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Available online 2 June 2013 relationship and spatial repolarization heterogeneity. Twenty-two healthy men (mean age

31+ 6) were enrolled as part of the European Space Agency HDBR studies. High fidelity
Keywords: (1000 Hz) 24 h Holter ECG (12-leads, Mortara Instrument) was acquired before (PRE), the
Bed rest o last day of HDBR (HDT5), and four days after its conclusion (POST). The night period
;/iegr:ltarllc;nrlgzeies?r?;arlzatlon (23:00-06:30) was selected for analysis. X, Y, Z leads were derived and the vectorcardio-
Tachyarrhythmia gram computed. Selective beat averaging was used to obtain averages of P-QRS-T

complexes preceded by the same RR (10 ms bin amplitude, in the range 900-1200 ms).
For each averaged waveform (i.e., one for each bin), T-wave maximum amplitude (Tmax),
T-wave area (Tarea), RTapex, RTend, ventricular gradient (VG) magnitude and spatial QRS-T
angle were computed. Non-parametric Friedman test was applied. Compared to PRE, at
HDT5 both RTapex and RTend resulted shortened (—4%), with a decrease in T-wave
amplitude (—8%) and area (—13%). VG was diminished by 10%, and QRS-T angle increased
by 14°. At POST, QT duration and area parameters, as well as QRS-T angle were restored
while Tmax resulted larger than PRE (+5%) and VG was still decreased by 3%. Also, a marked
loss in strength of the linear regression with RR was found at HDT5 in Tmax and Tarea, that
could represent a new dynamic marker of increased risk for life-threatening arrhythmias.
Despite the short-term HDBR, ventricular repolarization during the night period was
affected. This should be taken into account in astronauts for risk assessment during space

flight.
© 2013 IAA. Published by Elsevier Ltd. All rights reserved.
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Microgravity is known to lead to cardiovascular decon-
ditioning, with post-spaceflight orthostatic intolerance
and decreased exercise capacity. Indeed, there are known
and well-defined changes in the cardiovascular system
with space flight, such as a reduction in plasma volume,
decrease in left ventricular mass, and adaptation of the
autonomic nervous system to the new environment.
The combination of these physiologic adaptations suggests
that modifications in the cardiac structure due to the
weightlessness condition, together with adrenalin/neuro-
hormonal changes and stress related to space flight, could
also alter electrical conduction, although the evidence
supporting this hypothesis consists mostly of minor
changes in QT interval in a small number of astronauts
after long-duration space flight.

In particular, the following findings were found during
the years:

-Gemini and Apollo missions: occasional premature
ventricular contractions [1,2];

—-Apollo 15: prolonged run (22 beats) of nodal bige
miny, followed by a series of premature ventricular
and atrial beats, experienced by the lunar module
pilot [3,4];

-Skylab: ectopic beats of both ventricular and supra
ventricular origin reported in all crew members, with
one individual experiencing a five-beat run of ventri
cular tachycardia [1,5];

-Shuttle flights: premature ventricular contractions in
one crew member, with rates as high as 16 ectopic
beats per minute during reentry [1,6];

-US-Russian Shuttle-Mir program: 14-beat run of
ventricular tachycardia [7];

-Mir program: over the last 10 years, 31 abnormal
electrocardiograms, 75 dysrhythmias, and 23 conduc
tion disorders were observed [8].

Other studies were performed by retrospectively
analyzing ECG data obtained in previous space missions,
thus concluding that extravehicular activity does not
precipitate deleterious cardiac events during space flights
[9-11], and that long duration space flight, compared to
short missions, was found to lengthen QT interval, thus
increasing the arrhythmia susceptibility [12].

