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Abstract

Study design Prospective cross-sectional pre-post pilot study.

Objectives This pilot study aimed to evaluate the potential for improving pressure relief behaviour in wheelchair users with
spinal cord injury (SCI) using a novel feedback system based on textile pressure sensor technology.

Setting In- and out-patient clinic of the Spinal Cord Injury Center, Balgrist University Hospital, Zurich, Switzerland.
Methods Nine wheelchair users with SCI (3 females, 50 + 12 years of age, 2 tetra- and 7 paraplegics) were equipped with a
feedback system (sensomative,oeicnair) for three continuous weeks. The system consists of a textile pressure mat and a
mobile smartphone application that reminds participants to perform missing pressure reliefs during regular and unobserved
wheelchair usage in a customized manner. Pressure reliefs were detected using a subject-specific random forest classifier.
Improvements of relief quality, duration and frequency were analysed by comparing week 1 (baseline) with no feedback, i.e.,
only pressure data recorded, against week 2 (with feedback). Carry-over effects of improved relief behaviour were studied in
week 3 (no feedback, pressure data only recorded).

Results All participants increased their relief frequency and performed in median 82% (IQRs: 55%—99%) of the required
reliefs while using the feedback system, whereas the median relief frequency was only 11% (IQRs: 10%-31%) during the
baseline condition. Every participant who did not perform reliefs of sufficient duration (based on the recommendations of the
therapist) during week 1 showed a significant improvement while using the feedback system.

Conclusion Subject-specific feedback using the novel feedback system may have the potential for improving the regularity
of an individual’s relief activities, and may ultimately be an instrument for reducing the risk of developing pressure ulcers.

Introduction

Individuals with spinal cord injury (SCI) who are confined
to a wheelchair are at perpetually high risk of developing
pressure ulcers (PUs), which are defined as “a localized
injury to the skin and/or underlying tissue usually over a
bony prominence as a result of pressure or pressure in
combination with shear and/or friction” [1].
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During initial acute hospitalisation, 27-40% of indivi-
duals with SCI will experience a PU [2—4]. Even after
discharge it is the most common secondary complication
reported at annual follow-ups [5], and PUs are reported to
account for a disproportionate number of rehospitalisation
days [6, 7]. The annual prevalence rate is reported to lie
within 10 to 38% [8-10], while it is estimated that 50-80%
of individuals with SCI may develop a PU at least once in
their lifetime [3, 11].

Apart from PUs severely impairing the physical, psycho-
logical and social well-being of affected individuals, they may
also negatively impact rehabilitation, prevent work or school
attendance, and finally delay the return to independent living
[3]. PUs account for roughly one-quarter of the cost of care
following SCI [9], with the overall annual costs in Germany
estimated to be between 1 and 2 billion Euros per year (http://
dekubitus.de/dekubitus-entstehung.htm). As a result, health
professionals focus their attention on preventing PUs more
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than on any other secondary complication following SCI [12]
by reducing risk factors for PU development. In general, there
is no single risk factor that can explain the development of
PUs [13]. However, the greatest risk factors seem to be
associated with the individual’s mobility/activity and factors
negatively influencing blood perfusion, such as diabetes,
vascular disease, reduced blood pressure, smoking, or oede-
mas [13]. Furthermore, the microclimate of the skin, i.e.,
temperature, humidity and airflow next to the skin surface, is
known to modify indirect risk factors for PUs [14, 15]. Recent
scientific literature has stressed the presence of both physio-
logical and behavioural risk factors [16], such as reduced self-
managed care, and thus effective PU prevention should
embrace these critical elements. With regard to the SCI
population, many factors interact to predispose an individual
to pressure-related skin breakdown. PU formation following
SCI is a complex process that is still not completely under-
stood, and recent reviews have highlighted altered patho-
physiological processes precipitating PUs in skin that has
been denervated due to SCI [17]. Whilst shear forces and
friction cause direct skin injuries, prolonged pressure, for
example during sitting in wheelchairs, reduces perfusion, and
hence deteriorates tissue viability. The combination of pro-
longed pressure together with shear forces, however, is widely
considered to be the key underlying trigger that initiates PU
development [18]. Therefore, prolonged wheelchair usage in
the SCI population accounts for the high prevalence of
seating-acquired PUs covering the ischial tuberosities or
sacrum.

