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ABSTRACT

Natural disasters, industrial accidents, or outbreaks, as evidenced by the COVID-19
pandemic, underscores the importance of preparedness in managing immediate evac-
uation of affected individuals. Infectious diseases pose the risk of compromising the
transport environment by potentially contaminating the interior of the transport vessel.
Addressing this challenge, this paper presents the DEKO-AirTrans solution introduc-
ing the development and implementation of a mobile evacuation system, tailored for
use aboard the C-130 Hercules aircraft. The system features a flexible cell construc-
tion anchored to a multifunctional HCU-6 pallet, enveloped in a specifically designed
protective tent material with high filtration and air permeability qualities to avoid con-
tamination of the C-130 interior. Integrated sensor systems and wireless biosensors
allow for continuous health monitoring of transported individuals, ensuring medical
oversight during transport. DEKO-AirTrans represents an advancement in the air evac-
uation domain, offering a cost-effective, rapidly deployable, and flexible solution for
the safe transport of highly infectious or contaminated persons. The system’s design
ensures quick setup, ease of storage, transportability, and compatibility with existing
standards, highlighting its potential as a solution for emergency medical evacuation
scenarios.

Keywords: Aeromedical evacuation, Biosensors, Health monitoring, Telemedical support,
Contamination avoidance

INTRODUCTION

International crisis situations in recent years, in particular COVID-19, have
shown the importance of being able to evacuate contaminated or infected
soldiers or civilians by air. When dealing with life-threatening and highly
contagious infectious diseases, it is essential to be able to transport individ-
uals, often in time-critical situations, without compromising the transport
aircraft by contaminating the interior. Currently, impermeable solutions such
as MEDEVAC containers or individual containers are used for this pur-
pose. These solutions provide a high level of transport security, but are
very expensive and cannot be used in a flexible way. Their use requires
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advance planning and the limited interior space limits the number of peo-
ple that can be transported. This makes them unsuitable for dynamic
situations such as evacuations, where a rapid and adaptable response is
critical.

The aim of DEKO-AirTrans was therefore to develop, together with
experts from the Austrian Armed Forces, a mobile, flexibly deployable
system for the air transport of highly infectious or contaminated persons
on board the C-130 Hercules (Figure 1). For this purpose, AUTOFLUG
developed a flexible cell construction based on a multifunctional HCU-
6 pallet. It allows for a quick changeover and the combination of sev-
eral cells, with only one fixation to the cargo floor. The cell is covered
with a permeable tent material (ToxicShield) with high filtration capac-
ity against particles and hazardous gases as well as high air permeability
(Figure 2).

Crisis Area Aeromedical DEKO-AirTrans Evacuation System Destination for
= High risk of infection and l§ = Flexible cell infrastructure = Personal monitoring using medical treatment
contamination- primary = Quick setup of the biosensors and health analysis = Transport to destination

medical care on site DEKO-AirTrans system = Medical support staff (PMB) for specialized and
= Transport of patients in = Entrance sluice for secure access ® Room analysis (air, temp., etc.) comprehensive medical
critical condition ® Energy infrastructure integrated = Telemedical support treatment

Figure 1: Supply and rescue chain for highly infectious and contaminated people -
aeromedical evacuation from critical infection areas.

The necessary monitoring of the transport situation was realized by a
sensor system integrated into the inner tent and by individual, permanent
monitoring based on biosensors (PMB). Several innovative wireless biosen-
sor solutions were used for the different health situations. This paper will
focus on the multi-sensor medical monitoring and telemedicine system for
the airborne transfer of highly infectious or contaminated patients, which
was an important part of the project.

Figure 2: Evacuation tent demonstrated for the Hercules C-130 cargo aircraft.

RELATED WORK

As noted by Field et al. (1996), telemedicine can bring expert knowl-
edge to the point of need. There are many different ways of implementing
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telemedicine, ranging from asynchronous methods, like sharing databases
or using email, to synchronous methods, such as live data sharing or tele-
phone or even video calls. There is also a variety of applications, but it
is very often used in disaster relief situations (Doarn et al., 2014) or in
military medical centers where expert advice is needed (Tabanejad et al.,
2023).