Ground-based studies represent an invaluable perspec-
tive to investigate human physiology during simulated
microgravity conditions. Among them, the model of 6°
Head-Down Bed Rest (HDBR) represents a unique oppor-
tunity for inducing and studying the effects of simulated
prolonged exposure to microgravity on the cardiovascular
system and for testing potential countermeasures. In the
past years, several bed rest studies were performed;
however, the attention of the investigators was more
focused on the assessment of changes in cardiac auto-
nomic control [13-21] than on ventricular repolarization.
Only few studies were focused on the investigation of
ventricular repolarization under different aspects:

Grenon et al. [22] aimed at the evaluation of microvolt
T-wave alternans induced by 9-16 days of 4° HDBR; the

reported results, based on ECG recordings performed
before and after HDBR during bicycle exercise stress in
24 male subjects, suggested that HDBR alters cardiac
repolarization processes in a manner that may increase
susceptibility to the development of sustained alternance.
Sakowski et al. [23] studied the effects of 90 days of 6°
HDBR on repolarization heterogeneity by beat-to-
beat QT interval variability, T-wave complexity, and
3-dimensional ECG. Reported results showed increased
T-wave variability and complexity, enlarged spatial
QRS-T angle and reduced spatial ventricular gradient,
thus supporting the hypothesis that sedentary long-
duration HDBR at least transiently increases suscept-
ibility to ventricular dysrhythmias by increasing both
temporal instability [24,25] and spatial heterogeneity
[26-28] of action potential duration or morphology [29].

Based on these observations, we hypothesized that
microgravity exposure could induce changes in the repo-
larization mechanisms, with potential effects on increasing
the risk of arrhythmia susceptibility. Accordingly, our aim
was to test if even a short 5-days strict 6° HDBR maneuver
could induce alterations on the QT/RR relationship and
spatial repolarization heterogeneity.

2. Methods
2.1. Study design and population

As part of the European Space Agency HDBR strategy,
subjects were enrolled in a cross-over design with a wash
out period of about 1.5 months between two consecutive
campaigns, with one control and two countermeasure
groups. Strict bed rest was performed at 6° head-down
tilt position for a total of 5 days. Subjects were housed in
the Institut de Médecine et de Physiologie Spatiales
(MEDES) facility at the University hospital CHU Rangueil,
Toulouse, France, or at the German Aerospace Center
(DLR), Koln, Germany. Before the beginning and after the
end of each 5-days HDBR, subjects were evaluated during
5 days of ambulatory period, during which lying in bed
during the day was prohibited.

Twenty-two healthy men aged 31+ 6 (range, 21-44
years) were recruited for this study. Each subject provided
their voluntary written, informed consent to participate in
protocols approved by the corresponding Institutional
Review Boards

In this paper, our attention will be focused on the
subjects in the control group only.

2.2. ECG data acquisition

The ECG signals were acquired using a 12-lead Holter
24-h high fidelity (1000 Hz) digital recorder (H12+,
Mortara Instrument Inc., Milwaukee, WI) with beginning
of the acquisition 6 days before the start of the HDBR
(PRE), the fifth day of HDBR (HDT5) and 5 days after the
end of HDBR (POST) (Fig. 1).
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PRE HDT5 POST
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Fig. 1. Schematization of the different phases of the bed rest (BR)
campaign. Arrows indicate the epochs in which Holter 24-h acquisitions
were performed.

2.3. ECG signal processing

Only the RR values classified as in sinusal rhythm
(H-scribe and SuperECG software, Mortara Instrument
Inc.) were included in the following analysis. First, the
RR intervals were classified as day-time (from 6:30 to
23:00) and night-time (from 23:00 to 06:30), to apply the
next steps to the analysis of the night period only, to avoid
misinterpretation due to daily movements or subject's
involvement.

From the 12-leads, inverse Dower matrix transforma-
tion [30] was applied to obtain the orthogonal leads X, Y, Z,
from which the vectorcardiogram was computed.

