and the cell cycle were
highly enriched among the targets of the four microRNAs. This
might suggest a change in cell cycle regulation as a potential
explanation for weightlessness induced changes observed in
former studies. Together, these findings point towards an
adaption to gravitational changes already at the post-
transcriptional level even after short term exposure, providing
an important framework for future studies in this area.

METHODS
Participants

Eight healthy participants were enrolled in this study. All voluntary
participants were recruited and included at the University Clinic Dusseldorf
after written informed consent. The study was conducted in accordance
with the Declaration of Helsinki. The study protocol was approved by the
German Ethics Committee (Medical Faculty of the University Hospital
Duesseldorf, Germany) and by the French Ethics Committee (Medical
Faculty of the University of Caen). The inclusion criteria were defined as:
age >18 years; airworthiness; cardiorespiratory health; spontaneous
circulation; signed informed consent. The exclusion criteria were defined
as: history of primary cardiovascular and respiratory diseases or regular
intake of medication except for oral contraceptives, missing or withdrawal
of informed consent, insufficient requirements for airworthiness and
pregnancy. Further details have been published in a study-outline paper*:.

Parabolic flight

The term “Parabolic flight” denominates a special aerial manoeuvre, in
which the aircraft follows the trajectory of a parabola. By means of this
manoeuvre, short phases of weightlessness and hypergravity can be
induced. After starting at steady flight (1 g), an up to 47° ascent initiates a
phase of hypergravity (1.8 g). After the climb, the plane is decelerated and
directed into descent to follow the trajectory. In this state, a phase of
weightlessness is achieved (0 g). With the plane tilting forward, an up to
45° descent is initiated, again inducing a phase of hypergravity (1.8 g),
before re-entering the steady flight (1 g)**. Each of these phases averages
20-25 s, respectively.
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Fig.7 Target network analysis. Target network analysis for the four differentially regulated miRNAs—p53 signaling pathway (blue), cell cycle

(green).

Set-up

The present study was performed in the course of the 31st Parabolic Flight
Campaign (PFC) of the German space agency (Deutsches Zentrum fir
Luft- und Raumfahrt - DLR) conducted by the company NoveSpace, which
took place from February 26th to March 11th 2018, in Bordeaux, France.
The aircraft used in this campaign was a modified Airbus A-310. The PFC
consisted of four flight days, with 31 parabolic flight manoeuvres per
flight day. Each study subject participated in one complete flight day. In
all participants serum samples were withdrawn before entering the plane
1 h prior parabolic flight (baseline 08:00 + 0.75 h), 1 h after parabolic flight
(13:00 £ 1.0 h) and 24 h after parabolic flight 08:00 + 0.75 h). At each of the
time points, serum samples were collected with individual punctures. For
each blood withdraw, the following materials were used: BD vacutainer
tubes (Becton Dickinson, Mountain View, CA), 3 SST tubes (Reference #
367957, Tube size: 75x13mm, draw volume: 3.5ml), 1 SST tube
(Reference # 367955, Tube size: 100 x 13 mm, Draw volume: 5 ml. After
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completion of each blood-draw, blood was stored at room-temperature
for 3 min. Afterwards, centrifugation at 2000xg for 7 min was conducted.
Following centrifugation, serum samples aliquots were frozen and stored
at —80 °C until further analysis.

Total RNA extraction

Serum samples were thawed at room temperature followed by centrifuga-
tion at 12,000xg for 5 min at 4 °C to remove any cellular debris. Extraction
was conducted by use of the miRNA easy QIAgen kit. For homogenization,
200 pl of serum were mixed with 1000 pl Qiazol and 1 pl of a mix of three
synthetic spike-in controls (Qiagen, Germany). After a 10-min incubation at
room temperature, 200 pl chloroform were added to the lysates followed by
cooled centrifugation at 12,000xg for 15 min at 4 °C. Precisely 650 pl of the
upper aqueous phase were mixed with 7 ul glycogen (50 mg/ml) to
enhance precipitation. Samples were transferred to a miRNeasy mini
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column, and RNA was precipitated with 750yl ethanol followed by
automated washing with RPE and RWT buffer in a QiaCube liquid handling
robot. Finally, total RNA was eluted in 30 pl nuclease free water and stored
at —80°C until further analysis.

Small RNA sequencing

Equal volumes of total RNA (2pul) were used for small RNA library
preparation using the CleanTag smallRNA library preparation kit (TriLink
Biotechnologies, US). Homogeneity of RNA extraction efficiencies across all
samples was confirmed by RT-qPCR (Supplement Fig. 2B). Adapter-ligated
libraries were amplified using barcoded Illumina reverse primers in
combination with the lllumina forward primer. Twenty-four PCR cycles
were used for library preparation according to the manufacturers
recommendation for low RNA input samples. A pool consisting of all
24 sequencing libraries was prepared by mixing samples at equimolar
rates on the basis of a DNA-1000 high-sensitivity bioanalyzer results
(Agilent, CA). The DNA library pool was gel-purified to enrich for
microRNAs with an insert size of 18-24 nt, corresponding to a library
size of approximately 145 bp (Supplement Fig. 2B).

Sequencing was performed on an lllumina HiSeq 2500 with 50 bp single-
end runs. Overall quality of the next-generation sequencing data was
evaluated automatically and manually with fastQC v0.11.8* and multiQC
v1.7%. Reads from all passing samples were adapter trimmed and quality
filtered using cutadapt v2.3*” and filtered for a minimum length of 17 nt.
Mapping steps were performed with bowtie v1.2.2*® and miRDeep2
v2.0.1.2%°, whereas reads were mapped first against the genomic reference
GRCh38.p12 provided by Ensembl*® allowing for two mismatches. Those
reads showing a genome alignment were subsequently mapped against
miRbase v22.1°', filtered for miRNAs of hsa only, allowing for one
mismatch. For a general RNA composition overview, nonmiRNA mapped
reads were mapped against RNAcentral®®> and then assigned to various
RNA species of interest.

Raw and normalized data were uploaded to NCBI Gene Expression
Omnibus®® and are accessible through GEO Series accession number
GSE147380.

Assessment of hemolysis

As lysis of red blood cells (hemolysis) could confound the analysis of
circulating microRNAs due to the release of miRNAs from red blood cells,
an assessment of hemolysis was conducted™®. In order to determine the
degree of hemolysis two methods were applied: First, 2 ul of serum were
loaded on a NanoDrop spectrophotometer to determine absorbance at
414nm (free hemoglobin). Secondly, miR-23a-3p and miR-451a were
analyzed by RT-gPCR and the hemolysis miRNA ratio according to Blondal
et al.>® was calculated: ACq = CqmiR-23a-3p - CqmiR-451a.

Reverse transcription and qPCR (RT-qPCR)

The identical RNA samples that were used for NGS analysis, were used for
results verification by RT-qPCR. Starting from total RNA samples, cDNA was
synthesized using the miRCURY RT Kit (Qiagen, Germany). Reaction
conditions were set according to recommendations by the manufacturer.
In total, 2 pl of total RNA were used per 10 pl reverse transcription (RT)
reaction. To monitor RT efficiency and presence of impurities with
inhibitory activity, a synthetic RNA spike-in (cel-miR-39-3p) was added to
the RT reaction. Validated LNA-enhanced forward and reverse miRCURY
primer assays for all targets, including spike-in controls, were obtained
from Qiagen. PCR amplification was performed in a 96-well plate format in
a Roche LC480 Il instrument (Roche, Germany) using miRCURY SYBR®
Green mix (Qiagen, Germany) with the following settings: 95 °C for 10 min,
45 cycles of 95°C for 10s, and 60 °C for 60, followed by melting curve
analysis. To calculate the cycle of quantification values (Cg-values), the
second derivative method was used. Cg-values were normalized to the
RNA spike-in control level, by subtracting the individual miRNA Cg-value
from the RNA Spike-In Cq, thus obtaining delta-Cq (ACq) values that were
used for the analysis.

Target network analysis

Target network analysis was conducted using miRNet (www.mirnet.ca), a
public and web-based tool that allows to visualize the intersections
between individual miRNA regulatory functions based on miRNA-target
interaction data from 11 databases®. miRbase miRNA IDs for the
differentially regulated miRNAs were uploaded. Since cell-free circulating
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miRNAs were analyzed no tissue background was selected (“exosomes”
were not selected since most miRNAs in serum are in protein complexes).
A “hypergeometric test” and “empirical sampling” were performed to
identify gene pathways enriched among the identified targets.

Statistics

Statistical analysis of preprocessed NGS data was done with R v3.6 and the
packages pheatmap v1.0.12, pcaMethods v1.78 and genefilter v1.68.
Differential expression analysis with edgeR v3.28°° used the quasi-
likelihood negative binomial generalized log-linear model (GLM) functions
provided by the package. FDR correction was performed to adjust for
multiple testing, and a cut-off of FDR < 5% was applied®”. No paired testing
model in EdgeR was applied. Significance of differentially regulated
miRNAs (according to EdgeR) was determined by using EdgeR GLM
method together with Benjamini-Hochberg adjustment for multiple
testing. An FDR of <5% was considered statistically significant. Repeated
measures ANOVA analysis combined with Tukey’s multiple comparison test
was used to assess RT-qPCR data. Regarding baseline characteristics and
laboratory parameters, analysis was conducted using SPSS 25 (IBM SPSS
Statistics, USA). Non-normally distributed data are given as median +
interquartile range (IQR). Categorical data are given in number (%).
Correlation analysis were performed using Spearman’s rank correlation
coefficient. A p-value < 0.05 was considered statistically significant for
comparison of baseline characteristics and correlation analysis. All tests
were two-sided.

Reporting summary

Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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Case presentation

A 65-year-old patient was referred to the
authors’ department for symptomatic pal-
pitations and exertional dyspnea NYHA IIl.
His electrocardiogram (ECG) revealed a left
bundle branch block and monomorphic
premature ventricular contractions (PVC)
(B Fig. 1). The 24-h Holter revealed a high
degree of PVC burden of 40%.

An electrophysiological study for PVC
ablation was scheduled, after exclusion of

relevant structural heart disease. Based

on the acquired morphology of the PVC

in the ECG (@ Fig. 1), which is the most

probable site of origin of the PVC?

1. Lateral right ventricular outflow tract
(RVOT)

. Septal RVOT

Aortic coronary cusp

. Aortomitral continuity (AMC)

. Left ventricular (LV) free wall

viA wN

Fig. 1 A A 12-lead electrocardiogram with bigeminus: (a) paper speed 25 mm/s, (b) paper speed

50mm/s
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Fig. 2 A aThree-dimensional mapping ofthearticroot with right coronary cusp (RCC) and left coronary cusp (LCC), (b) earliest
ventricular signal on the ablation catheter at 60 ms

LAO

RAO

C

5t P

7l

Fig. 3 A (a, ) Coronary angiography of the left coronary artery and relation to the ablation catheter at the successful ablation
site, (b) perfect pace map with 98% congruence to the clinical ventricular extrasystole, (d) ablation effect of the first irrigated
ablation withimmediate abolishment of the extrasystole.LAO left anterior oblique, RAO right anterior oblique, PVC prema-

ture ventricular contraction

Correct answer: 3

Answer

The correct answer is (3): the aortic coro-
nary cusp. Three-dimensional (3D) elec-
troanatomic mapping was implemented
in this case. Local activation time (LAT)
and pace mapping were used. The LAT
mapping revealed a site of earliest acti-
vation at the left coronary cusp (LCC) of

2 Herzschrittmachertherapie + Elektrophysiologie

the aorta, with earliest activation 60ms
before beginning of the QRS complex in
the surface ECG (BFig. 2). Additionally,
the unipolar signal at the site of the LCC
exhibited a deep QS wave (B Fig. 2). Pace
mapping at this site had a 98% correlation
with the clinical PVC, thus confirming its
origin (B Fig. 3b). Due to the proximity of
the site of origin of the PVC to the ostium
of the left main stem (LMS) coronary artery
and prior to irrigated radiofrequency (RF)
ablation, a coronary angiogram was per-

formed to assess the distance between
the tip of the ablation catheter and the
LMS ostium for safety reasons (8 Fig. 3a, c).
Adequate space was confirmed, and 5 s af-
ter the application of RF energy the PVC
disappeared (B Fig. 3d). A waiting period
of 30 min followed, without recording any
further activity of the PVC. Drug provo-
cation with intravenous isoprenaline and
external stimulation followed, without in-
duction of the PVCs. The procedure was
successfully completed.



Discussion

In patients without structural heart dis-
ease, PVCs are in general benign and may
arise from multiple anatomical sites of the
right or left ventricle. Nevertheless, this
dysrhythmia may be severely symptomatic
and result in impairment of the left ven-
tricular ejection fraction if left untreated.
RF ablation is a therapeutic option with
high efficacy and safety when performed
in experienced centers. Prior to invasive
therapy, an in-depth evaluation of the 12-
lead ECG is important for an initial assess-
ment of the origin of the PCV and ablation
strategy [1].

The morphology of the clinical PVC from
the obtained ECG shows an inferior axis
(positive QRS in leads Il, Ill and aVF). This
is suggestive of a site in proximity to an
outflow tract of a heart chamber, but also
from the upper portion of the left ventric-
ular inflow tract [2]. The next step is to
evaluate the R/Stransition in the precordial
leads. For a first estimation, the use of the
Yoshida Index is very helpful (SV2RV;< 1.5
is predictive for a left-sided origin) [3]. In
the present case, the SV,:RV;is 0.5, making
aright-sided origin comparatively unlikely.
Localization of the PVC from the anterior
RVOT should have been accompanied with
a much later transition of the ECG in the
precordial leads.

Here one can see an r/s wave in leads
Vi and V; and an R wave from V;_. Addi-
tionally, at 148 ms, the width of the QRS
complex of the PVC is relatively narrow,
and a slight notching at its peak can be
observed (B Fig. 1b.). On the basis of the
current findings, one can exclude the LV
free wall and the AMC as the origin, since
a right bundle branch block (RBBB) mor-
phology or a positive concordance over
the precordial leads, respectively, would
be expected. The third step is to evaluate
lead I. This is very helpful for differentiating
between right and left outflow tract, but
can be misleading if the precordial transi-
tion is not taken into account. A negative
lead lis almost always suggestive for an ori-
gin from the left heart chamber, whereas
apositive lead | is almost always suggestive
for an origin from the right heart chamber.
Exceptions can be a more cranial origin,
where RVOT PVCs may present a more neg-
ative lead |, whereas PVC from the septal

LVOT at the level of the right coronary
cusps commonly present a positive lead I.
This can be explained from “overlapping”
of the two anatomical structures from the
midline of the chest. In contrast, the LCC
is located on the left side of the midline,
generating a negative QRS in lead | when
PVCs arise from this cusp.
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ABSTRACT

Proper measurement of the QT interval on the 12-lead body-surface ECG is challenging in daily practice.
Even more difficult is its correct estimation in the presence of repolarization abnormalities, arrhythmias
or bundle-branch blocks (BBB). The QT interval results from two parts of the ECG: (1) the QRS complex,
describing the excitation of the ventricles and (2) the JT interval, describing the repolarisation of the ven-
tricles. Prolongation of the QRS width - like in the presence of BBB - entails prolongation of the QT inter-
val, making the estimation of the true repolarisation time challenging. The US recommendations for the
standardization and interpretation of the ECG suggest focusing on the JT interval in presence of BBB.
However, in clinical practice physicians have become more familiar with the interpretation of QT-
interval measurements than with the interpretation of the JT Interval.