Consequently, preventive PU measures include sitting
properly (symmetrically, no wrinkles in the clothing etc.),
avoiding increased pressure in high-risk regions such as the
buttocks, performing regular pressure relieving activities,
skin inspection, and using specialized equipment (skin pro-
tection wheelchair cushion, customised seat shell, etc.) [19].

After being confined to a wheelchair, individuals with
SCI, their family, and caregivers are all educated in PU risk
factors, pressure relief strategies, and skin inspection/care
processes [20]. Instructions on how to correctly perform
pressure reliefs or weight shifts are a routine part of the
rehabilitation process. Clinical guidelines vary somewhat,
but collectively recommend that participants perform pres-
sure reliefs for 15-60 s every 15-60 min [1, 21, 22] in order
to improve tissue reperfusion and maintain tissue integrity
[23]. Nevertheless, sustaining long-term adherence to
recommended measures in order to prevent PUs remains a
major concern. For example, van Loo and colleagues [24]
reported that less than 50% of wheelchair users with SCI
living at home regularly perform pressure relief activities.
This compliance to preventive measures also tends to
decrease over time in individuals living at home [24].

In order to increase long-term adherence to PU pre-
ventive measures and to support wheelchair users in
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performing pressure relief activities of sufficient quality
(duration and intensity of the relief), sensomative GmbH
(Rothenburg, Switzerland) has further developed the textile
pressure distribution sensor [25] to a sensor-based solution
for monitoring sitting behaviour, consisting of a textile
pressure mat (placed underneath the skin protection
wheelchair cushion), a data acquisition/transmission unit
and a mobile smartphone application. The so-called sen-
SOMative peoichair technology aims to assist wheelchair users
with SCI in preventing PUs by detecting prolonged static
pressure periods and providing user feedback to promote
the regular and appropriate performance of pressure relief
activities. To our knowledge, there is currently only one
feedback system for wheelchair users available on the
market. MisterGaspard (Captiv, Nantes, France) is a sensor
mat, to be place underneath the wheelchair cushion, which
is connected to a smartphone application using Bluetooth
Low Energy (BLE). However, so far no scientific evalua-
tion of this system has been performed.

The objective of this pilot study was to evaluate the
potential of the novel feedback system for preventing PUs
by altering the quality and frequency of pressure relief
activities.

Methods
Participants

Participants with SCI were recruited by an occupational
therapist (OT) at the Spinal Cord Injury Center, Balgrist
University Hospital, Zurich, Switzerland. They were
required to be at least 18-year old, and a wheelchair user in
an acute, sub-acute or chronic stage of SCI, and, hence, at a
perpetual risk of developing a PU due to the inability to
stand or walk, together with diminished sensation below the
spinal lesion level. The aetiology of the SCI could either be
traumatic or non-traumatic. Participants were excluded if
they suffered from major untreated mental health issues
(e.g. psychosis or depression), or showed major cognitive,
communication, and/or comprehension deficits. This study
was approved by the local ethics committee, and all parti-
cipants provided written informed consent prior to the
measurements.

Study design

In order to analyse the efficacy of the feedback on the
performance of pressure relief activities, sitting behaviour
under three different conditions was measured (baseline,
feedback, follow-up) with a duration of one week per
condition. At the beginning of the first measurement week,
the wheelchairs of the participants were equipped with a
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textile pressure system (see the section “Feedback system”,
Fig. 1), which allowed continuous data collection during the
entire three weeks measurement period (24 h per day).

At the beginning of the second measurement week,
participants were provided with a mobile phone (Nexus 5X,
Google, LG, Seoul, Korea) and introduced to the feedback
system application by the OT. Firstly, they were guided
through the setup process whereby the different possible
relief activities, the relief durations, as well as the relief
interval, were defined according to the subject’s physical
abilities and needs, based on the therapist’s recommenda-
tions (Table 1). Subsequently, participants were asked to
perform the different relief activities, three times each,
under supervision. The different relief positions as well as
the upright position were recorded as part of the setup
process. After completing the settings process and intro-
ducing the different functions of the mobile application to
the participants, the feedback system was ready to be used
without any further guidance. In contrast to the first and
third measurement week, feedback was provided to the
participants using the feedback system during the entire
second measurement week.