Selective beat averaging [31] was used to obtain
averages of P-QRS-T complexes preceded by the same
stable heart rate in the range from 900 to 1200 ms: (1) a
RR duration histogram with 10 ms bin amplitude was
computed; and (2) for each bin n, the beats with the
corresponding RR duration were located on the vectorcar-
diogram, and the following beat was extracted and
assigned to the C(n) class. After beats realignment accord-
ing to the R wave peak, filtering with a low pass FIR filter
(15 Hz), a simple averaging operation was applied, thus
obtaining a mean template M(n), representative of all the
beats owing to the class C(n), from which the isoelectric
line (defined by a stationary point between S- and T-waves
and by a relative minimum after 800 ms) was subtracted.

For each template M(n), a procedure for the automated
detection of some fiducial points, such as Tapex (defined as
the maximum of the parabolic interpolation between up-
slope and down-slope points [32]), Tend (defined as the
point with maximum distance from the line that joints the
Tapex and an adjusted point, dependent on beat length,
after the T-wave), Tstart (defined as the point where the
product of the first and second derivative falls below the
10% of a threshold defined as the product of the last
maximum first and second derivatives) has been applied
(Fig. 2).

Basing on these points, RTapex and RTend interval
durations, T wave maximum and T wave area have been
computed for each M(n) derived from the vectorcardiogram.

2.4. Spatial QRS-T angle and ventricular gradient

For each M(n) computed on the vectorcardiogram, the
ventricular gradient (VG) magnitude (mV*ms) and its
spatial orientation (azimuth, orientation in the transversal
plane, and elevation, deviation from the transversal plane)
were then calculated.
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Fig. 2. Example of averaged beat M(n) computed from all beats on the
vectorcardiogram preceded by an heart cycle with duration in the range
1200-1209 ms. Maximum amplitude, Tend and Tstart are evidenced.

The VG is defined as:
—_
VG:/H(t)-dt 1)

in which ﬁ(t) is the heart vector, as represented in the
X, 'Y, and Z leads of the vectorcardiogram [33]. This integral,
taken over the QRS-T interval, is nonzero due to action
potential morphologic differences in the ventricles, most
often thought of as action potential duration differences
[29]. Orientation of the axes is in accordance with the
American Heart Association recommendations: Xx-axis
positive from right to left, y-axis positive in craniocaudal
direction, and z-axis positive in anteroposterior direction
[34]. Accordingly, the magnitude of the VG is computed as:

(f T dty + [ QRS dty)?
IVG|= | +(fTdt, + [ QRS dty)? )
+([ T dt; + [ QRS dt,)?

The spatial QRS-T angle, reflecting the difference in
directions of propagation of depolarization and repolariza-
tion, was computed as follows: first, the mean spatial axes
are obtained by vectorially adding the instantaneous heart
vectors during the QRS complex and the T-wave. Then, the
spatial QRS-T angle is computed as the angle between the
mean spatial QRS axis and the mean spatial T axis [35].

2.5. Statistical analysis

Data are expressed as median (25th-percentile;75th-
percentile), unless otherwise specified. Non-parametric
Friedman test, and Wilcoxon signed rank post-hoc test,
have been applied to evaluate the effect of HDBR on the
computed ventricular repolarization parameters among
timepoints (PRE, HDT5 and POST).

To study the relationship with RR of the computed QT
parameters, median values for each bin among all subjects
were linearly correlated, and the Pearson coefficient
computed.

3. Results

For technical reasons, the analysis was possible on 19/
22 subjects.

Results (see Table 1), are presented as median values,
computed over each bin, for each data epoch (i.e., PRE,
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Table 1

Changes in the computed QT parameters induced by 5-days head-down-bed-rest.
Results are reported as median (25th;75th percentiles) in the range 900-1200 ms.