In the last decade, a simple formula for the estimation of the “modified QT interval” in the presence of

Long QT left or right BBB has been developed and evaluated. In this formula, the modified QT interval is calculated
by subtracting 50% of the length of the BBB-QRS from the measured QT interval (QT,, = QTggg — 50%
QRSggg). Subsequently, rate-correction formula should be applied as usual. In this review, we discuss
the determination of the QT-interval in the presence of BBB and summarize the origin and application

of the modified QT-interval formula.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

From 2007 to 2009, the American Heart Association (AHA), the
American College of Cardiology Foundation (ACCF) and the Heart
Rhythm Society (HRS) published a series of recommendations for
the standardization and interpretation of the ECG [1-5]. The fourth
section of this series deals with the ST segment, the T wave, the U
wave and the QT interval [1]. The QT interval describes the depo-
larization and repolarization of the ventricles (normal values in
women <460 ms, in men <450 ms) [1]. QT-interval prolongation
can result from alterations in both components: Depolarization
disorders lead to the broadening of the QRS complex, whereas
repolarization disorders lead to the prolongation of the JT time.
The importance of QT prolongation due to repolarization disorders
has been shown in several large studies [6,7].

2. Arrhythmogenic risk in the setting of QT-interval
prolongation

During the last two decades different mechanisms of arrhyth-
mogenesis have been investigated. In the setting of prolonged
repolarization inheritable arrhythmogenic disorders due to gene
mutations were identified as an important cause of arrhythmoge-
nesis. In these disorders, loss-of-function mutations in repolarizing
K" channels, e.g., long-QT syndrome type 2 (LQT2) due to the rapid
delayed rectifier (IKr) channel malfunction, or gain-of-function
mutations in depolarizing sodium (Na*) or calcium (Ca?*) channels
lead to excessive repolarization prolongation. This repolarization
prolongation can result in triggered activity by promoting the gen-
esis of early afterdepolarizations and is often spatially heteroge-
neous, providing a substrate for conduction block and reentrant
arrhythmias. Various cardiovascular and non-cardiovascular drugs
can also cause relevant QT prolongation, also [8]. This increase in
QT time, in turn, is associated with an increased risk of arrhythmia.
In this context, Torsade de pointes tachycardia in particular can
occur, particularly in the presence of additional risk factors such
as bradycardia or hypokalemia [9].

Although many alternative measures have been suggested (e.g.,
T-peak-Tend; T-wave right slope; beat-to-beat variability of QT
intervals) and the correlation between QT-interval and arrhythmo-
genesis is imperfect, the QT interval remains the most commonly
used indicator of arrhythmogenic risk [10].

Besides the arrhythmogenic aspects, QT interval serves also as a
predictor for cardiovascular events. In the multi-ethnic study of
Atherosclerosis (MESA-Study), Beinart et al. analyzed the prognos-
tic association between the baseline QT interval and the incidence
of cardiovascular events in participants without known cardiac
diseases. An increase in the baseline QT interval (for every
10 ms) was associated with increased incidence for heart failure,
cardiovascular disease events and stroke [11]. Compared to
patients with QT intervals below 500 ms, patients with QT inter-
vals above 500 ms are exposed to a higher short-term mortality
risk, independent from the underlying comorbidities, [12]. Addi-
tionally, QT-prolongation has been described as a prognostic
parameter in Non-ST-Elevation Myocardial Infarction (NSTEMI)
patients. Rajvanshi et al. defined the corrected QT Interval above
468 ms as a cut-off value to predict poor prognosis for the occur-
rence of major adverse cardiac events (MACE) with a sensitivity
of 72% and a specificity of 61% [13].

3. Assessing QT-interval in the presence of bundle-branch block

Widening of the QRS complex - in the setting of left bundle-
branch block (LBBB) or right bundle-branch block (RBBB) - leads
to QT-interval prolongation without significant alterations to the
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repolarization duration [14]. Therefore, the AHA | ACCF | HRS rec-
ommendations for standardized ECG interpretation recommend
the use of the JT time to assess the repolarization. However, in
daily clinical practice, the measurement of the JT time is not yet
common. Moreover, tables for rate adjustment of the JT interval
are lacking. However, given the strong dependence of repolariza-
tion duration on heart rates, an adequate rate correction seems
essential for correct interpretation of potential pathological alter-
ations, especially in the presence of right or left BBB [1].

A bundle brunch block is commonly associated with extended
prolonged QTc interval. However, in this setting, the QT interval,
which is easily overestimated, is the result of a prolongation of
depolarisation and not primarily caused by repolarisation. Inter-
pretation in chronic LBBB with consecutive electrical remodelling
is more challenging: unloading of LV areas results in shortening
of repolarisation, whilst increased loading in late activated regions
may cause lengthening of repolarisation due to downregulation of
the slow delayed rectifier channel (IKs).

Besides the suggestion to evaluate the JT interval in patients
with LBBB as an alternative risk-stratification method in the pres-
ence of LBBB [ 1], several formulas were developed the last years for
avertable estimation of the QT interval [14-20] (Table 1). A differ-
ent approach in pacemaker recipients is the subtraction of 50 ms of
the QTc pgp as a rule of thumb. However this application may lead
to a relevant overestimation of up to 80 ms [21].

For easier QT time assessment in the presence of BBB, recent
studies have proposed a formula that corrects for prolongations
of QT intervals due to QRS widening (due to pacing, LBBB or RBBB)
(Figs. 1 and 2) [16].

3.1. Development of different formulas for modified QT estimation in
the presence of LBBB

The correct judgment of the QT interval in the presence of LBBB
was focus of several research activities in the past. In 1973, Tablot
et al. suggested subtraction of a fixed time interval: QT minus
60 ms in LBBB and minus 30 ms in RBBB or QTc minus 70 ms
and minus 40 ms, respectively. As the QRS duration in patients
with a BBB varies from 120 ms to more than 200 ms, this formula
runs the risk to overestimate or underestimate the modified QT
interval in accordance to the QRS width. A more precise formula
was developed and described by Rautaharju et al. and covers all
kinds of ventricular conduction defects (LBBB, RBBB and intraven-
tricular delay) and the complete heart-rate spectrum (Table 1).
However, the complexity of the formula, does not offer a good
solution for daily clinical practice. In 2014, a further formula was
developed for estimation of the QT interval in presence of LBBB
[16] (Fig. 2). In a proof-of-concept study, the alterations of the
QRS complex and QT intervals were analyzed during right ventric-
ular (RV) pacing in patients with inherent normal - not widened -
QRS complex, who presented for an electrophysiological study and
ablation. Thus, the documented LBBB in these patients was due to
RV pacing, providing an opportunity to compare QT times and JT
times in the presence or absence of simulated LBBB. The results
of these comparisons were subsequently translated into a formula
for the modified QT interval (QTy,). This formula suggested sub-
tracting a particular QRS amount from the measured QT interval
(in detail: QT = QT g — 48.5% of QRS ggg). Subsequently, this for-
mula was simplified for easier applicability in daily practice (to:
QT = QT 50% of QRS pp) [16].

In a second step, the formula was analyzed in patients with
intrinsic LBBB by comparing ECGs of patients presenting with both
a narrow QRS complex and an LBBB [22]. For this purpose, two
patient collectives were examined. First, patients with inherent
intermittent LBBB and second, patients with peri- or post-
procedural LBBB after a trans-venous percutaneous aortic valve
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Table 1
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Overview of the different QT-Formulas. *applicability of this formula in RBBB was shown in a following publication [26].**further assessment performed in four following

publications [22,23,25,26]. ***further assessment performed in the same publication [20].

Year  Author Journal fixed Formula additional Applicable in primary further
HR- LBBB and assessment assessment
correction RBBB patients [n] patients [n]
1973 Talbot S. BH] LBBB: QTm = QT — 60 ms; QTmc = QT — 70 ms; Yes/No No 95 -
1973 Talbot S. BH]J RBBB: QTm = QT — 30 ms; QTmc = QT — 40 ms Yes/No No 93 -
2004 Rautaharju Am ] Cardiol QTgrrgrs = QT — 155 x (60/heart No Yes 1251 -
PM. et al. rate — 1) — 0.93 X (QRS — 139) + k; [k = =22 ms for men
and — 34 ms for women]
2014 Bogossian Heart QTm = QT — 48.5%QRS; simplified: QTm = QT — 50% QRS  Yes Yes* 60 480**
H. et al. Rhythm
2016 Tabatabaei Res QTmc= (0.786 x QT) + (0.305 x CL) — 188.733 No No 101 -
P. et al. Cardiovasc
Med
2017 Wang B. JCE QTm = QT - (0.86 x QRS - 71) Yes No 62 -
et al.
2018 Yankelson ] of male: QTmc = QTc-QRS + 95 ms; female: QTmc = QTc- No No 48 -
L. et al. Electrocardiol QRS + 88 ms
2019 Tang JKK. Canad ] QTmc = 0.945 x QTc(RBK) — 26 No No 17 2610***
Et al. Cardiol

Fig. 1. Formula for easy correction of QT interval in presence of LBBB and the
simplified formula for BBB.

Fig. 2. Figure from the first Publication in patients with artificial LBBB. (Reprinted
from Publication: New formula for evaluation of the QT interval in patients with left
bundle branch block. Heart Rhythm, 2014. 11(12): p. 2273-2277; Bogossian, H.,
et al., with permission from Elsevier.)

implantation (TAVI) [22]. These patients served as their own con-
trol groups, since they had both ECGs with a narrow QRS and ECGs
with LBBB. In both groups (15 patients each), the acquired mean
native QTc intervals and those calculated by the formula during
LBBB were not significantly different.

Another patient population with intermittent artificial LBBB are
patients with implanted pacemakers. A further step in the analysis
of the formula was therefore to check the applicability of the for-
mula in these patients [23]. In total, 163 patients with a cardiac
one- or two-chamber pacemaker were included in this prospective,
multicentre observational study. Although there was a slight sys-
tematic overestimation of the true QT interval by the BBB correc-
tion formula, the overall agreement was high [23]. Subsequently,
several additional formulas followed and were used in a similar
way to the prior assessment methods. Like for the development
of the Bogossian-formula in 2014, Tabatabaei et al. (2016) and
Wang et al. (2017) used also the method of artificial LBBB during
right ventricular pacing in patients who underwent electrophysio-
logical studies [17,18]. Finally, Yankelson et al. (2018) and Tang
et al. (2019) used the second assessment-method of the
Bogossian-formula and analyzed patients with intermittent LBBB
or with LBBB after trans-aortic valve replacement (TAVR)
[19,20,22].

3.2. Applicability of the LBBB formula in heart failure patients

LBBB is a common ECG feature in patients with heart failure due
to impaired left-ventricular (LV) function. Hence, the applicability

Fig. 3. Figure from the last Publication in patients with artificial RBBB. (Reprinted
from Publication “How to measure QT-interval in right bundle branch block and
bifascicular block”. Clin Cardiol, 2020; Erkapic D et al.)
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of the formula was also verified for these patients. As patients with
severe LV dysfunction typically have extensive structural and elec-
trical remodeling leading to an increased risk of sudden cardiac
death [24], this observation has great implications for daily medi-
cal practice. LV dysfunction might persist despite optimal drug
therapy. In these cases, the implantation of a cardioverter defibril-
lator (ICD) is recommended. The adequate functioning of the defib-
rillator lead (placed in the right ventricle) is checked telemetrically
during regular follow-ups. Part of the routine examination is the
measurement of the lead threshold. During this maneuver, the
right ventricle is stimulated, resulting in a typical change of the
ECG with artificial LBBB. Again, taking advantage of this setting,
the modified QT formula could be assessed for measurement of
QT times in the presence and absence of provoked LBBB, for this
patient cohort [25].

3.3. Applicability of the LBBB formula in RBBB

As presented in Table 1, just the formulas by Rautaharju and
Bogossian were studied regarding the applicability in the presence
of RBBB. In the study by Ratauharju, 593 out of 1251 patients pre-
sented a RBBB pattern. Erkapic et al. investigated the applicability
of the Bogossian-formula to assess the QT interval in patients with
RBBB. Based on a similar method of design as for the development
of the LBBB-formula, the appropriate use during RBBB was further
investigated [26]. In particular, during left-sided EP procedures an
artificial RBBB (with left anterior or left posterior hemiblock) was
induced by left ventricular pacing. Again, the same patient collec-
tive could serve as control group by comparing their initial ECGs
(with narrow QRS complexes) to the generated ECGs during LV
pacing (with broadened QRS-complexes in the course of artificial
RBBB) (Fig. 3). In this prospective multicenter observational study,
71 patients were included. The mean difference between intrinsic
QTc and corrected QTc during RBBB was —3 + 24 ms and
— 6 = 25 ms for RBBB with left posterior and left anterior hemi-
block, respectively [26], thus demonstrating the applicability of
the LBBB formula in patients with RBBB.

3.4. Combination of BBB formula and heart rate correction formula

The estimation of the QT interval in the presence of BBB is sig-
nificantly more complex at extreme heart rates (i.e., heart-rates
other than 60 bpm and especially in bradycardia or tachycardia).
This was a relevant aspect in the Publications of Rautaharju, Tang
and Erkapic [14,20,26]. In the Study of Rautahrju et al., rate- and
gender-adjusted JT interval was in focus during the formula inves-
tigation. Tang et al. focuses for the rate correction on the spline QT
formula (QTcRBK) [27], which was earlier described by the same
working group.

During the first description of the Bogossian-formula a rate-
correction was not necessary, as the paced QRS complexes were
generated just a few beats faster than the intrinsic heart rate
[16]. In the subsequent publications, the paced rhythm was signif-
icantly higher than the intrinsic heart rate [22,23,25], making
heart-rate correction indispensable in these cohorts. Initially, the
Bazett formula was applied, resulting in a substantial deviation
in corrected intervals whenever the heart-rate deviation was high.
A regression analysis revealed a linear relationship between the
deviation of the intrinsic QTc from the modified QTc and the differ-
ence between the intrinsic heart rate and paced heart rate [23]. A
fast heart rate resulted in an increasing difference between intrin-
sic and modified QTc. Recently, in the manuscript evaluating the
LBBB-formula in RBBB-QRS-complexes, the authors applied three
different heart rate correction formulas (Bazett, Fridericia, and
Hodges) after QT-correction (due to QRS width) [26]. This compar-
ison revealed that the smallest deviation was achieved by the
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Hodges-formula, intermediate deviation by the Fridericia-formula
and the greatest deviation by Bazett’s formula.

4. Conclusions and clinical implications

Different QRS-QT-formulas have recently been introduced in
order to identify easier patients with LBBB or RBBB at high risk
for ventricular arrhythmias due to true prolonged QT duration.
None of the formulas has the power to unmask the real QT time
behind the BBBs. Incorporating more complex formulas (like that
by Rautaharju) in automated ECG analysis programs may help to
keep deviations as small as possible and increase comparability
in the assessment of QT intervals during BBB. Furthermore, better
heart rate corrections (as described by Rabkin and Tang) could lead
to further reduce heart rate related deviations.