The participants’ sitting behaviour was measured in the
third week (follow-up) without any feedback to reveal any

Fig. 1 Textile pressure system. Textile pressure mat of the feedback
system (placed underneath the skin protection wheelchair cushion)
with the data acquisition/transmission unit (located in the small flap
with the company logo).

learning or washout effects from week two by comparing
the outcome with the baseline measurement. At the
beginning of the third week, the smartphones with the
feedback system were collected and the sitting/relief
behaviour of the participants was again recorded only
using the textile pressure mat.

Feedback system

The feedback system (sensomative GmbH, Rothenburg,
Switzerland) consists of a textile pressure mat (Fig. 1), a
data acquisition/transmission unit and a smartphone appli-
cation. The textile pressure mat features a thickness of 2
mm, incorporating 8 piezo-resistive textile sensors, each
with a size of 4 cm x4 cm, which are evenly distributed
over an area of 35 cmx 35 cm. The data acquisition/trans-
mission unit, located in a small flap hanging to the side of
the seat-pan, acquires the pressure data with a frequency of
1Hz (pressure range: 0-60kPa, resolution: 8bits) and
transmits the data to a connected smartphone using Blue-
tooth Low Energy (BLE). In addition, the pressure data are
stored on a local SD card, in order to analyse each parti-
cipant’s sitting behaviour, independently of the smartphone
application. Central to the system, the smartphone appli-
cation collects and processes the raw pressure data to pro-
vide feedback on pressure relief activities. The participants’
sitting behaviours and the sitting/relief positions are detec-
ted continuously using data mining algorithms (see the
“Data pre-processing” section). In order to provide highly
individual and customised recommendations to users, the
required relief duration, the required relief interval, as well
as the possible relief techniques (“to the left/right”, “leaning
forward”, “lift off”, “seat tilt”) are defined prior to using the
feedback system. These goals are set individually and in
accordance with each user’s specific needs, pathologies and
physical skills, together with the OT. During calibration, the
system is additionally customised to account for individual
characteristics by assessing the user’s recommended relief

Table 1 Characteristics of the

. L Subject  Sex  Age
nine study participants.

Years in wheelchair

Neurological level of injury ~ AIS  History of PU

1 f 75 14
2 m 57 12
3 m 58 10
4 m 54

5 f 39 9
6 m 43 21
7 m 40 20
8 f 35 4
9 m 51 28

Th10 A 1
Thl A 1
Th6 A 1
C4 C 0
Th8 A 0
Th8 A 0
Co6 A 1
C4 C 1
Th6 A 0

History of PU, 1 =yes, 0 =no.

AIS ASIA (American Spinal Injury Association) Impairment Scale, PU pressure ulcer.
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techniques (with the OT recommended intensity) and an
upright reference sitting position. As a consequence, while
using the feedback system, pressure reliefs performed with a
lower intensity than the individual recommendation are
detected as upright sitting.

After successfully completing the setup process, the feed-
back system is ready to be used. Users are then provided with
information pertaining to their set goals per day, as well as the
number of pressure reliefs already performed on the current
day. For confirmation of correct functionality, the system
additionally displays the current sitting position. If the
wheelchair user performs a relief, a pop-up message shows
the time remaining to complete each pressure relief activity
correctly and of sufficient duration, which is indicated by a
sound and a vibration signal. If no successful relief activity is
performed, users are notified after a quarter of the predefined
relief interval. They are subsequently reminded repeatedly
and with an increasing level of disturbance:

o First feedback level: text only notification when no
pressure relief is detected for 5/4 of the predefined relief
interval (e.g. if the predefined relief interval is 20 min,
the first text notification feedback will be sent after 25
min).

e Second feedback level: text notification and an addi-
tional vibration signal (after no relief for 6/4 of relief
interval).

e Third feedback level: text notification, vibration signal
and an additional alarm (after no relief for 7/4 of relief
interval); repeated every 1/4 of relief interval until
successful relief completion.