PRE HDT5 POST
RTapex (ms) 286 (279;292) 2722 (269;278) 285" (281;287)
RTend (ms) 380 (374;385) 3657 (359;372) 377" (369;380)
Tapex (uV) 732 (710;749)  663% (651;683) 768> (757;788)
Tarea® (mV* ms) 88 (84;94) 76% (75;78) 87" (94;92)
VG? (mV* ms) 133 (131;136) 120% (115;123) 130%° (126;132)
QRS-T angle (deg) 49 (47;51) 632 (60;65) 49" (49;50)
4 p <05 vs. PRE.
> p <05 HDT5 vs POST.
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Fig. 3. Relationship between RR duration and RTapex (top) and RT-end
(bottom). Wisker-plot represents median and 25-75th percentiles for
each RR in the three considered conditions (PRE: white; HDT5: light gray;
POST: dark gray).

HDTS5, POST), together with the relevant boxplot computed
over the considered RR duration range.

As regards temporal parameters, compared to PRE,
at HDT5 both RTapex and RTend were shortened (—4.5%
and -3.7%, respectively), while at POST they were restored
compared to control values (Fig. 3).

As regards amplitude parameters, compared to PRE, at
HDT5 a decrease in Tapex (—8%) and Tarea (—13%) was
found. At POST, while Tarea was restored, Tapex resulted
augmented than PRE (+5%) (Fig. 4).

As regards ventricular spatial heterogeneity parameters
(Fig. 5), the magnitude of the VG was reduced by 10% at
HDT5, together with an increase of 28% in QRS-T angle,

—— PRE =z=z=HDT5 ===PQOST

Fig. 4. Relationship between RR duration and Tmax (top) and Tarea
(bottom). Wisker-plot represents median and 25-75th percentiles for
each RR in the three considered conditions (PRE: white; HDT5: light gray;
POST: dark gray).

while at POST QRS-T angle was back to its control values,
and VG resulted still diminished by 2.8%.

Results of linear correlation with RR are presented in
Table 2. At PRE, all the duration and amplitude parameters
showed a good linear correlation (2 > 0.70) with the RR
duration. Conversely, at HDT5 a worsening of this relation-
ship was observed in both Tarea and Tmax, associated with
a slope reduction, while for RTapex and RTend the strength
of the relation was maintained. At POST, the strength of
the relation of Tmax and Tarea with RR appeared trending
towards being restored to PRE values.
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Fig. 5. Relationship between RR duration and magnitude of the ventri-
cular gradient (top), and QRS-T angle (bottom). Wisker-plot represents
median and 25-75th percentiles for each RR in the three considered
conditions (PRE: white; HDT5: light gray; POST: dark gray).

Table 2
Correlation coefficient (r?) and slope (in parenthesis, see units of
measure) of the linear correlation between the computed QT parameter
and RR.

PRE HDT5 POST
RTapex 0.99 (0.085)  0.95(0.067)  0.87 (0.056)
RTend 093 (0.072) 093 (0.081)  0.92 (0.075)
Tmax (pV/ms) 0.96 (0.29) 0.25(0.125)  0.90 (0.29)
Tarea (mV) 0.96 (64) 0.49 (19) 0.91 (48)

VG (uV) 0.83 (0.038)  0.89 (0.067)  0.81(0.04)
QRS-T (deg/ms)  0.05(0.006)  0.85(-0.03) 012 (-0.002)

As regards ventricular spatial heterogeneity para-
meters, the QRST angle showed low correlation with RR
and horizontal fitting line, while the VG magnitude pre-
sented an increase in r* and slope from PRE to HDT5, and
subsequent reduction in POST.

4. Discussion

By eliminating the head-to-foot hydrostatic gradient,
the HDBR position leads to an initial increase in diastolic
filling and forward stroke volume. Short-term activation of
volume regulatory mechanisms by this central fluid shift
results in loss of plasma volume and establishment of a
new hemodynamic steady state within 24-48 h [36] that

could affect not only the cardiac mechanics, but also its
electrical counterpart. Automated analysis of QT interval
from Holter recordings allows for the evaluation of such
electrical changes in the ventricular repolarization phase.