However, in routine clinical practice, easy formulas (as
described by Bogossian) for the estimation of the modified QTc in
the presence of LBBB, RBBB or in pacemaker patients with LBBB-
like ECG patterns remain reliable tools for a quick appraisal. Addi-
tional rate correction should in this case preferably be performed
by Hodges’ formula (or alternatively using the Fridericia formula).
Bazett’s formula seems to lead to the greatest deviation of the
expected values.

5. Limitation

In the presence of BBB, the estimation of the real repolarization
time from the ECG remains very challenging. The JT interval seems
to be the best representative value for this evaluation. However, in
clinical practice the experience with the JT interval is limited. The
estimation of the exact and real QT interval in the presence of BBB
needs further experimental and clinical investigations.
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Fallprasentation

Ein28-jahrigerPatientwurde unsererKlinik
mit symptomatischen Palpitationen und
retrosternalem Druckgefiihl zugewiesen.
Er beschreibt, dass er aus dem Schlaf her-
aus mit Schweiausbruch wach geworden
sei. Das aufgezeichnete EKG in der Not-
aufnahme ist in @ Abb. 1 zu sehen. Es be-
steht eine variable Herzfrequenz zwischen
150/min und 300/min. Die QRS-Komplexe
prasentieren sich polymorph. Nach initia-
ler Gabe von 5mg Metoprolol intravends
terminierte die Tachykardie.

Bei der im Verlauf durchgefiihrten elek-
trophysiologischen Untersuchung kam es
beim Platzieren der Katheter zur sponta-
nen Initiierung und Terminierung der Ta-
chykardie (@ Abb. 2). Bei der Uberpriifung
des antegraden Wenckebach-Punkts — un-
ter Stimulation im hohen rechten Vorhof
(HRA) - verdnderten sich die QRS-Kom-
plexe, wie in @ Abb. 2b dargestellt.

Folgende Aussagen zu den @ Abb. 1
und 2 sind zutreffend:

A. Esliegt eine FBI-Tachykardie bei rechts-
seitiger akzessorischer Leitungsbahn
Vor.

B. Bei der Tachykardie handelt es sich
um Vorhofflattern mit aberranter
Uberleitung.

C. Bei der Tachykardie handelt es sich um
Vorhofflimmern mit frequenzabhangi-
gem LSB.

D. Bei der Tachykardie handelt es sich um
Vorhofflimmern und eine linksseitige
akzessorische Bahn.

E. Eshandeltsich um eine Bundle-Branch-
Reentry-Tachykardie bei breitem QRS-
Komplex auch im Sinusrhythmus.
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Abb. 1 A Ruhe-EKG in der Notaufnahme

Abb. 2 A Elektrophysiologische Untersuchung. a Tachykardie und spontane Terminierung wahrend
der Katheterplatzierung. b Zunahme der QRS-Breite wéhrend inkrementaler Stimulation vom HRA-
Katheter (HRA ,high right atrium”)

2 Herzschrittmachertherapie + Elektrophysiologie



Abb. 3 A Ablationspositionen. a, b Endokardiale Ablationspositionen (a anterolateral, b lateral) ohne Erfolg. c Erfolgreiche
Ablation tiber den CS. In den EKG-Ableitungen zeigt sich wahrend Ablation das Verschwinden der Delta-Welle und auf dem
Ablationskatheter (ABL) die Separation von Vorhof- und Ventrikelsignal. AL akzessorische Leitungsbahn, CS Koronarsinus,

HRA ,high right atrium®, LAO , left anterior oblique”

Die richtige Antwort ist D

Antwort

Im Ruhe-EKG sieht man eine schnelle
unregelmaBige Breitkomplextachykardie
(@ Abb. 1). Diese ist bekannt unter der
Abkiirzung FBI-Tachykardie (,fast, broad,
irregular tachycardia”) und kann wahrend
Vorhofflimmern (VHF) auftreten, wenn
gleichzeitig eine antegrad leitende akzes-
sorische Leitungsbahn (AL) vorliegt [1].
Trotzdemistdie AntwortAfalsch, dader Ar-
rhythmie-Mechanismus im vorliegenden
Fall auf das Vorhandensein einer linksseiti-
gen AL beruht (Antwort D korrekt). Durch
die unregelmiBige Uberleitung von Vor-
hof zu Ventrikel - teilweise iber den AV-
Knoten und teilweise tiber die AL — kommt
es zu polymorphen QRS-Komplexen, die
weder einer typischen Aberranz noch ei-
nem frequenzabhdngigen Linksschenkel-
block (LSB) entsprechen (Antwort B und C
falsch). Auch eine Bundle-Branch-Reentry-
Tachykardie prasentiert sich mit typischer
Schenkelblock-Morphologie und ist re-

gelmdBig und monomorph (Antwort E
falsch). Fiir die Vorhersage der Lokalisa-
tion einer antegrad leitenden AL ist die
korrekte Beurteilung der Delta-Welle im
EKG essenziell. Hierfiir bieten die ,2019
ESC Guidelines for the management of pa-
tients with supraventricular tachycardia”
[2] zwei alternative Algorithmen. Wenn
man diese auf das EKG mit der maxima-
len Praexzitation anwendet (@ Abb. 2b),
so ist von einer links-anterolateralen AL
auszugehen (Antwort D korrekt).

Beurteilung

Die FBI-Tachykardie stellt meist eine Blick-
diagnose dar. Sie beschreibt schnell tiber-
geleitetes Vorhofflimmern mit gemischter
Uberleitung auf den Ventrikel, teilweise
Uber das spezifische Reizleitungssystem,
teilweise Uber die vorliegende antegrad
leitende AL. Da es sich um eine lebens-
bedrohliche Rhythmusstérung handelt, ist
eine dauerhafte Behandlung zu empfeh-
len [2, 3]. Die Katheterablation stellt eine
Klasse-IB-Indikation dar, wéhrend die me-

dikamentdse Therapie mit Betablockern
oderKalziumkanalblockern eine Klasse-lla-
B-Indikation darstellt.

Auch im vorliegenden Fall erfolgte die
Ablation der AL. Uber einen transseptalen
Zugang liel sich die AL trotz fusionierter
Vorhof- und Kammersignale auf dem Ab-
lationskatheter nicht eliminieren (in en-
dokardialer anterolateraler und lateraler
Position; @ Abb. 3a,b), erst eine epikardia-
le Ablation via Koronarsinus war erfolg-
reich (@ Abb. 3). Unter Ablation trennen
sich einerseits Vorhof- und Ventrikelsigna-
le auf dem Ablationskatheter; anderseits
ist im Oberflachen-EKG (nach den ersten
4 QRS-Komplexen auf @ Abb. 3c) das Ver-
schwinden der Delta-Welle als Zeichen der
erfolgreichen Ablation erkennbar.
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ZUSAMMENFASSUNG

Das EKG stellt eine der wichtigsten nicht invasiven Unter-
suchungsmethoden dar. Im klinischen Alltag bietet es einen
hohen Informationsgehalt bei sehr geringen Kosten. Nichts-

destotrotz ist die EKG-Interpretation fiir viele Arzte herausfor-
dernd. Selbst bei einem normalen EKG bedarf es ausreichen-
der Sorgfalt, um die einzelnen Zeitintervalle ordentlich zu ver-
messen. Deutlich schwieriger wird die Interpretation beim
Auftreten von Herzrhythmusstérungen. Hier missen dann
(wie z.B. beim Vorhofflimmern) mehrere Messungen durch-
gefiihrt und berticksichtigt werden, um das QT-Intervall kor-
rekt zu beurteilen. Weitere EKG-Verdnderungen kénnen die
Messung und Interpretation der QT-Zeit weiter beeinflussen.
So kommt insbesondere bei Frequenzvariabilitdt (Tachykar-
dien/Bradykardien) und beim Auftreten von Schenkelblockie-
rungen die Anwendung diverser Formeln zum Tragen. Erst
nach Berticksichtigung all dieser Aspekte kann eine ordentli-
che Messung und Interpretation der QTc-Zeit erfolgen.

ABSTRACT

The 12-lead ECG continues to be one of the most important
noninvasive diagnostic tools in daily clinical practice, since it of-
fers high level of clinincal information at low costs. However,
accurate interpretation of the ECG remains a challenge for
many physicians. Correct assessment of the different time in-
tervals may be time-consuming even in a normal ECG, particu-
larly since automated ECG softwares have proven to be rather
unprecise. Measuring ECG intervals needs even more diligence
in the presence of arrhythmias (e.qg. atrial fibrillation) where ac-
curate determination of the QT interval has to be based on
averaging several measurements. Interpretation of the QT in-
terval may be further hampered by the presence of tachycardia
or severe bradycardia. Thus, the influence of heart rate as well
as of bundle branch blocks on repolarization measures need to
be corrected (QTc). For this purpose, several correction formu-
las have been developed and validated for use in clinical prac-
tice. Considering these aspects is the base for correct measure-
ment and interpretation of cardiac repolarization.

Hintergrund

Das EKG ist eine der haufigsten nicht invasiven Untersuchungen,
die im klinischen Alltag erhoben werden. Die Interpretation des
EKGs bedarf einer hohen Sorgfalt - nicht nur in Notfallsituationen,
sondern auch bei vermeintlichen Routineuntersuchungen. Insbe-
sondere die Beurteilung der QT-Zeit ist dabei essenziell, um das
potenzielle Risiko fiir lebensbedrohliche Rhythmusstérungen zeit-
nah zu erkennen.

528

Ursachlich fiir eine QT-Zeit-Verlangerung sind zum einen ange-
borene Gendefekte, zum anderen kénnen externe Faktoren (wie
Medikamente, Elektrolytentgleisungen, Ischdmien, Herzinsuffi-
zienz) zu einer erworbenen Verlangerung der QT-Zeit fiihren [1].

Das QT-Intervall stellt die Dauer der Depolarisation und der Re-
polarisation der Ventrikel dar. Dabei reprdsentieren insbesondere
der QRS-Komplex die Depolarisation und die JT-Zeit iberwiegend
die Repolarisation. Abnormale Verlangerung der QT-Zeit kann zu
Torsade-de-pointes-Tachykardien (TdP) fiihren. Daher ist es wich-
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WAS IST WICHTIG?

= Zur korrekten Messung der QTc-Zeit muss zundchst die
EKG-Ableitung definiert werden, die am besten fiir die
Messung des QT-Intervalls geeignet ist.

= Die Beriicksichtigung von Rhythmusstérungen und die
Betrachtung des QRS-Komplexes (Erkennung von QRS-
Verbreiterung) sind essenziell vor der Messung der QTc-
Zeit.

= Bradykardien oder Tachykardien miissen vor der Anwen-
dung von Frequenzkorrekturformeln beriicksichtigt wer-
den, um im Anschluss die korrekte Formel anzuwenden.

tig, die QT-Zeit immer individuell zu vermessen und sich nicht al-
leine auf die automatische EKG-Interpretation der EKG-Schreiber
zu verlassen (obwohl neue Geréte inzwischen deutlich verbesserte
Messungen liefern) (» Abb. 1).

ABKURZUNGEN

LSB Linksschenkelblock
RSB Rechtsschenkelblock
TdP Torsade de pointes
VHF Vorhofflimmern

Fiir die korrekte QT-Zeit-Beurteilung ist im Vorfeld eine korrek-
te Erkennung des Herzrhythmus unerldsslich. So ist die Beurtei-
lung bei Patienten mit Vorhofflimmern komplexer als bei Patien-
ten, die einen Sinusrhythmus vorweisen. Neben dem Herzrhyth-
mus hat auch die Herzfrequenz wesentliche Auswirkungen auf
die QT-Zeit. Zur besseren Interpretation wird nach Frequenzkor-
rektur die QTc-Zeit ermittelt. Beim Vorliegen eines Schenkel-
blocks muss vor Anwendung der Frequenzkorrekturformeln die
QT-Verlangerung durch den verldngerten QRS-Komplex modifi-
ziert werden. Dies flihrt zur QTm- bzw. QTmc-Zeit [2].

» Abb. 1 Variabilitdt der QT-Zeit bei einem vermeintlich ,normalen* EKG. Die Messung des QT-Intervalls durch den EKG-Schreiber betragt 428 ms.
Dies entspricht unserer Messung (nach Zahlung der kleinen Kastchen) in Ableitung Il mit ca. 430 ms. Das Ende der T-Welle und somit die ldngste
QT-Zeit in den Brustwandableitung ist allerdings in Ableitung V6 und fiihrt zu einer QT-Zeit von nahezu 480 ms, wéihrend die Ableitung V3 eine

scharf abgrenzbare QT-Zeit mit nur 400 ms vorweist.
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» Abb. 2 Die » Abb. 1 wurde mit der Software EP Calipers bearbeitet. Nach Eichung (50 kleine Kastchen wurden dem Wert 1000 ms gleichgesetzt)

ist eine genauere Messung moglich.

Die korrekte Messung der QTc-Zeit

Die amerikanische Gesellschaft fiir Kardiologie hat Empfehlungen
zur standardisierten EKG-Interpretation publiziert (AHA/ACC/HRS
Recommendations) [3]. In diesem Rahmen wurden auch Norm-
werte definiert. Hiernach ist die normale QT-Zeit - bei Abwesen-
heit eines Linksschenkelblocks oder eines stimulierten Rhythmus
- bis zu 450 ms fiir Mdnner und bis zu 460 ms fir Frauen beschrie-
ben [3]. Eine Verldngerung Giber 500 ms zeichnet ein hohes Risiko
fiir TdP-Tachykardien aus.
Bei der Messung der QTc-Zeit sind dabei 3 Punkte zu beachten:
= korrekte Definition des Beginns und des Endes der QT Zeit,
= Definition der Ableitung, in der man die QT-Zeit am besten
messen kann,
= Anwendung von entsprechenden Formeln bei QRS-Verbreite-
rung (durch Schenkelblockierungen oder Schrittmacherstimu-
lation) und zur Frequenzkorrektur.

Bei nicht eindeutigen Befunden ist es empfehlenswert, den Be-
ginn des QRS und das Ende der QT-Zeit iber alle Ableitungen zu
vergleichen und mit einer senkrechten Linie im EKG zu definieren.

Wahrend der QRS-Beginn meist sehr eindeutig erkennbar ist,
ist bei dem Ende der QT-Zeit eine groRRe Variabilitdt in den einzel-

nen Ableitungen méglich (teilweise bis zu 60 ms) (> Abb. 1). Die-
se als QT-Dispersion bezeichnete Schwankung der QT-Zeit gilt als
grobes MaR fir die Abnormalitdt der Repolarisation und damit fir
eine gesteigerte Vulnerabilitdt des Herzens. Da sich die Werte
zwischen Herzkranken und Gesunden sehr stark tiberlappen, wei-
sen nur stark variierende Werte (iiber 100 ms) auf ein gesteiger-
tes Risiko hin [4].

Alternativ zur manuellen Markierung von Beginn und Ende ist
heutzutage bei digital erhobenen EKGs (oder bei gescannten
EKGs) die Anwendung von elektronischen Applikationen (z.B. EP
Calipers) maglich (» Abb. 2).