Data pre-processing

Pressure relief activities were detected and feedback was
provided in real-time when the feedback system was active
(i.e. during the second measurement week). Since all relevant
analyses for this study were performed based on the raw
pressure data provided by the sensor mat, the relief detection
algorithm of the feedback system within the smartphone
application was also retrospectively replicated for periods
when no direct feedback was provided. Thus, raw pressure
data from the local SD card (of the entire measurement per-
iod) as well as the recorded upright and relief positions from
the mobile phone (at the beginning of the second measure-
ment week) were transferred to a computer where data ana-
lysis was performed using MATLAB (vR2018a, MathWorks
Inc., Natick, USA). Sitting and relief positions during the
three measurement weeks were identified using supervised
learning with a random forest classifier [26, 27]. An indivi-
dual classifier was generated for every subject using the
recordings of the different relief techniques (three
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measurements each) as well as the upright sitting position
acquired during the setup process (similarly to [28]). For
every subject-specific classifier an ensemble of 200 bagged
decision trees was created while using 60% of the input data
for growing each tree (MATLAB’s parameter: InBagFrac-
tion =0.6). All other parameters were kept at MATLAB’s
default levels. To quantify the misclassification probability of
the trained classifier, the out-of-bag error was calculated for
every subject using the in-built MATLAB function (0obEr-
ror). In order to classify the sitting position, the subject-
specific random forest classifier was applied to the raw
pressure data of every single time point during the three-week
measurement period. Detected relief positions that lasted
longer than 5s were considered as a relief activity attempt,
while reliefs that lasted at least as long as the defined mini-
mum relief duration were ranked as successful reliefs. The
relief activity “to the left/right” was only considered if the
wheelchair user performed both “to the left” and “to the right”
with a time gap of less than 2 min between the two. For
calculating the corresponding relief duration, the shorter of the
two (“to the left”, “to the right”) was used. All time points
with a maximal pressure value higher than 5kPa wereincluded
in the calculation of daily sitting time.

The percentage relief duration parameter Durationg,ji,s was
determined by calculating the average relief duration of all
relief attempts (including successful reliefs) for every mea-
surement day and dividing it by the defined required relief
duration. If participants performed less than three reliefs within
one measurement day, the corresponding day was ignored.

The relief frequency parameter Freqpg,,r was calculated
by dividing the daily number of successful reliefs by the
number of required relief activities (calculated using the
predefined relief frequency and the measured daily sitting
time in the wheelchair).

#Relieﬂucm&ﬂd _ #Rdieﬁuccessﬁal
#Reliefrequirea FreqRetiefRequirea[min '] x Sitting Time[min]

FHReliefsccessf

(InvmrvalRelie/Requi/rd [mln] )

Freqgeiier =

T -
x SittingTime|min|

The median values of the two parameters Durationgeier
and Freqger were calculated for the three measurement
weeks for all participants. The median value for the para-
meter Durationg, ;e Was not calculated if there were less
than three valid measurement days within one of the three
measurement weeks (indicated as “NaN” in Fig. 3).

Statistical analysis

All statistical analyses were performed using IBM SPSS
Statistics (v24, SPSS Inc., Chicago, USA) and statistical
significance was defined at p <0.05.

Given the limited number of subjects as well as visual
inspection of the corresponding Q-Q-Plots for the
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I baseline
I feedback
[ follow-up

Freq Relief [%]

participants

Fig. 2 Median relief frequency parameter (Freqg,;,) for the three
measurement weeks (baseline, feedback, follow-up) calculated
based on the performed successful relief activities divided by the
predefined (OT recommended) relief number. The error bars indi-
cate the first and third quartiles. The three boxplots on the right

parameters Durationgejee and Freqgejr non-parametric
analyses were performed. In order to analyse the influence
of the feedback system on relief duration and frequency, a
Friedman test was applied. Here, the two parameters Dur-
ationgeier and Freqpe ;s were used as the dependent vari-
ables and the three conditions (baseline, feedback, follow-
up) as the grouping. For the Durationg,;,s parameter, only
the data of participants with a first week median of less than
the predefined relief duration (i.e. those considered to
underperform their required relief duration) were considered
for the Friedman test, as participants with a sufficient relief
duration (even without using a feedback system) were not
required to increase the relief duration time. If the Friedman
test was significant, a Wilcoxon signed-rank post hoc test
was performed, whereby the significance level was
Bonferroni-adjusted (p <0.017).