The proposed procedure of selected beat averaging
appeared able to overcome some of the limitations con-
nected with previous averaging methods, revealing to be
effective in the improvement of the signal-to-noise ratio,
due to the high number of beats included in each of the
10 msec duration classes, while not affecting the T wave
original morphology. This allowed the automatic detection
of fiducial points (T wave start, apex and end) for the
calculation of repolarization parameters from each tem-
plate to be fast and reliable.

In our study focused on detecting stationary changes in
the QT/RR relationship and ventricular spatial heteroge-
neity over the night period, we detected changes both
in QT temporal, amplitude, ventricular gradient and
QRS-T angle parameters showing that, despite the short
duration HDBR, it introduces alterations in the cardiac
electrophysiology.

In particular, the decrease in VG together with the
increase in QRS-T angle found at HDT5 underlines
augmented repolarization heterogeneity that has been
associated with risk of life-threatening arrhythmias, as it
is functionally linked to dispersion of refractoriness, which
facilitates ventricular tachycardia [29]. This finding con-
firms that found by Sakowski et al. [23] after 30 days of
HDBR, suggesting that this phenomenon is visible even
after few days of HDBR, and disappears soon after the
conclusion of the study. However, none of the subjects
actually developed spatial QRS-T angles > 130° that is
considered a limit of normality in males when inverse
Dower matrix transformation is used [35].

Also, at HDT5 a shortening in RTapex and -end,
together with a reduction in Tmax and Tarea have been
observed. These results are comparable with that observed
in [23], and they could be related to the loss of fluids and
hypovolemia, resulting in diminished plasma volume and
shrinking of the heart cavities, measured in the same
subjects after 5 days of HDBR [37], as well as to modifica-
tions in autonomic nervous system [38,39], secondary to
cardiac deconditioning.

As regards linear regression with RR in the range 900-
1200 ms, we chose this among the possible applicable
models for its simplicity, also supported by previous
results in wide populations [40]. At HDT5, Tmax and Tarea
showed a marked loss in strength of the linear regression
with RR, and a reduced slope, evidencing and impaired
T-wave amplitude adaptation to heart-rate compared
with PRE. While healthy subjects are characterized by RR
dependency of the T-amplitude [41], other studies have
shown less pronounced dependency in patients with acute
myocardial infarction [42], thus supporting the hypothesis
that impairment of T-amplitude adaptation to RR could
represent a new dynamic marker of increased risk for
life-threatening arrhythmias. Also, a reduction in slope
was found at POST in RTapex, but not in RTend. This is
in agreement with the loss of adaptation of QTapex,
but not QTend, to abrupt RR changes elicited by the tilt-
test maneuver after HDBR that we found in the same
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subjects [43]. This could be explained by modifications in
the L-type calcium and potassium currents that regulates
the initial phase of fast adaptation of action potential
duration [44], that are reflected also in the RTapex/RR
relation during the night period.

Analysis of the same subjects when undergoing artifi-
cial gravity countermeasure could further elucidate about
its effectiveness in preventing changes in ventricular
repolarization, and HDBR studies conducted on longer
periods (21 days and 90 days) could confirm that observed
in this short-term HDBR.

4.1. Limitations

Environmental conditions of HDBR at MEDES and DLR
were not perfectly identical: DLR facility is underground
and each subject is in its own room, while at the MEDES
facility the subjects are exposed to natural light and
grouped two per room. As regards QRS-T angle computa-
tion, the applied inverse Dower transformation has been
shown to not accurately represent the true angle computed
by Frank leads, overestimating it by about 20° [45-46].
However, as the same transformation was applied to all the
different ECG acquisitions, the same bias has affected
similarly the QRS-T angle computation before, during, and
after HDBR.

5. Conclusions

In conclusion, despite the short-term HDBR, ventricular
repolarization during the night period was affected, and
selective beat averaging allowed quantification of these
changes. This should be taken into account in astronauts
for risk assessment during space flight. Further studies are
needed to find out whether these changes could indeed
mediate an increased arrhythmogenic risk during space
flight, and eventually to develop a simple test able to
monitor this risk.
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