Die Empfehlungen, welche Ableitungen fiir die Messung be-
nutzt werden sollten, variieren extrem: Einige Autoren empfehlen
Ableitung Il oder V5, andere empfehlen Ableitungen V2 oder V3
und wieder andere aVR und aVF [3,5, 6]. Dabei schiitzt die Mes-
sung in Ableitung Il vor Fehlmessung, da es hier selten zum Auf-
treten von U-Wellen kommt (gleiches gilt auch fiir aVR und aVF)
- wahrend die linksprakordialen Ableitungen héufiger eine U-Wel-
le vorweisen. Nichtsdestotrotz ist die langste QT-Zeit meist in den
Ableitung V2 und V3 zu finden [3].

Praktikabel ist die Empfehlung ,Ableitungen mit sehr flacher
QT-Zeit nur mit Vorsicht zu interpretieren“, und solche, wo ,die
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» Abb. 3 EKG mit VHF. Sowohl die ,half-RR“-Formel als auch die detaillierte Messung von 5 konsekutiven Komplexen bieten keine Hinweise fiir das
Vorliegen eines Long-QT in den Extremitdtenableitungen. Die RR-Intervalle sind rot markiert. Die langste und kiirzeste QT-Zeit sind jeweils griin
markiert; weitere 3 QT-Intervalle sind blau markiert. Manuelle Messung in Ableitung II: RRinean = 945 ms (= HF =63 bpm), QT nean =430 ms; Mes-

sung des EKG-Schreibers: HF = 64 bpm, QT =424 ms.

T-Welle klar definiert ist“, zu bevorzugen. Nichtsdestotrotz gilt es,
die langste QT-Zeit zu identifizieren [7].

Bei der Messung kann man sich neben dem EKG-Lineal und den
elektronischen Applikationen auch die Kastchen auf dem Milli-
meterpapier zur Hilfe nehmen. Dabei entspricht jedes kleine Qua-
drat - bei der in Deutschland Gblichen Schreibweise (50 mm/s) —
einem Zeitintervall von 20 ms. Bei der 25-mm/s-Schreibweise (iib-
lich in nicht deutschsprachigen Landern) entspricht ein kleines
Quadrat 40 ms. Bei der schnelleren Papiergeschwindigkeit ist die
Lange/Dauer der QT-Zeit durch die ,gestreckte Zeit“ etwas ge-
nauer zu messen. Bei der langsameren Papiergeschwindigkeit ge-
neriert die ,gestauchte Zeit“ etwas hohere Ausschldge und etwas
spitzere Winkel, sodass das Ende der T-Welle etwas besser zu de-
finieren ist.

Erschwert wird die Bestimmung der QT-Zeit beim Vorliegen
einer U-Welle. Dabei wird die Anwendung der Tangententechnik
empfohlen, bei der im absteigenden Schenkel der T-Welle eine
Tangente gesetzt wird. Dabei wird das Ende des QT-Intervalls an
diesem Punkt definiert, an dem sich die Tangente mit der Basis-
linie (PQ-Strecke und TP-Strecke) schneidet [8].

KURZGEFASST

Fir die korrekte Messung der QTc-Zeit muss zunachst das QT-
Intervall in allen Ableitungen bewertet werden. Im zweiten
Schritt gilt es, Einflisse durch Herzrhythmus, Herzfrequenz
und durch QRS-Verdnderungen zu beriicksichtigen.

Einfluss der Herzfrequenz auf die QTc-Zeit

Es existieren verschiedene Formeln fiir die Frequenzkorrektur [7].
Dabei gilt fiir alle Formeln, dass bei extremer Bradykardie oder Ta-
chykardie die Zuverldssigkeit abnimmt. Die am haufigsten be-
nutzte ,Bazett“-Formel hat sich als ausreichend zuverldssig im
Frequenzspektrum zwischen 50 und 70 bpm erwiesen:

QTc= QT (ms)/VRR (s); RR = 60/Herzfrequenz (HF)

Kommt es jedoch zu relevanten Bradykardien, so ist die Formel
nach ,Fridericia“ akkurater:

QTc=0QT/3/RR
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» Abb. 4 EKG mit Linksschenkelbock (LSB). Die gemessene QT-Zeit mit 464 ms ist bei mannlichem Geschlecht oberhalb der Norm. Die Verldnge-
rung ist jedoch fiihrend durch die verlangerte Depolarisation verursacht. Die |T-Zeit entspricht der zu erwartenden |T-Zeit bei schmalem QRS-
Komplex. Nach Anwendung unserer QRS-QT-Formel fiir LSB entspricht die modifizierte QT-Zeit 387 ms [2].

Kommt es zu Tachykardien, so sind die komplexeren Formeln
,Framingham“ und ,Hodges*“ zu bevorzugen [7]:

Framingham: QTc = QT +0,154 (1 - RR)
Hodges: QTc=QT + 1,75 (HF - 60)

Insbesondere beim Vorliegen von QRS-Verbreiterungen im Sinne
von Schenkelblockierungen hat sich bei htheren Frequenzen die
Hodges-Formel als zuverldssiger erwiesen [9]. Wegen der Kom-
plexitdt der Formeln ist die Kalkulation durch einen QTc-Rechner
zu empfehlen.

KURZGEFASST

Bei niedrigen Herzfrequenzen Anwendung der Fridericia-For-
mel; bei mittleren Herzfrequenzen Anwendung der Bazett-
Formel; bei hohen Herzfrequenzen Anwendung der Hodges-
oder Framingham-Formel.
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Einfluss von Rhythmusstérungen
auf die QTc-Zeit

Die haufigste Rhythmusveranderung, durch welche die Bestim-
mung der QT-Zeit erschwert wird, ist das Vorhofflimmern (VHF).
Insbesondere im Rahmen einer Tachyarrhythmia absoluta oder
Bradyarrhythmia absoluta wird der Schwierigkeitsgrad fir die kor-
rekte Beurteilung potenziert.

Ist wiederum die Herzfrequenz (trotz VHF) bei ca. 60 Schldgen
pro Minute, so empfiehlt sich eine erste Abschdtzung der QT-Zeit
durch die Anwendung der ,half-RR“-Formel [10]. Hierbei gilt eine
QT-Zeit, die weniger als die Halfte des R-R-Intervalls betrdgt, als
nicht pathologisch. Dauert die QT-Zeit jedoch langer als die Halfte
des R-R-Intervalls an, so empfiehlt sich eine weitere, detailliertere
Messung des QT-Intervalls (» Abb. 3). Wie bei den meisten For-
meln ist leider auch bei dieser leicht anwendbaren Formel die Sen-
sitivitdt und die Spezifitat limitiert.

Moderne EKG-Schreiber sind inzwischen in der Lage, (iber meh-
rere Komplexe die Messwerte gut zu mitteln [11]. Nichtsdesto-
trotz sollten diese Werte gegengepriift werden. Dabei sollte die
QT-Zeit an 5 aufeinanderfolgenden Komplexen gemessen und ge-
mittelt werden, um eine bessere Abschdtzung des QT-Intervalls
zu erzielen [12].
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Drei Optionen fiir die Abschatzung der QT-Zeit beim Vorlie-

gen von VHF:

= moderner EKG-Schreiber mit weiterentwickelter Software,

= half-RR“-Formel,

= Messung von 5 konsekutiven Intervallen und Ermitteln des
Mittelwerts.

Einfluss der QRS-Verbreiterung auf die QTc-Zeit

Die QT-Zeit wird durch das Auftreten von QRS-Verbreiterungen
direkt beeinflusst. Eine Verbreiterung des QRS entsteht durch
Schenkelblockierungen, durch intraventrikuldre Leitungsstérun-
gen sowie durch Schrittmacherstimulation. Die langsame Depola-
risation des Myokards fiihrt konsekutiv auch zu einer verspéteten
Repolarisation. Hier gibt es nur eine kurze Uberschneidung der
verschiedenen elektrischen Phasen. Daher befiirworten die ame-
rikanischen Empfehlungen der EKG-Interpretation idealerweise
die Verwendung der |T-Zeit. Bedauerlicherweise ist die Erfahrung
in der Beurteilung der JT-Zeit im klinischen Alltag sehr einge-
schrankt.

Neben diversen komplexeren Formeln wurde 2014 eine leicht
anwendbare Formel zur Korrektur der QT-Zeit beim Vorliegen
eines Linksschenkelblocks (LSB) beschrieben [2]. Diese wurde in
weiteren Arbeiten evaluiert und ihre Anwendbarkeit bei Schritt-
macherstimulation, Herzinsuffizienz und Rechtsschenkelblocken
weiter Gberpriift [9,13-15]. Vereinfacht empfiehlt die Formel,
von der gemessenen QT-Zeit 50% des QRS abzuziehen (> Abb. 4).
AnschlieBend kann die Frequenzkorrektur nach favorisierter For-
mel durchgefiihrt werden. Bei der Arbeit zur Uberpriifung der An-
wendbarkeit der neuen QT-Formel beim Vorliegen von Rechts-
schenkelblocken (RSB) wurden zusatzlich verschiedene Frequenz-
korrekturformeln (berpriift (Bazett, Fridericia, Hodges). Dabei
scheint die Formel nach Hodges den geringsten Fehler vorzuwei-
sen, wahrend die Bazett-Formel die groBte Abweichung aufweist
[9].

KURZGEFASST

Beim Vorliegen eines RSB, LSB oder stimulierten QRS-Kom-
plexes bietet die Formel nach Bogossian u. Mitarb. (QT, = QT
- 50% QRS [2]) eine Mdglichkeit zur ziigigen Abschdtzung der
modifizierten QT-Zeit. Nach Anwendung dieser Formel sollte
die Frequenzkorrektur idealerweise mit der Hodges-Formel
erfolgen.

Fazit

Die Messung der QT-Zeit ist ein wesentlicher Bestandteil der EKG-
Beurteilung. Insbesondere beim Vorliegen von Arrhythmien, Fre-
quenzschwankungen und Schenkelblockierungen ist die Beurtei-
lung erschwert. Auch bei Patienten, die diese komplexen EKGs

bieten, ist unter Anwendung diverser Formeln eine ordentliche
Beurteilung moglich.
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ABSTRACT
Objective:

Diagnostic and risk stratification are limited in emergencies. The measurement of
microcirculation might identify patients with poor perfusion but compensated
macrocirculation such as in beginning shock. This proof-of-concept study examines

whether sublingual prehospital sidestream dark field microscopy is feasible.
Methods:

This prospective observational study included patients receiving medical aid by an
emergency ambulance who had a spontaneous circulation and offered access to the
sublingual mucosa. Sublingual measurement of microcirculation was performed using a
sidestream dark field camera. Video-quality was evaluated with MIQS (microcirculation

image quality score). AVA 4.3C software calculated microcirculatory parameters.
Results:

Thirty patients (47% male) were included. The average age was 63 years (+ 20 years
SD), the severity of the disease (quantified by NACA) was 3.4 (x 0.7 SD).
Macrocirculation presented within the normal range. The most frequent cause preventing
the measurement was a time-critical disease (64%). In 17 patients (57%), the videos
could be analyzed immediately. The average quality of the video was 2.2 + 0.45 points
("acceptable"). There were minor restrictions of microcirculation. Microcirculation

correlated with NACA, but not with the macrocirculation. No complications occurred.
Conclusion:

The prehospital sublingual measurement is safe and valid. Despite normal

macrocirculation, microcirculation was impaired and correlated with NACA.
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MANUSCRIPT

Introduction

Risk stratification is a key element in emergency medicine and might serve to improve
preclinical and clinical patient management. Thus, there is great interest to identify and
validate novel tools and parameters, which are easy to handle even in the emergency
setting by emergency physicians and paramedics. The changes in hospital coverage
have resulted in longer transport distances. Dwindling clinical resources and an
increasing number of emergency calls require the meticulous selection of a suitable
target hospital [1, 2]. The main challenge is to identify critically ill patients. Unfortunately,
prehospital diagnostic options are very limited and time-critical. Usually, an ambulance
disposes on clinical examination and basic hemodynamic values such as non-invasive
blood pressure, pulse quality, heart rate, oxygen saturation, electrocardiogram, and
capnometry. Very few emergency crews use hand-held ultrasound devices. Hence,
diagnostic tools are limited to the assessment of the macrocirculation. However,
macrocirculatory parameters are not very reliable and might not necessarily reflect factual
organ perfusion. Despite intact macro-hemodynamic parameters, severe diseases such
as shock may endanger patients [3]. Focusing only on macrocirculation masks the
following issue: Tissue hypoxia is crucial and microcirculatory collapse or at least
dysregulation occurs very early [4]. Reduced microcirculation results in attenuated
cellular nutrient and oxygen supply, which can result in severe cell damage.
Microcirculatory flow can independently alter from global circulatory parameters. Impaired
microcirculation is ubiquitous in shock and can be found even in the setting of
hemodynamic compensation. Furthermore, an acute microcirculatory impairment is a
stronger predictor of outcome than global hemodynamic variables [5]. An impaired

microcirculation is often the very first sign of alarm for deteriorating critically ill patients.

Taking all these considerations into account, the following question occurs: How should
microcirculation be assessed in vivo? There are several non-invasive methods. A
promising attempt is the use of sublingual IDF- and SDF-measurement (IDF: incident
dark-field; SDF: sidestream dark field) devices. Sublingual microcirculation is a suitable
target because it reliably reflects organ perfusion [6]. Measuring sublingual

microcirculation has already been used to identify high-risk patients both in septic and

This article is protected by copyright. All rights reserved



cardiogenic shock [7, 8], chronic heart failure [9], in coronary artery disease, [10] and to

predict outcome after cardiac arrest [11-14].

The assessment tools are easy to use hand-held devices. The newest generation of SDF
offers the great advantage of automatic software which independently calculates various
microcirculatory parameters. Thus, there is no need for the treating physician to interpret
the videos. Taking these considerations into account, microcirculation has become a
directly detectable physiological compartment with quantifiable measurement

parameters.
Until now, the described hand-held devices were mainly used in the intensive care unit or

in healthy volunteers. To our knowledge, there have never been attempts to use direct

sublingual microcirculatory assessment in out-of-hospital critical care medicine.
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Materials and Methods

Ethics

The study was approved by the German Ethics Committee of the Medical Faculty of the
University Hospital Duesseldorf, Germany (Date of approval: July 11th, 2017; (Study No.:
5805R; Registry No.: 2016085397). Written informed consent was mandatorily provided
by all participating patients of the study. The principles of the Declaration of Helsinki and
the national rules and regulations on personal data protection were applied. The study

has been registered in clinicaltrials.gov with the registration number NCT04265066.

Inclusion and Exclusion

This investigation took place in the ambulance emergency service of the metropolitan
area around Dusseldorf, Germany. To participate in the study, patients had to meet the
following criteria: 1) the call for an acute emergency outside the hospital with the
indication for sending out an emergency doctor, 2) a spontaneous circulation without
previous resuscitation, 3) informed consent, 4) the sublingual mucosa had to be
accessible. The following data was collected: age, sex, cause for emergency alarm
(cardiac reason, respiratory reason, gastroenterological, oncological, general internal
medicine, renal, neurological, psychiatric, paediatric, traumatic), and the National
Advisory Committee on Aeronautics' (NACA), that ranges from 0 = no injury, 7 = lethal

injury severity score (see Supplement 1).

Macrocirculation

Vital parameters (heart rate, non-invasive blood pressure, peripheral oxygen saturation)
were assessed using a standard out-of-hospital monitoring device (Corpuls3 (GS
Elektromedizinische Gerate G. Stemple GmbH, Kaufering, Germany)). Mean arterial
pressure (MAP) was calculated as follows: (2 * diastolic pressure + systolic pressure) /3.