Results

In total, nine participants with SCI (3 females, 2 tetra- and 7
paraplegics) with a mean age of 50 + 12 years were recruited
(Table 1). One subject (#4) used an electric wheelchair and
was only able to perform a passive “seat tilt”. All other
subjects were able to actively perform pressure reliefs.

The misclassification probability (out-of-bag error) for
the nine subject-specific Random Forest classifiers was
between 0% and 7% (average: 2%).

Relief frequency
All participants showed an increased relief frequency (Freg-

Rrelie) When using the feedback system compared to both the
baseline and follow-up conditions (Fig. 2, Table 2). The

baseline
feedback
follow-up |

summarise all 9 participants for the different measurement weeks. The
required relief frequency is highlighted with a solid line (100%),
whereas the dashed (80%) and the dotted line (67%) represent the first
and second feedback levels.

Friedman test showed statistical significance in Freqgejicf
between measurement weeks (7%(2) = 13.556, p =0.001).
Post hoc analysis using the Wilcoxon signed-rank test
(Table 2) indicated a moderate effect between both the base-
line (median (IQR): 11% (10-31%)) and the feedback (82%
(55-90%); r = —0.628), as well as between the feedback and
the follow-up (20% (12-39%); r = —0.628) conditions, but
not between the baseline and the follow-up (r = —0.154).

Relief duration

Two out of nine participants did not perform a sufficient
number of reliefs during the first measurement week (base-
line), and thus the median value for their Durationg,;,s was not
calculated. All participants with a relief duration of less than
the OT’s recommended relief duration (solid line at 100%) in
the first measurement week increased their Durationg,;;,y while
using the feedback system (Table 3/Fig. 3: participants 1/2/7/
8). Three participants already showed a sufficient relief
duration in week 1 (Fig. 3: participants 3/4/5). Note that
subject 4 used an electronic wheelchair and performed only
prolonged backward tilting as his relief technique.

The Friedman test indicated statistical significance for
Durationg,;,s between measurement weeks (;(2(2) =6.500,
p=0.039). The post hoc Wilcoxon signed-rank analysis
(Table 3) suggested a moderate effect between any of the
three comparisons (—0.646 <r< —0.517).

Discussion
The objective of this pilot study was to evaluate the
potential for preventing PUs in wheelchair users with SCI

by improving their pressure relief behaviour using a novel

SPRINGER NATURE
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550
500 [

Fig. 3 Median relief duration
of the three measurement
weeks (baseline, feedback, 450 -
follow-up) in percentage of
their OT’s recommended relief
duration (Durationg,jip). The
error bars indicate the first and
third quartiles. The three
boxplots on the right summarise
all nine participants for the
different measurement weeks.
The OT’s recommended relief
duration is highlighted with a
solid line (100%).

DurationRelief [%]

feedback system. The results clearly indicate that by using
the feedback system, the frequency and duration of pressure
relief behaviour was improved for all participants.
Although none of the participants performed the OT’s
recommended number of reliefs in week 1, all of them
benefited from the feedback system in terms of successful
reliefs performed per day, as indicated by a significantly
increased relief frequency. The therapist’s recommendation
regarding relief frequency and duration was individually
customised to the participant’s functional capacity and spe-
cific needs. The recommended relief interval in our study was
spread between performing a relief every 10 up to 60 min.
The median relief frequency for week 1 (baseline, without
feedback system) was, however, below 20% of the OT’s
recommended relief frequency. This is in line with previous
reports suggesting that even when wheelchair users with SCI
train for correct relief behaviour with clinicians or therapists,
they often only perform a fractional amount of the recom-
mended reliefs during daily life, and these are often with
shorter duration and of lower quality [29, 30]. Furthermore, it
has recently been shown that wheelchair users do not develop
a sufficiently functional pressure relief routine, either in fre-
quency or duration, including weight shifts or other functional
in-seat movements [31]. This illustrates the complexity of
assigning causation of PU occurrence to the seated behaviour
of wheelchair users, and identifies the need for improved
clinical techniques designed to develop a functional routine
behaviour towards preventing PUs. Here, we show for the
first time that by providing suitable feedback to wheelchair
users with SCI, such relief behaviour can be positively
influenced. In our study, this improvement was indicated by
an on average fourfold increase in relief frequency compared
to the baseline condition. Importantly, this improvement of
relief frequency showed little or no continuation in relief
behaviour into week 3 (follow-up), as relief duration
decreased significantly again when the feedback system was
removed. Non-adherence with PU prevention strategies,
such as relief behaviour, is a known issue in the SCI