The capillary refill was evaluated in a standardized manner as described previously [15].

SDF-measurement and Video-analysis
Only sufficiently trained investigators performed measurements. The microcirculation was
assessed by the implementation of the sidestream darkfield microscope (MicroScan®

device, Microvision Medical, Amsterdam, The Netherlands) as described before [16]. At
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the tip of the device, a highly sensitive camera digitally records the sublingual capillary
network (see Figure 1, left). The software analysis can directly be performed and
visualized on a tablet screen. Additionally, the videos are saved for later analysis. For this
purpose, a suitable tablet computer was used (Microsoft Surface Pro 4, (Redmond,
Washington, USA). After acquisition of the videos, the video-quality was assessed using
the microcirculation image quality score (MIQS) established by Massey et al. [17]. Only
videos with a good or at least acceptable result score qualified for further analysis A
validated automatic algorithm-software (AVA, Version 4.3 C) performed the analyses
(see Figure 1, right). According to the second consensus on the assessment of
sublingual microcirculation in critically ill patients (European Society of Intensive Care
Medicine), the following parameters of microcirculation were assessed [18]:

Microvascular values can offer information about both convexity and diffusion capacities
[19]. Information about convexity and perfusion can be gained by measuring the
proportion of perfused vessels (PPV = 100 * (Total number of perfused vessels / total
number of vessels) [20]. Information about diffusion can be estimated by the total vessel
density (TVD) and the number of crossings (NC). Density was assessed by the total
vessel density and the number of crossings. Both information can be combined for
perfused vessel density (PVD = total length of perfused vessels divided by the analyzed
area) and perfused number of crossings (PNC = number of vessel crossings with
continuous flow). Vessels with diameters less than 20 mm are mostly capillaries that are
primarily responsible for the microcirculation. The small vessel values are marked by the
prefix “s” (e.g. sPPV = PPV of small vessels). The values for all vessels can be

considered as a quality check to exclude for example pressure artifacts [21].

Statistics

Analyses were performed with Microsoft® Excel 2010 for Windows, the IBM Statistical
Package for the Social Sciences (SPSS) 23.0 for Windows and Graph Pad Prism (Graph
Pad Prism Software, Version 5, Graph Pad Software, San Diego, California, USA). The
data were checked for normal distribution by the Shapiro-Wilk test and are presented as
mean * standard deviation. Categorical data are expressed as numbers (percentage). In
this regard, the statistical tests applied were the Mann Whitney U and t-test, respectively.
Data with a skewed distribution are reported as the median (25"-75" percentiles).
Changes were evaluated using the Wilcoxon 's matched-pair test. A 2-tailed p-value <

0.05 was considered statistically significant.
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Results

Patients’ characteristics

Thirty patients were included. In 17 patients (57%), the video quality was directly judged
sufficient for direct evaluation. The average age of patients that could immediately be
analyzed was 60 years (+ 21 years SD), the severity of the disease — measured by NACA
- was 3 (x 1). Vital parameters were within the normal range (heart rate 89 + 20 beats per
minute; respiratory rate 14 £ 5 / minute; SpO, 95 + 5%; systolic blood pressure 141 + 20
mmHg / diastolic 86 + 14 mmHg, calculated mean arterial pressure 104 £ 12 mmHg). The
most frequent causes for an emergency call were cardiac reasons (47%), generally

internal (24%) and respiratory reasons (18%; see also Table 1).

Recruitment under “field-conditions”

Several factors limit the suitability of SDF-measurement in the ambulance car. All
comatose or confused patients could not be included due to their inability for informed
consent. Patients with advanced dementia or psychiatric disorders had to be excluded.
Furthermore, in case of time-crucial emergencies such as myocardial infarction, acute
stroke or polytrauma, “time-on-scene” naturally had to be as short as possible. The most
frequent reasons preventing SDF-measurement in patients without a lack of consent
were a time-critical disease (64%) or technical problems with the devices (14%). No
patient refused to give informed consent No complications regarding the SDF

measurements occurred.

Duration of the SDF-measurement under “field-conditions”

Lack of time was one of the most important problems measuring microcirculation. On
average, it took 02:24+01:08 minutes for the SDF camera and software to be ready for
use, when the camera was connected and the tablet was on “standby”. 05:32+02:22
minutes were necessary for the recording of sufficient video quality, and 01:15+00:23

minutes for software to automatically evaluate one video.
Quality scores

The videos of 17 patients (57%) could be analyzed directly. The average quality of the
video (MIQS) was 2.2 + 0.45 points ("acceptable"). The most frequent points that
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prevented a direct analysis were awarded for lack of focus (23%) and image stability
(27%).

Microcirculation

There were no higher degree restrictions of circulation in all vessels with regard to vessel
density (NC 41+6.1 /mm?, TVD 8.8+1.4 cpll/mm?) and perfusion (PVD 8.2+1.0 mm/mm?,
PPV 93.1+4.7 %, Figure 2). In the small vessels, that are responsible for the
microcirculation, there was an impaired vessel density (sSNC 14.848.5 /mm? sTVD
3.1£1.8 cpl/mm?) and blood flow (sPVD 2.842.1 mm/mm?, sPPV 86.1+£1.3%; sPNC
12.3+7.3 /mm?; Figure 3). A Spearman's rank-order correlation was run to determine the
relationship between NACA scores and the microcirculatory values. There was a
statistically significant strong, negative correlation between NACA scores and the
microcirculatory values with the exception for sPVV (see Table 2). Furthermore, with
exception for sPVV, all microcirculatory parameters positively correlated in a moderate

manner with each other. Vital signs did not correlate with the microcirculation.

Follow up
The follow up asked for the length of stay, intra-hospital mortality and 30 days mortality.
Neither macro- nor microcirculatory parameters showed a significant correlation with the

length of stay, intra-hospital mortality or 30 days mortality (see Table 3).
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Discussion

This proof-of-concept study investigates the feasibility and safety of sublingual intravital
sidestream darkfield microscopy in the acute emergency setting of an ambulance car
outside the hospital. The main finding of this study is that this technology offers reliable
results and acceptable image quality in the prehospital setting.

Early risk stratification is very important for several reasons: The number of emergency
calls is continuously rising [22]. Demographic and social reasons lead to more patients
with multiple morbidities, but also to significantly more “unnecessary” calls for the
ambulance [2]. In general, prehospital resources to recognize severely ill patients are
limited. To plan further treatment for patients, it is important to assess the severity of the
acute iliness of the patient as soon as possible. In particular, in rural areas, there are
significantly fewer hospitals and ambulance units in charge. Furthermore, distances
between the place of action and the hospitals increase, thus resulting in longer transport
times. In brief, the ambulance-team must rapidly decide, which type of transport and
which hospital is appropriate. The wrong choice might result in a negative outcome and —
a growing threat - legal complaints.

The gold standard, the serum lactate and its kinetics [23], is very rarely available in
ambulances. In addition, this parameter requires an existing microcirculation disorder to
increase. The direct real-time assessment of microcirculation using intravital sidestream
darkfield microscopy can offer several important advantages: There is growing evidence
that sublingual SDF-measurement helps in recognizing acute circulatory failure at the
early stages, in which both systemic compensatory mechanisms and metabolic
adaptations at the microcirculatory level still maintain “stable blood pressure” [3, 5, 24].
Several clinical tests exist to estimate the microcirculation such as capillary refill time
[15], mottling score [25] and skin temperature. However, in practice there is a great inter-
observer-difference in not trained persons, as these tests remain highly subjective [26].

In contrast, calculated microcirculatory parameters are user-independent, if specially
trained medical personnel have recorded the videos in sufficient quality. This study
clearly demonstrates that the precise point-of-care evaluation of sublingual
microcirculation is both feasible and safe in emergency patients outside the hospital.
Calculated microcirculatory values are better prognostic indicators for the development of

multiple organ dysfunction syndromes than more traditional indices such as the “shock-
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index” [27]. Another important field for intravital sidestream darkfield microscopy might be
the prehospital fluid therapy. The correct identification of patients needing fluids and
patients suffering from hypervolemia is often challenging [28]. For these purposes, it is
important to get the measurements readily available and interpretable without the need
for extensive calculations or manual interpretation. The administration of fluids can lead
to shear stress to the endothelial glycocalyx and its accumulation often results in
haemodilution, venous congestion and interstitial edema [24, 29]. Finally, all these effects
contribute to inhibition of oxygen diffusion between capillaries and the end organ tissues.
The sublingual microcirculatory assessment might help to avoid these harmful effects. In
the future, SDF-based microcirculation values could help to guide adequate fluid therapy.
SDF-measurement is not restricted to physicians and can be learned by nurses in a safe
and reliable way (MICRONURSE) [30]. An important difference of the current study and
MICRONURSE is the evaluation of the sublingual microcirculation. MICRONURSE used
manually collected parameters such as the MFI (microvascular flow index) that
demonstrated an excellent agreement with the conventional offline analysis by
physicians. In contrast, the present study lacks a corresponding manual offline control.
Future studies will be necessary to verify the reliability of the automated systems by

medical personnel that is untrained for microvascular analysis.

In this study, the whole acquirement and analysis of one video could be done in less than
10 minutes. Every additional video acquirement and analysis needed more time.
Therefore, two parameters of the device should be optimized for routine use: First, there
is an urgent need for acceleration of performing the analysis. Second, the device should
be “all-in-one” without the need for an additional tablet computer. Intravital sidestream
darkfield microscopy should need less or equal time than a 10 lead ECG. With such
improvements, this technology might save time in recognizing critically ill patients. Thus,
treatment might start earlier and the right destination hospital might be chosen more
accurately. Further studies are needed to explore the value of intravital sidestream

darkfield microscopy for immediate risk stratification in a prehospital emergency setting.

This study has several limitations. The method used by AVA 4.3C to assess vessel

density is not yet sufficiently validated at this time. The patients that gave informed
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consent had relatively low NACA-scores. The NACA score usually offers a good out-of-
hospital prediction for mortality [31]. Due to ethical restrictions, all patients that were not
fully orientated or suffered from a time-critical disease had to be excluded because of
lacking informed consent. However, the microcirculatory values for small vessels were
impaired and had a good correlation with NACA scores, which might reflect the acute

emergency that leads to the ambulance call.
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Conclusion

Sublingual intravital sidestream darkfield microscopy is a promising, feasible and safe
tool for point-of-care risk-stratification outside the hospital. The main reason that
obstructed the use of this technology was the amount of time required. Microcirculation
correlated with NACA scores and was slightly impaired despite normal macrocirculatory

values.

Perspectives

This technology has the potential to make valid statements about the microcirculation of
emergency patients in real time and non-invasively at the patient's bedside. Technical
improvements of the device and the software are to be expected, so that the time
required for the examination will be reduced. Thus, the direct intravital sidestream
darkfield microscopy has the potential to make an essential contribution to the individual

risk stratification of critically ill patients.
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Mean SD Minimum | Maximum
Age [years] 60 21 25 91
Male sex [%] 47
NACA 3 1 2 5
Heart rate [Beats per minute] | 88.9 201 37.8 120.2
Respiratory rate per Minute 14.3 5.3 10.0 33.0
SPO; [%] 95.7 5.7 75.8 101.2
RR syst. [mmHg] 140.5 20.1 116.0 191.0
RR diast. [mmH(g] 85.6 13.6 60.4 106.2
MAP [mmH(g] 103.9 11.9 78.93 120.33
Capillary refill time > 312,00

seconds [%]

Table 1: Patients’ characteristics
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SPNC | sPVD | sPPV | sNC | sTVD | NACA

sPNC rs 1.000 | 999" | -0.300 | .980" | .987 | -.508

p 0.000 | 0.241 | 0.000 | 0.000 | 0.037

sPVD rs 999" | 1.000 | -0.301 | .983" | 990" | -.518

p 0.000 0.240 | 0.000 | 0.000 | 0.033

sPPV rs -0.300 | -0.301 | 1.000 | -0.396 | -0.355 | 0.074

p 0.241 | 0.240 0.116 | 0.162 | 0.778

sNC rs 980" | .9837 | -0.396 | 1.000 | .990" | -.525

p 0.000 | 0.000 | 0.116 0.000 | 0.030

sTVD rs 987" | 990 | -0.355 | .990" | 1.000 | -.531

p 0.000 | 0.000 | 0.162 | 0.000 0.028

NACA rs -508" | -518" | 0.074 | -525 | -531 | 1.000
p 0.037 | 0.033 | 0.778 | 0.030 | 0.028

Table 2: Correlation of microcirculatory parameters (small vessels) with the NACA
scores (rs, Spearman-Rho-correlation; significance two-tailed: * = p<0.05, ** =
p<0.001; n=17)
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LOS intra-hospital mortality 30d mortality
[days] n, [%] n, [%]
Mean 54 1(7%) 1(9%)
SD 13.6
Minimum 1
Maximum 56
Patients’ 15 (100%) 15 (100%) 11 (73%)

LOS = Length of stay; (Mortality, no. (% of total)); "Patients who were reached for a

follow-up; Data are presented as n (%)

Table 3: Follow up
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The epileptic seizures observed in a broad variety of diseases
involving mitochondrial DNA (mtDNA) and central nervous sys-
tem pathology strongly suggest the possible role of mitochondria
in the pathomechanism of various forms of epilepsy. The mtDNA
mutations in these diseases affect the functions of complexes of ox-
idative phosphorylation that have mitochondria-encoded subunits.
Similar deficiencies of oxidative phosphorylation, in particular of
Complexes I and IV, have been detected in the epileptogenic brain
regions of therapy-resistant focal epilepsies, such as the hippocam-
pal subfield CA3 in temporal lobe epilepsy with Ammon’s horn
sclerosis. This suggests that impaired mitochondrial function can
affect the viability and excitability of hippocampal neurons be-
cause of (1) decreased production of adenosine 5’-triphosphate; (2)
increased generation of reactive oxygen species; and (3) alteration
of calcium homeostasis.

Keywords Epilepsy, Mitochondrial DNA, Oxidative Phosphoryla-

tion, Oxygen Radicals

DYSFUNCTION OF THE MITOCHONDRIAL
RESPIRATORY CHAIN IN EPILEPSY

The major source of adenosine 5'-triphosphate (ATP) in neu-
rons is mitochondrial oxidative phosphorylation. Therefore, de-
fects in oxidative phosphorylation in the central nervous system
(CNS) have deleterious effects causing so-called mitochondrial
encephalopathies. In a broad variety of these diseases, epilep-
tic seizures have been observed. An overview of mitochondrial
disorders that present with an epileptic phenotype is given in
Table 1. Most of them are associated with mutations in the au-
tonomous mitochondrial DNA, which consists of 13 polypep-
tide genes, a 16S and a 125 ribosomal RNA (rRNA) gene, and
22 transfer RNA (tRNA) genes. A well-known mitochondrial
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disorder with an epileptic phenotype is myoclonus epilepsy with
ragged red fibers (MERRF) syndrome, which has been associ-
ated with mutations in the mitochondrial tRNA* gene (Silvestri
et al. 1992). However, as shown in Table 1, other mitochondrial
DNA mutations, localized predominantly in the mitochondrial
tRNA genes for lysin, serin, leucin, isoleucin, or cystein, have
also been associated with epileptic phenotypes.

These mutations affect the protein biosynthesis of all
mitochondria-encoded subunits of the following complexes of
the mitochondrial oxidative phosphorylation pathway: Complex
I (NADH: CoQ oxidoreductase, containing seven mitochondria-
encoded subunits); Complex III (CoQH,: cytochrome c¢ ox-
idoreductase, containing one mitochondria-encoded subunit);
Complex IV (cytochrome ¢ oxidase, containing three
mitochondria-encoded subunits); and Complex V (FoF;-
ATPase, containing two mitochondria-encoded subunits). Quite
rarely, mutations in polypeptide-coding mitochondrial genes
have been reported in patients with epilepsy: in the ATPase 6
gene (Canafoglia et al. 2001; de Vries et al. 1993); in the CO III
gene (Manfredi et al. 1995); and in the ND 1 gene (Brown et al.
2001). We have recently identified a novel mutation in the CO
I gene associated with epilepsia partialis continua (Varlamov
et al. 2002). This mutation leads to an exchange of a highly con-
served leucine in helix V of COX subunit I to isoleucine which
destabilizes this « helix.

The large variation in the clinical phenotype, even for a given
mutation, is a well-known feature of mitochondrial diseases. It
is therefore very likely that the distribution of the mitochondrial
defect within the CNS is the factor responsible for determin-
ing the association of a certain mutation with epilepsy. Thus,
mitochondrial encephalopathy with lactic acidosis and stroke-
like episodes (MELAS) is characterized by foci of necrosis that
are localized predominantly in the cerebral cortex and also in
the hippocampus, a highly epileptogenic area, whereas MERRF
preferentially involves the inferior olivary nucleus, the cerebel-
lar dentate nucleus, the red necleus, and the pontine tegmentum,
structures that are implicated in the genesis of myoclonus.

In contrast to the relatively rare mitochondrial en-
cephalopathies associated with mtDNA mutations, epilepsy is a
common neurological disorder that is usually well controlled by
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TABLE 1

Mitochondrial disorders associated with epileptic phenotypes

Clinical diagnosis

Detected mtDNA mutations

Reference

MERREF (n = 3)
Atypical MERRF (n = 4)

MELAS (n = 7)

Other ME (n = 4)

ME with cardiomyopathy (n = 2)

ME with recurrent episodes of
epilepsia partialis continua (n = 3)

ME with recurrent episodes of
epilepsia partialis continua (n = 1)

LHON (n =2)

LHON (n=1)

Leigh syndrome (n = 6)

ME with PDH deficiency (n = 6)
ME with various RC defects (n = 6)

A8344G in tRNA Lys

A8344G in tRNA Lys

T8356C in tRNA Lys

A3243G in tRNA Leu in 3 patients
A5814G in tRNA Cys in 1 patients
T9957C in COX IIl in 1 patients
A3243G in tRNA Leu in 2 patients
A4269G or C4320T in tRNA Ile
T7512C in tRNA Ser(UCN)

C6489A mutation in COX 1

G3460A in ND1

C4640A in ND2

T8993G in ATPase6 1 patients
T8993C in ATPase6 1 patients
nd

nd

Canafoglia et al. 2001

Canafoglia et al. 2001; Silvestri et al. 1992;
Zeviani et al. 1993

Canafoglia et al. 2001; Manfredi et al. 1995,
1996

Canafoglia et al. 2001
Santorelli et al. 1995; Taniike et al. 1992
Jaksch et al. 1998; Schiilke et al. 1998

Varlamov et al. 2002

Brown et al. 2001

W. S. Kunz, unpublished data

Canafoglia et al. 2001; de Vries et al. 1993

Canafoglia et al. 2001
Canafoglia et al. 2001

LHON, Leber’s hereditary optical neuropathy; ME, mitochondrial encephalopathy; MELAS, mitochondrial encephalopathy with lactic acidosis
and stroke-like episodes; MERRF, myoclonus epilepsy with ragged red fibers; n, Number of different patients; nd, not detected; RC, respiratory

chain; PDH, pyruvate dehydrogenase.

currently available drugs. However, 20% to 30% of patients do
notexperience seizure control with the available medication. The
majority of these patients suffer from focal epilepsies that can
develop subsequent to brain trauma, complicated febrile con-
vulsions, status epilepticus, ischemic lesions, or brain tumors.
The areas of epileptogenesis in these cases are usually charac-
terized by cell loss. It is well documented that during seizures,
both nerve cells and glia undergo necrotic and apoptotic cell
death. Neuropathological investigations have repeatedly pointed
to a similarity between ischemia-related and seizure-related al-
terations of neurons that are characterized by swollen and dis-
rupted mitochondria. In patients with Ammon’s horn sclerosis,
mitochondrial ultrastructural pathology has been described as a
characteristic feature of hilar neurons (Bliimcke et al. 1999). In
this context, it is noteworthy to mention that in addition to the
pathological abnormalities, functional defects have also been
reported in mitochondria in the areas of epileptogenesis. Thus,
we observed a severe impairment of respiratory-chain Complex
I activity in CA3 neurons in the hippocampus in patients with
Ammon’s horn sclerosis and in the parahippocampal gyrus of
patients with parahippocampal lesions (Kunz et al. 2000). In
these reports the mitochondrial abnormalities have been ob-
served only close to or directly in the epileptic focus, whereas the
surrounding brain tissue examined (e.g., the parahippocampal
gyrus in patients with clearly pronounced hippocampal pathol-
ogy and hippocampal seizure focus) showed no mitochondrial
pathology.

MITOCHONDRIA AND EPILEPSY-RELATED NEURONAL
CELL DEATH

It has been reported that prolonged seizures (status epilepti-
cus) induced by kainic acid or pilocarpine in experimental mod-
els activate programmed cell-death mechanisms (Bengzon et al.
1997; Meldrum 1993). This cell death is also characteristic of
human epilepsy and is one of the most important aspects of
epileptogenesis. In the hippocampus, the loss of CA1, CA3, and
CA4 pyramidal neurons, with relative sparing of the granular
neurons of the dentate gyrus and some types of interneurones, is
the histopathological hallmark of Ammon’s horn sclerosis. The
mechanism that underlies this regional selectivity remains to be
elucidated, although some data point to differential expression of
proaportotic and antiapoptotic genes. Probably the most impor-
tant factor preceding neuronal cell death after status epilepticus
is the increased level of reactive oxygen species observed in
various models of experimentally induced epileptiform activity
in brain slices and slice cultures such as kainate-induced hip-
pocampal damage, pilocarpine treatment, and low levels of mag-
nesium cations (Kovacs et al. 2001; Kubova et al. 2001; Liang et
al. 2000; Schuchmann et al. 1999). The mitochondrial respira-
tory chain is known to be the most important source of produc-
tion of reactive oxygen species. The direct reaction product is
the superoxide anion, which is readily converted by manganese
superoxide dismutase into hydrogen peroxide. To illustrate
this feature, we measured the generation of hydrogen perox-
ide by isolated rat brain mitochondria (Fig. 1). Mitochondria
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FIG. 1. The generation of hydrogen peroxide (H20O;) by isolated rat brain mitochondria was measured by monitoring the change in fluorescence of para-
hydroxyphenylacetic acid (Aex = 317 nm, Aem = 414 nm) catalyzed by horseradish peroxidase. Additions: 10 mM glutamate + 5 mM malate (glu + mal); 5 uM
rotenone; 10 mM succinate; 1 ©M antimycin A. (Excitation wavelength-Acx = 317 nm, emission wavelength-Aep, = 414 nm)

in the presence of glutamate and malate alone generate only
small amounts of hydrogen peroxide, whereas abundant pro-
duction is observed after the addition of the Complex I inhibitor
rotenone or in the presence of the respiratory substrate succinate
alone. This is an indication that most of the superoxide radicals
are produced at Complex I and that strong production of reac-
tive oxygen species is a feature of respiratory-chain—inhibited
mitochondria or of reversed electron flow. It is important to note
that the rate of hydrogen peroxide generation by respiratory-
chain Complex III, which can be observed in the presence of the
Complex III inhibitor antimycin A, is substantially lower (see
Fig. 1).

It is noteworthy in this context that decreased activity in
respiratory-chain Complex I can be detected in the areas of
epileptogenesis, that is, in the CA3 neurons of the hippocam-
pus in patients with Ammon’s horn sclerosis and in the parahip-
pocampal gyrus in patients with parahippocampal lesions (Kunz
et al. 2000). Similar observations were made in the vulner-

>

complex | /CS
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able CA1 and CA3 hippocampal subfields of pilocarpine-
treated, chronic-epileptic rats (Kudin et al. 2002). These data
are summarized in Figure 2. In the context of the results
found in isolated brain mitochondria (see Fig. 1) this would
strongly imply increased rates of generation of oxygen radi-
cals by respiratory-chain Complex I in the epileptogenic brain
areas.

As potential cause of the detected respiratory-chain impair-
ment, we could delineate a decrease in the mitochondrial DNA
(mtDNA) copy number. This finding indicates a possible sub-
stantial role of oxygen radicals in causing neuronal mtDNA
damage that occurs selectively in the areas of epileptogenesis
(Kudin et al. 2002). To explain these findings we would like
to suggest the following scheme (Fig. 3) to explain the self-
accelerating mitochondrial dysfunction and neuronal cell death
in the epileptogenic foci of patients with temporal lobe epilepsy
and in the hippocampi of pilocarpine-treated chronic-epileptic
rats.
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FIG. 2. The activities of Complex I (rotenone-sensitive NADH:CoQ1 oxidoreductase) and citrate syntase in dissected hippocampal subfields, determined as
described by Kunz etal. (2000) and Kudin etal. (2001). (A) Human hippocampi. AHS (Ammon’s horn sclerosis), n = 15; parahippocampal lesions, n = 5; nonepileptic
control patients, n = 2. Up/down hatched bars, CA1 subfield; black bars, CA3 subfield; down/up hatched bars, dentate gyrus; white bars, parahippocampal gyrus.
(B) Rat hippocampi. White bars, control rats; black bars, pilocarpine-treated chronic-epileptic rats; *, significant difference from controls (p < .05). Note: For

details of the experiment, see Kunz et al. (2000) and Kudin et al. (2002).
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FIG. 3. Possible self-accelerating mechanism leading to mitochondrial dys-
function and neuronal cell death in the epileptogenic focus. FeS cluster, iron-
sulphur cluster; H>O,, hydrogenperoxide; ROS, reactive oxygen species.

CAN MITOCHONDRIAL DYSFUNCTION ALTER
NEURONAL EXCITABILITY?

It has been reported that the direct partial inhibition of
enzymes in the mitochondrial respiratory chain (cytochrome
c oxidase by cyanide, and succinate dehydrogenase by 3-
nitropropionic acid) evokes seizures. The potential direct links
between the observed impairment of mitochondrial function and
the increased neuronal excitability causing epileptiform activity
are (1) decreased intracellular ATP levels and (2) alterations in
neuronal calcium homeostasis. A relatively high impact of neu-
ronal ATP levels can be postulated because epileptic seizures are
observed in patients with Leigh syndrome who harbor the mu-
tations T8993G and T8993C in the ATPase 6 gene. Under these
conditions, mitochondria still have a high membrane potential,
which enables normal ion transport. Therefore, for cybrids with
the T8993G NARP mutation, normal mitochondrial calcium-
handling properties at decreased cellular ATP levels were ob-
served (Brini et al. 1999). It has to be mentioned that mitochon-
drial oxidative phosphorylation provides the major source of
ATP in neurons, and adequate ATP levels are essential to main-
tain the neuronal plasma membrane potential via the sodium-
potassium ATPase, which consumes about 40% of the energy.
Therefore, the decreased neuronal plasma membrane potential is
most likely responsible for epileptic seizures observed in Leigh
syndrome patients harboring ATPase 6 gene mutations.

On the other hand, it is well established that mitochondria
are an important intracellular sequestration system for calcium
cations (Ca™). Especially because of this feature, mitochon-
dria are believed to modulate neuronal excitability and synaptic
transmission, which are altered in epilepsy. In agreement with
this concept is our own demonstration that in kainate-treated
chronic-epileptic rats, impaired oxidative phosphorylation oc-
curs because of Ca™ cycling at the inner membrane of hip-
pocampal mitochondria (Kunz et al. 1999). Similarly, impaired
cellular Ca™™ homeostasis resulting from substantial alterations
in mitochondrial handling of Ca*™ seems to be a feature of cy-
brid cells harboring the mitochondrial T8356C mutation that is
associated with MERRF (Brini et al. 1999).

CONCLUSIONS

We have presented evidence that impaired mitochondrial
function can affect the viability and excitability of hippocam-
pal neurons as a result of (1) decreased production of ATP;
(2) increased generation of reactive oxygen species; and (3) an
alteration in calcium homeostasis. Therefore, mitochondrial ox-
idative phosphorylation has to be considered an important target
for future therapeutic strategies in epilepsy and other neurode-
generative disorders.
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The article by Stachon et al. [1] is an important contri-
bution because it highlights the impact of diverse calcifi-
cation patterns on the conduction system of the heart af-
ter transcatheter aortic valve replacement (TAVR). In
this regard, the cardiologists of the University of Freiburg
performed focused multi-sliced computed tomography
for the preprocedural assessment of valve morphology
and the valve calcification status on the one hand, and the
possible effects on an occasional - yet clinically critical -
complication: “postprocedural AV block.”

The impact of aortic valve calcification (in particular,
its volume, distribution and localization) has been inves-
tigated regarding the occurrence of high-degree AV con-
duction block and the consecutive need for postproce-
dural pacemaker (PM) implantation. Prior anatomical
and electrophysiological studies showed the close topo-
graphic relation of the membranous septum to the atrio-
ventricular node and the bundle of His, respectively [2,
3]. Likewise, the topographies of fundamental anatomical
structures in the right-sided heart chambers, particularly
within the triangle of Koch, have been very well described,
the knowledge of which is the framework for established
electrophysiological procedures such as slow-pathway
ablations in patients with atrioventricular node re-en-

trant tachycardia. For instance, in the era of His bundle
and left bundle pacing, this knowledge has proven useful
[4-7].

In prior investigations pertaining the affection of the
conduction system in the course of ablation and pacing
procedures, alternative procedural access routes, such as
left-sided access, have become popular [8, 9]. In these sce-
narios, the intraprocedural anatomical adjacencies to the
right coronary and noncoronary cusps of the aortic valve
have been of concern. Due to the anatomical proximity of
the abovementioned anatomical structures, notably in
TAVR, inherent procedural maneuvers entailing over-
stretching of the left ventricular outflow tract may cause
accidental affection of the conduction system, as is com-
monly seen during balloon dilatation in TAVR.

This effect might become even more prominent with
deeper implantation levels and oversizing of the imple-
mented valve prosthesis, respectively [10]. Alas, in pa-
tients with relevant annular calcification, the risk of this
effect is even tripled [11].

Commentary on Stachon et al. “Impact of Preprocedural Aortic Valve
Calcification on Conduction Disturbances after Transfemoral Aortic
Valve Replacement.”
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In the setting of TAVR, in the light of procedural plan-
ning, calcification of the aortic valve is a boon and a bane:
on the one hand, it can aid in adequate fixation of the
prosthesis, whereas, on the other hand, conduction dis-
turbances may lie in wait.