SPRINGER NATURE
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population [32-35]. For some of these individuals, the non-
compliance with prevention strategies is possibly related to a
lack of incentives to maintain healthy behaviour and a
misconception about PU risk [36]. For example, more than
80% of a sample of people with SCI who had experienced a
previous PU did not believe they were at risk of future PUs
[37]. Many of the recommendations for PU prevention, such
as performing pressure reliefs, require understanding,
cooperation, and initiative, and evidence from the behavioral
medicine literature indicates that especially those recom-
mendations involving lifestyle changes are associated with
poor adherence [38—40].

Therefore, one could claim that feedback on sitting
behaviour for wheelchair users with SCI should be provided
over prolonged periods of time in order to maintain high-
quality relief activities. Hence, a constant use of the feed-
back system is expected to improve sitting behaviour rou-
tine and ultimately be advantageous for PU prevention.

Seminal research into PU aetiology using animal models
has highlighted that the damaging effects of pressure are
related to both its loading magnitude and duration [41, 42].
Moreover, these studies indicated that magnitude and duration
were inversely related, meaning that tissues can withstand
higher loading for relatively short periods of time compared to
lower tissue loads for longer periods. Based on these findings,
we not only aimed at improving relief frequency but also its
duration. In this regard, the results of our study demonstrate
that all participants with short relief durations in the first
measurement week, i.e., <100% of the OT’s recommenda-
tions, increased their relief duration by responding to the
feedback. Similar to relief frequency, this effect could not be
transferred into week 3 (follow-up, no feedback).

Overall, the feedback system was well received by all
participants. They all reported increased motivation to per-
form pressure relief activities on a regular basis. Conclusively,
a transient improvement in relief behaviour, i.e., increased
relief frequency and duration, could be demonstrated by
employing the new feedback system. In how far this translates
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into a clinically relevant reduction in the risk for PU devel-
opment remains, however, unclear at this point. On one hand,
several studies show no relationship between pressure relief
behaviour and PU prevalence in the SCI population
[12, 43, 44]. However, each of these studies relied on self-
report measures of pressure relief practices, even though self-
reported behaviour is known to be highly unreliable [31]. On
the other hand, positive effects of a variety of pressure relief
activities on actual pressure distribution, blood flow, and tis-
sue oxygenation have been reported in healthy controls [45]
as well as individuals with SCI [46, 47]. In addition,
Sonenblum and Sprigle [30] reported that wheelchair users
with no PU history perform significantly more weight shifts
than individuals with a history of recurrent pressure injuries.
However, their study failed to find a connection between PU
history and the relief frequency, which was possibly due to
the fact that pressure reliefs were performed less than once
every 3 h in both groups.

Therefore, a longitudinal follow-up study to investigate
the long-term effects of improved pressure relief behaviour
on PU development in a large cohort of wheelchair users is
clearly warranted. While the impact of PU history on the
intrinsic motivation for using a suitable feedback, applica-
tion remains to be investigated, our study provides clear
evidence that feedback on relief form, frequency and
duration, provided to the user in a suitable manner, is able to
improve routine relief behaviour.

Limitations

We would like to emphasize that this is a pilot study
including only nine participants with rather heterogeneous
SCI. Therefore, the generalizability of our findings to a
wider population needs to be addressed with caution. The
potential bias due to the reported conflict of interest has
been minimized by strictly following scientific standards
as well as giving the primary lead of this study to the
Balgrist team (MH, UA, AC), sharing no conflict of
interest.

Data archiving

The datasets generated and/or analysed during the current
study are available from the corresponding author on rea-
sonable request.
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