Bearing this in mind, the present study by Stachon et
al. [1] focused on two substantial characteristics of annu-
lar valve calcifications: their shape and their orientation.
Here, the main finding is that an evaluation of the orien-
tation of calcification has more weight than an evaluation
of its shape.

The rate of necessity of PM implantation due to AV
block was increased when calcifications crossed the aortic
annulus. In patients with this formation, AV block oc-
curred within the first 2 days after TAVR. Even more in-
teresting is the observation that the intensity of the effect
on the conduction system seemed to correlate with the
orientation of the annular calcification of the valve; in this
regard, an orthogonal orientation of the annular calcifica-
tion, as compared to its tangential orientation, was linked
to an even fivefold higher probability of necessity of post-
procedural PM implantation. In these cases of “jeopardiz-
ing” orthogonal annular valve calcifications, these were
located on the contralateral side with respect to the con-
duction system (particularly below the left coronary
cusp). As a hard tissue, the calcification remains in place
even after TAVR. In fact, this calcific immobility, with its
location in the region of the left coronary cusp, rather acts
as a slider towards the region of the conduction system
(located between the right coronary and the noncoronary
cusp). Thus, one of the potential mechanisms of severe

References

AV conduction disturbances with consecutive necessity
of PM implantation in patients with orthogonal annular
calcifications could be an inferoseptal shift of TAVR,
causing stress on the membranous septum with consecu-
tive injury to the His bundle and/or theleft bundle branch.

Although it is a small retrospective study, Stachon et
al. [1] describe a novel mechanism of development of
post-TAVR AV conduction disturbances. Without any
doubt, for interventional cardiologists and physician
teams in this context, a profound knowledge about these
anatomical correlations of structures in the heart cham-
bers is crucial for any procedural TAVR planning.
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1. Introduction

Dextrocardia and situs inversus is a very rare anatomical vari-
ant. Even more seldom is the co-occurrence with total venous
anomaly and absence of a usual Inferior Vena Cava (IVC) draining
into the right atrium cranially. [1,2]

The Trans-Septal Puncture (TSP) through the femoral vein in
patients with situs inversus has been reported for PVI. Likewise,
the retrograde PVI using the magnetic navigation system in the
cases of venous anomaly has been described.

A patient with the above mentioned complete anatomical
anomaly presented in our hospital for PVI due to highly symp-
tomatic atrial fibrillation (AF). We performed the procedure via
the retrograde approach by a 3D mapping system (Ensite NavX
precision), 20 polar diagnostic catheter and two different ablation
catheters.

2. Patient history

A 51-year-old female with dextrocardia and situs inversus pre-
sented with highly symptomatic paroxysmal atrial fibrillation epi-
sodes lasting for hours for the past few months under Metoprolol
47,5 mg, bid and Flecainide 100 mg bid.

The patient also underwent DDD-Pacemaker implantation due
to Sick Sinus Syndrome in 2012 at an external hospital. Transtho-
racic echocardiography revealed a normal left ventricular function
with concentric left ventricular hypertrophy, normal left atrial
diameter and a left ventricular ejection fraction of 60%.

She was referred for catheter ablation. However, the usual TSP
approach for the left atrium through femoral vein was not avail-
able because the computed tomography (and 3D-CT-reconstruc-
tion) revealed that the inferior vena cava was connected to the
left brachiocephalic vein and drained cranially into the right
atrium through the superior vena cava.

3. Alternative approaches for PVI

Kato et al. reported the technic for trans-septal puncture and
catheter ablation via the superior vena cava for atrial fibrillation in
a patient with poly-splenia syndrome and interruption of the inferior
vena cava.|3] They performed the trans-septal puncture through the
right jugular vein using a manually curved Brockenbrough needle
and intracardiac echocardiographic guidance accomplishing pul-

https://doi.org/10.1016/j.ijcha.2020.100577
2352-9067/© 2020 The Author(s). Published by Elsevier B.V.

monary vein isolation using the deflectable guiding sheath and a
contact force-sensing ablation catheter. Their method has a few
advantages compared to trans-aortic pulmonary vein isolation. For
example, they could confirm the complete pulmonary vein isolation
using a ring catheter which was introduced through the trans-septal
sheath. However, this technique has not been reported for patients
with the dextrocardia. Additionally, the superior vena cava approach
was rather difficult in our patient. From the left side, the jugular
approach was limited due to the presence of two implanted pace-
maker electrodes. From the right side the venous anomaly with per-
sistent right superior vena cava draining into the right atrium
caudally would have required bending of the transseptal needle with
more than 180° to perform the TSP, which would have been beyond
the elasticity of the vessels and the needle material.

Also a surgical epicardial approach as possible alternative for
PVI had to be considered, specially taking into consideration epi-
cardial cryoablation with predesigned forms. However, in this
young patient the situs inversus and the total venous anomaly
were also combined with an atypical origin of the pulmonary veins
which would have made a surgical ablation even more challenging.

In patients with congenital heart disease an alternative access
to the right atrium via the trans-hepatic vein was described for
both pacemaker implantation and electrophysiology procedures.
After co-consideration of the CT of our patient with our radiolo-
gists, this approach was esteemed risky with regard to the narrow
caliber of the hepatic vessels. Hence, our interventional radiolo-
gists discouraged this approach.

Recently Okajima et al. reported the technique of trans-aortic
pulmonary vein isolation using the magnetic navigation system
in a patient with dextrocardia, situs inversus and inferior vena cava
continuity with the azygous vein.[4] Considering our case, with the
presence of the pacemaker (which was not MRI compatible) and
also looking at the lack of a magnetic navigation system in our hos-
pital this approach was ruled out much earlier.

Taking into consideration these thoughts and discussions, we
esteemed the retrograde approach the optimal procedural way
for curative therapy of this patient.

4. Retrograde PVI

After the informed consent of the patient was obtained, we
attempted pulmonary vein isolation through the retrograde
trans-aortic approach using NavX precision® for the guidance in
addition to the 3D Model of the left atrium and pulmonary veins
anatomy obtained from the pre-interventional CT-Imaging
(Fig. 1A-G).

The CS catheter was introduced via the left femoral vein and
was positioned in the coronary sinus through the inferior vena
cava which (with a big arch) drained cranially into the right
atrium.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Computed tomography image of the (A) left inferior pulmonary vein, (B) left superior pulmonary vein, (C) very small and posterior right inferior pulmonary vein, (D)
big right superior pulmonary vein with cranially entrance in the left atrium. 3D reconstruction of the aorta, inferior vena cava (E, F), left atrium and pulmonary veins anatomy
(G) obtained from the pre-interventional CT-Imaging. (H-K) Fluoroscopic anteroposterior images showed mapping catheter in the left ventricle (H), right superior pulmonary
vein (I), left superior pulmonary vein (J) and left inferior pulmonary vein (K). (L) and (M) present the 3D reconstruction of the aortic root, the left ventricle, the left atrium and

the pulmonary veins.

The arterial access was gained through the right femoral artery
using an 8.5F SL 1 sheath to manually introduce the catheters: ini-
tially a mapping catheter which was later exchanged with an abla-
tion catheter. In the course of the last decade the quality of
mapping catheters has remarkably improved. However, the use
in such a complex anatomy requires critical preliminary choices.
[5] In this regard, choosing the most optimal mapping catheter
for this case, we took different options into consideration:

1. A circular mapping catheter was ruled out initially due to the
risk of papillary muscle entrapment when passing through
the Left Ventricle (LV).

2. The high-density catheters, for example, Abbott HD Grid and
Boston Scientific Orion, were also not considered optimal due
to their stiffness and small distal curve.

3. After further careful deliberation, we esteemed the smooth
Abbott Lifewire 20 polar catheter (with narrow spacing 2-2-
2; usually used for VT mapping) the best choice.

After passing the aortic valve, the LV and the mitral valve with
this catheter, mapping of the geometry and the signals of the left
atrium and the PV became feasible (Fig. 1TH-M).

For the planed wide antral circumferential ablation (WACA) we
decided to start with the FlexAbility D/F (Abbott), hoping that the
two different curves of the bidirectional catheter would help us
reach all required areas. However, with this catheter it was only
possible to very accurately isolate the left inferior PV (LIPV)
(Fig. 2A). Respecting the stiffness of the catheter, we consciously
refrained from forcefully advancing it to the superior veins. Conse-
quently, we decided to implement a second ablation catheter,
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Fig. 2. (A-C) Fluoroscopic anteroposterior images showed ablation catheter in the (A) left inferior pulmonary vein using FlexAbility catheter with D/F dual curves and (B) left
superior and (C) right pulmonary veins using Thermocool J-Curve ablation catheter. Red dots (E) indicate the ablation points during WACA. Successful isolation of the
pulmonary veins from left atrium was confirmed after remap with the 20-polar lifewire catheter (F). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

which is smoother and offers a bigger curve (Biosense Webster,
Thermocool J-Curve). With this catheter, the PVI could be success-
fully completed (Fig. 2B, C).

Finally, complete antral isolation was confirmed by a voltage re-
map so that all catheters could be withdrawn (Fig. 2D, E). Total proce-
dure and ablation time were about 180 and 90 min respectively.

5. Conclusion

To the best of our knowledge, this is the first case report of
trans-aortic pulmonary vein isolation in a patient with dextrocar-
dia, situs inversus and total venous anomaly without magnetic
navigation. It clearly states that with a team of experienced oper-
ators and with proper procedural planning and a broad catheter
portfolio, the retrograde trans-aortic mapping of the LA and the
PVs and WACA are feasible.
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Fallvorstellung

Eine 52-jahrige Patientin berichtet seit
Jahren iiber Herzrasen und Palpitatio-
nen. Zur weiteren Abkldrung wurde ei-
ne elektrophysiologische Untersuchung
in Ablationsbereitschaft durchgefiihrt.
Die Basisintervalle (AH und HV Zeit)
wurden ausgemessen und waren norm-
wertig. Es wurde ein 4-poliger Katheter
im rechten Vorhofohr (HRA), ein 10-po-
liger Katheter im Sinus coronarius (CS),
ein 4-poliger Katheter in His-Biindel Po-
sition (His) und ein 4-poliger Katheter
im rechtsventrikularen Apex (RVA) plat-
ziert. Bei der ventrikuldren Stimulation
aus dem RV-Apex zeigte sich eine dekre-
mentale VA-Leitung mit konzentrischer
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Ventrikuloatrialer Block wahrend

Tachykardie

Ein klar definiertes elektrophysiologisches
Kriterium fiir eine unklare Tachykardie

Aktivierungssequenz am 10-poligen Ka-
theter.

Durch programmierte atriale Stimu-
lation wurde die klinische Tachykardie
in den @ Abb. 1 und 2 ausgeldst.

AnschliefSend erfolgte ein ventriku-
lares Overdrive-Pacing. Die Beendigung
der ventrikuliren Uberstimulation ist in
O Abb. 3 dargestellt:

Frage

Was ist der Mechanismus der klinischen

Tachykardie?

1. AV-Knoten-Reentry-Tachykardie
(AVNRT)

2. AV-Reentry-Tachykardie (AVRT) bei
einer links gelegenen posterolateralen
akzessorischen Leitungsbahn

3. AV-Reentry-Tachykardie (AVRT') bei
einer rechts gelegenen posterosepta-
len akzessorischen Leitungsbahn mit
dekrementalen Leitungseigenschaf-
ten (PJRT)

4. Faszikuldre Tachykardie

5. Ventrikuldre Tachykardie (VT)

Abb. 1 A Programmierte atriale Stimulation und Induktion einiger tachykarder Aktionen bei atrialer Stimulation mit einer
Zyklusldnge von 400 ms und einem gekoppelten Extrastimulus von 320 ms. EKGbei 100 mm/s
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Abb. 2 A Induzierte Tachykardie. a 12-Kanal-EKG der laufenden Tachykardie mit Aufzeichnung der intrakardialen Signale auf
Sinus coronarius (CS) 9/10 (25 mm/s). b Die intrakardiale Aufzeichnung zeigt eine atriale Zykluslange von 590 ms und eine
ventrikuldre Zykluslange von 295 ms. a 12-Kanal-EKGbei 25 mm/s. b EKGbei 100 mm/s
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Abb. 3 A EKG und intrakardiale Elektrogramme nach Beendigung der ventrikuldren Uberstimulation. EKGbei 100 mm/s
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Tab.1 Elektrophysiologische Charakteristika der verschiedenen AVNRT-Formen

Tachykardie-Parameter Slow-fast-AVNRT
361+59 (235-660)
312+ 61 (190-545)
45+ 11 (25-145)

Zyklusldnge (ms)
AH-Intervall (ms)
HA-Intervall (ms)

Richtige Antwort: 1

Antwort

Die Antworten 2 und 3 sind elektro-
physiologisch nicht méglich. In @ Abb. 2
ist erkennbar, dass keine dauerhafte VA-
oder AV-Leitung besteht. Jede Art von
AV-Reentry-Tachykardie (AVRT) setzt
eine 1:1 ventrikuldre und atriale Korre-
lation voraus.

Die ventrikulire Extrasystole in
O Abb. 3 (vorletzter Schlag, deutlich
verbreiterter QRS-Komplex) tritt wih-
rend der refraktiren His-Periode auf,
ohne Veranderung der atrialen Zyklus-
linge. Das heifit, dass durch eine exakt
berechnet einfallende frithere ventri-
kuldre Erregung, die nicht iiber den
AV-Knoten retrograd geleitet werden
kann, die atriale Erregung nicht in glei-
cher Weise vorgezogen wird. Dies hitte
fir das Vorliegen einer akzessorischen
Bahn mit VA-Leitung gesprochen, ist
im vorliegenden Fall (kein Einfluss auf
die nachfolgende atriale Erregung) je-
doch nicht zu sehen, somit ,negative
atriale Vorziehbarkeit® als weiteres Kri-
terium gegen das Vorhandensein einer
akzessorischen Leitungsbahn.

Schliefllich verbleibt die Aktivie-
rungssequenz am CS-Katheter konzen-
trisch: In CS9/10 (proximaler CS) ist die
Erregung frither zu sehen als in CS1/2
(distal) wahrend der gesamten Tachykar-
diedauer, ohne Zeichen eines Bracketing
und spitester atrialer Erregung am HRA.

Eine faszikulare Tachykardie konnte
durch eine programmierte atriale Sti-
mulation ausgelost werden und zu ei-
ner VA-Dissoziation fithren. Allerdings
liegt im vorliegenden Fall die QRS-Breite
bei 115 ms, und die QRS-Morphologie ist
mit dem intrinsischen QRS vor Auslo-
sen der Tachykardie identisch. Die QRS-
Komplexe bei einer faszikuldren Tachy-
kardie weisen meist eine rechtsschenkel-
blockartige Morphologie mit begleiten-
dem links-anteriorem oder links-poste-

| Herzschrittmachertherapie + Elektrophysiologie

Slow-slow-AVNRT
411+ 62 (320-565)
282+ 71(185-470)
141+32(90-210)

Fast-slow-AVNRT
342+ 61 (250-440)
90+ 39 (35-160)
245+ 62 (125-405)

riorem Hemiblock auf (somit scheidet
auch Antwort 4 aus).

Obwohl eine 2:1 VA-Leitung wahrend
einer VT durchaus méglich ist (z.B. bei
einer retrograden zweitgradigen VA-Blo-
ckierung), ist es sehr unwahrscheinlich,
dass eine VT mit programmierter atrialer
Stimulation und Jump-Phédnomen aus-
gelost werden kann. Ebenso ist der rela-
tiv schmale QRS-Komplex (115ms), der
dem intrinsischen QRS gleicht, ein Aus-
schlusskriterium fiir Antwort 5.

In @ Abb. 1 zeigt sich bei der atria-
len programmierten Stimulation ein AH-
Jump von 64 ms, dem 3 Echo-Beats mit
einer verlangerten HA-Zeit von 150 ms
folgen.

Dieser Befund macht die Diagnose
einer AVNRT vom Slow-slow-Typ sehr
wahrscheinlich.

Die @ Abb. 2 zeigt ein konstantes 1:2-
AV-Verhiltnis mit einer ventrikuldren
Tachykardie-Zykluslainge von 295ms
und einer atrialen Zykluslinge von
590ms. Dies passiert aufgrund eines
retrograden 2:1-Blocks vom AV-Knoten
(AVN) zu den Vorhofen. In @ Abb. 2a
sind die retrograden P-Wellen in Ablei-
tung III sehr klar erkennbar (die gleich-
zeitig dargestellte CS-Sequenz unter dem
12-Kanal-EKG zeigt den Zeitpunkt der
erwarteten P-Wellen).

In @Abb. 3 fithrt die ventrikuldre
Uberstimulation zur passageren Blockie-
rung der VA-Leitung, und die AVNRT
perpetuiert im AVN mit 2:1 retrograder
Leitung in den Vorhof. Hiernach andert
sich der Tachykardiemechanismus von
Slow-slow-AVNRT mit VA-Block zu
Fast-slow-AVNRT (,uncommon type®)
mit 1:1-Leitung und Tachykardie-Zy-
klusldnge von 450ms und sehr langem
HA-Intervall (350ms).

Eine ventrikuldre Extrasystole trat
wahrend der refraktiren His-Periode
ohne Verinderung der AA-Sequenz
auf. Dies bestatigt den AVNRT-Me-
chanismus und schlieft die Existenz
einer paraseptalen akzessorischen Bahn

aus. Im Unterschied zur AVRT ist die
AVNRT nicht auf ein 1:1-Verhaltnis zwi-
schen Ventrikel und Atrium angewiesen.
Wihrend die AVRT durch eine ventri-
kuldre Extrasystole terminiert oder die
folgende atriale Aktion vorgezogen wird,
lauft die AVNRT davon unbeeindruckt
unverdndert weiter, solange die ventri-
kuldre Extrasystole nicht retrograd in
den Reentry zwischen den langsamen
und schnellen Bahnen eindringt.

Die langsame Leitungsbahn konnte
erfolgreich an loco typico abladiert wer-
den. Hiernach war weder die langsame
Leitungsbahn nachweisbar noch eine Ta-
chykardie-Induktion moglich.

Diskussion

Die AV-Knoten-Reentry-Tachykardie
(AVNRT) ist die haufigste regelmifige
supraventrikuldre Tachykardie bei Er-
wachsenen. Der AV-Knoten ist keine
wahre rechtskardiale Struktur, wie es
sich haufig in Abbildungen darstellt,
sondern eine septal gelegene Struktur,
mit kompaktem AVN und schneller
Leitungsbahn sowie mit rechts- und
linksseitigen Auslaufern (verschiedene
langsame Leitungsbahnen).

Die AVNRT kann - je nachdem,
welche Leitungsbahnen beteiligt sind -
in drei verschiedenen Formen auft eten:
slow-fast (,common type®), fast-slow
(»uncommon type“) und slow-slow.

Elektrophysiologische Charakteristi-
ka der verschiedenen AVNRT-Formen
sind in @ Tab. 1 zusammengefasst [1].

Das Auftreten verschiedener VA-
Blockierungen wiahrend einer laufen-
den AVNRT ist in der Literatur haufig
beschrieben [2-5]. Die Elimination der
langsamen AV-Leitungsbahn im Bereich
des CS-Ostiums resultierte in der erfolg-
reichen Behandlung der Herzrhythmus-
storung. Unterschiedliche retrograde
atriale Aktivierungszeiten und Zyklus-
lingen kénnten Ausdruck der Prisenz
mehrerer langsamer Leitungsbahnen
sein.

Fazit

VA-Blockierungen konnen wihrend ei-
ner AVNRT auftreten. Die Analyse der
HA-Intervalle wihrend der Tachykardie



helfen, die unterschiedlichen Formen der
AVNRT zu unterscheiden. Bei Bestiti-
gung der Diagnose ist die Ablation der
langsamen Leitungsbahn in loco typico
die Therapie der Wahl.
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Fallvorstellung

Eine 52-jahrige Patientin berichtet seit
Jahren iiber Herzrasen und Palpitatio-
nen. Zur weiteren Abkldrung wurde ei-
ne elektrophysiologische Untersuchung
in Ablationsbereitschaft durchgefiihrt.
Die Basisintervalle (AH und HV Zeit)
wurden ausgemessen und waren norm-
wertig. Es wurde ein 4-poliger Katheter
im rechten Vorhofohr (HRA), ein 10-po-
liger Katheter im Sinus coronarius (CS),
ein 4-poliger Katheter in His-Biindel Po-
sition (His) und ein 4-poliger Katheter
im rechtsventrikularen Apex (RVA) plat-
ziert. Bei der ventrikuldren Stimulation
aus dem RV-Apex zeigte sich eine dekre-
mentale VA-Leitung mit konzentrischer

Harilaos Bogossian'? - Sebastian Robl' - Nana-Yaw Bimpong-Buta' -

Konstantinos lliodromitis’
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Ventrikuloatrialer Block wahrend

Tachykardie

Ein klar definiertes elektrophysiologisches
Kriterium fiir eine unklare Tachykardie

Aktivierungssequenz am 10-poligen Ka-
theter.

Durch programmierte atriale Stimu-
lation wurde die klinische Tachykardie
in den @ Abb. 1 und 2 ausgeldst.

AnschliefSend erfolgte ein ventriku-
lares Overdrive-Pacing. Die Beendigung
der ventrikuliren Uberstimulation ist in
O Abb. 3 dargestellt:

Frage

Was ist der Mechanismus der klinischen

Tachykardie?

1. AV-Knoten-Reentry-Tachykardie
(AVNRT)

2. AV-Reentry-Tachykardie (AVRT) bei
einer links gelegenen posterolateralen
akzessorischen Leitungsbahn

3. AV-Reentry-Tachykardie (AVRT') bei
einer rechts gelegenen posterosepta-
len akzessorischen Leitungsbahn mit
dekrementalen Leitungseigenschaf-
ten (PJRT)

4. Faszikuldre Tachykardie

5. Ventrikuldre Tachykardie (VT)

Abb. 1 A Programmierte atriale Stimulation und Induktion einiger tachykarder Aktionen bei atrialer Stimulation mit einer
Zyklusldnge von 400 ms und einem gekoppelten Extrastimulus von 320 ms. EKGbei 100 mm/s
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Abb. 2 A Induzierte Tachykardie. a 12-Kanal-EKG der laufenden Tachykardie mit Aufzeichnung der intrakardialen Signale auf
Sinus coronarius (CS) 9/10 (25 mm/s). b Die intrakardiale Aufzeichnung zeigt eine atriale Zykluslange von 590 ms und eine
ventrikuldre Zykluslange von 295 ms. a 12-Kanal-EKGbei 25 mm/s. b EKGbei 100 mm/s
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Abb. 3 A EKG und intrakardiale Elektrogramme nach Beendigung der ventrikuldren Uberstimulation. EKGbei 100 mm/s
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Tab.1 Elektrophysiologische Charakteristika der verschiedenen AVNRT-Formen

Tachykardie-Parameter Slow-fast-AVNRT
361+59 (235-660)
312+ 61 (190-545)
45+ 11 (25-145)

Zyklusldnge (ms)
AH-Intervall (ms)
HA-Intervall (ms)

Richtige Antwort: 1

Antwort

Die Antworten 2 und 3 sind elektro-
physiologisch nicht méglich. In @ Abb. 2
ist erkennbar, dass keine dauerhafte VA-
oder AV-Leitung besteht. Jede Art von
AV-Reentry-Tachykardie (AVRT) setzt
eine 1:1 ventrikuldre und atriale Korre-
lation voraus.

Die ventrikulire Extrasystole in
O Abb. 3 (vorletzter Schlag, deutlich
verbreiterter QRS-Komplex) tritt wih-
rend der refraktiren His-Periode auf,
ohne Veranderung der atrialen Zyklus-
linge. Das heifit, dass durch eine exakt
berechnet einfallende frithere ventri-
kuldre Erregung, die nicht iiber den
AV-Knoten retrograd geleitet werden
kann, die atriale Erregung nicht in glei-
cher Weise vorgezogen wird. Dies hitte
fir das Vorliegen einer akzessorischen
Bahn mit VA-Leitung gesprochen, ist
im vorliegenden Fall (kein Einfluss auf
die nachfolgende atriale Erregung) je-
doch nicht zu sehen, somit ,negative
atriale Vorziehbarkeit® als weiteres Kri-
terium gegen das Vorhandensein einer
akzessorischen Leitungsbahn.

Schliefllich verbleibt die Aktivie-
rungssequenz am CS-Katheter konzen-
trisch: In CS9/10 (proximaler CS) ist die
Erregung frither zu sehen als in CS1/2
(distal) wahrend der gesamten Tachykar-
diedauer, ohne Zeichen eines Bracketing
und spitester atrialer Erregung am HRA.

Eine faszikulare Tachykardie konnte
durch eine programmierte atriale Sti-
mulation ausgelost werden und zu ei-
ner VA-Dissoziation fithren. Allerdings
liegt im vorliegenden Fall die QRS-Breite
bei 115 ms, und die QRS-Morphologie ist
mit dem intrinsischen QRS vor Auslo-
sen der Tachykardie identisch. Die QRS-
Komplexe bei einer faszikuldren Tachy-
kardie weisen meist eine rechtsschenkel-
blockartige Morphologie mit begleiten-
dem links-anteriorem oder links-poste-

Slow-slow-AVNRT
411+ 62 (320-565)
282+ 71(185-470)
141+32(90-210)

Fast-slow-AVNRT
342+ 61 (250-440)
90+ 39 (35-160)
245+ 62 (125-405)

riorem Hemiblock auf (somit scheidet
auch Antwort 4 aus).

Obwohl eine 2:1 VA-Leitung wahrend
einer VT durchaus méglich ist (z.B. bei
einer retrograden zweitgradigen VA-Blo-
ckierung), ist es sehr unwahrscheinlich,
dass eine VT mit programmierter atrialer
Stimulation und Jump-Phédnomen aus-
gelost werden kann. Ebenso ist der rela-
tiv schmale QRS-Komplex (115ms), der
dem intrinsischen QRS gleicht, ein Aus-
schlusskriterium fiir Antwort 5.

In @ Abb. 1 zeigt sich bei der atria-
len programmierten Stimulation ein AH-
Jump von 64 ms, dem 3 Echo-Beats mit
einer verlangerten HA-Zeit von 150 ms
folgen.

Dieser Befund macht die Diagnose
einer AVNRT vom Slow-slow-Typ sehr
wahrscheinlich.

Die @ Abb. 2 zeigt ein konstantes 1:2-
AV-Verhiltnis mit einer ventrikuldren
Tachykardie-Zykluslainge von 295ms
und einer atrialen Zykluslinge von
590ms. Dies passiert aufgrund eines
retrograden 2:1-Blocks vom AV-Knoten
(AVN) zu den Vorhofen. In @ Abb. 2a
sind die retrograden P-Wellen in Ablei-
tung III sehr klar erkennbar (die gleich-
zeitig dargestellte CS-Sequenz unter dem
12-Kanal-EKG zeigt den Zeitpunkt der
erwarteten P-Wellen).

In @Abb. 3 fithrt die ventrikuldre
Uberstimulation zur passageren Blockie-
rung der VA-Leitung, und die AVNRT
perpetuiert im AVN mit 2:1 retrograder
Leitung in den Vorhof. Hiernach andert
sich der Tachykardiemechanismus von
Slow-slow-AVNRT mit VA-Block zu
Fast-slow-AVNRT (,uncommon type®)
mit 1:1-Leitung und Tachykardie-Zy-
klusldnge von 450ms und sehr langem
HA-Intervall (350ms).

Eine ventrikuldre Extrasystole trat
wahrend der refraktiren His-Periode
ohne Verinderung der AA-Sequenz
auf. Dies bestatigt den AVNRT-Me-
chanismus und schlieft die Existenz
einer paraseptalen akzessorischen Bahn
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aus. Im Unterschied zur AVRT ist die
AVNRT nicht auf ein 1:1-Verhaltnis zwi-
schen Ventrikel und Atrium angewiesen.
Wihrend die AVRT durch eine ventri-
kuldre Extrasystole terminiert oder die
folgende atriale Aktion vorgezogen wird,
lauft die AVNRT davon unbeeindruckt
unverdndert weiter, solange die ventri-
kuldre Extrasystole nicht retrograd in
den Reentry zwischen den langsamen
und schnellen Bahnen eindringt.

Die langsame Leitungsbahn konnte
erfolgreich an loco typico abladiert wer-
den. Hiernach war weder die langsame
Leitungsbahn nachweisbar noch eine Ta-
chykardie-Induktion moglich.

Diskussion

Die AV-Knoten-Reentry-Tachykardie
(AVNRT) ist die haufigste regelmifige
supraventrikuldre Tachykardie bei Er-
wachsenen. Der AV-Knoten ist keine
wahre rechtskardiale Struktur, wie es
sich haufig in Abbildungen darstellt,
sondern eine septal gelegene Struktur,
mit kompaktem AVN und schneller
Leitungsbahn sowie mit rechts- und
linksseitigen Auslaufern (verschiedene
langsame Leitungsbahnen).

Die AVNRT kann - je nachdem,
welche Leitungsbahnen beteiligt sind -
in drei verschiedenen Formen auft eten:
slow-fast (,common type®), fast-slow
(»uncommon type“) und slow-slow.

Elektrophysiologische Charakteristi-
ka der verschiedenen AVNRT-Formen
sind in @ Tab. 1 zusammengefasst [1].

Das Auftreten verschiedener VA-
Blockierungen wiahrend einer laufen-
den AVNRT ist in der Literatur haufig
beschrieben [2-5]. Die Elimination der
langsamen AV-Leitungsbahn im Bereich
des CS-Ostiums resultierte in der erfolg-
reichen Behandlung der Herzrhythmus-
storung. Unterschiedliche retrograde
atriale Aktivierungszeiten und Zyklus-
lingen kénnten Ausdruck der Prisenz
mehrerer langsamer Leitungsbahnen
sein.

Fazit

VA-Blockierungen konnen wihrend ei-
ner AVNRT auftreten. Die Analyse der
HA-Intervalle wihrend der Tachykardie



helfen, die unterschiedlichen Formen der
AVNRT zu unterscheiden. Bei Bestiti-
gung der Diagnose ist die Ablation der
langsamen Leitungsbahn in loco typico
die Therapie der Wahl.
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