Military solutions are more complex than applications for the general pub-
lic because they have to meet higher security standards and operate under
special conditions. In 2010, the US Defense Health Program included funding
for health information technology and informatics research for the first time.
This was a major step forward in the development of medicine, particularly
mobile health and telemedicine (Friedl et al., 2019).

In resource-limited austere environments, telemedicine can be a great asset
in optimizing care under these conditions. Although medical staff are present,
they do not always have the full expertise required in some critical situations
(Pamplin et al., 2019).

Relevant Research Projects

VitalMonitor is an Austrian project funded within the FORTE program. Its
aim was to develop a multisensory wearable vital monitoring system for mil-
itary training and exercises (Almer et al., 2021). In addition to real-time
monitoring of the soldiers, the focus was on developing a scenario-specific
physiological stress model to help ensure the safety of the soldiers and avoid
physical or cognitive fatigue (Almer et al., 2023).

SIXTHSENSE (Smart integrated extreme environment health monitor
with sensory feedback for enhanced situation awareness) is a European
funded project within the Horizon 2020 plan. The aim of the project was to
implement a multi-sensor wearable health monitoring system for first respon-
ders. This project enabled early risk detection and team leader support by
providing a live monitoring solution with the ability to send tactical mes-
sages via electronic stimulation to the first responders in the field (Bijelic
et al., 2022).

Relevant international projects that showed important solutions were
primarily the projects BATDOK! (Battlefield Assisted Trauma Distributed
Observation Kit; a mobile patient monitoring system developed by the US
Air Force Research Laboratory) and AIRCARDIO (telemedicine system for
the remote management of chronic patients) where the concept was described
by Donati et al. (2018).

Health Monitoring Systems

Thanks to technological advances, sensors are becoming cheaper, smaller and
more powerful and can even be integrated into textiles or small patches. The
main problem is still the flexibility and robustness of wearable sensors to

Thttps://techlinkcenter.org/technologies/battlefield-assisted-trauma-distributed- observation-kit-batdok-s
oftware-tools/d6074edb-dde4-4a0b-8c40-c4e844917b28 (Accessed on: 2024-01-15)
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provide continuous and valid monitoring of vital parameters independent
of the user’s movement. Many studies and research projects deal with the
development and state of the art of wearable sensor solutions. An important
aspect is the personal calibration for each patient in order to avoid a mis-
alignment of the sensors negatively influencing the measurements and results
of the analysis methods (Guk et al., 2019).

Innovative approaches to cost-effective and non-invasive monitoring sys-
tems are described by Majumder et al. (2017). In this case online capability
is achieved through a two-stage communication solution (via short-range
technology to a smartphone).

Dias et al. (2018) also compare several wearable health devices, focusing
on the most important vital signs and the technologies behind the sensors.
During their study, they identified the following five vital signs that have a
major impact on health: heart rate, blood pressure, respiratory rate, blood
oxygen saturation and temperature. Environmental parameters such as ambi-
ent temperature, humidity and sound levels can also have a significant impact
on a patient’s health.

There are also existing solutions that focus on health monitoring of mul-
tiple people using wireless sensor technology. The most prominent systems
currently available on the market are Equivital (Cuddy et al., 2008) and
Zephyr Performance System (Claudio et al., 2015; Nazari et al., 2018)
which both use a smart-textile solution to monitor the individual’s health
status. VitalConnect (Santos et al., 2021) takes a different approach and
uses a patch solution for health monitoring, while Cosinuss (Adams et al.,
2022; Ellebrecht et al., 2022) has developed an in-ear sensor for this area of
healthcare.

SYSTEM CONCEPT

The basic concept of the whole monitoring and telemedicine system is shown
in Figure 3 and consists of several different components. Each patient is fitted
with one or more sensors that monitor key vital signs such as heart rate,
respiratory rate and temperature. All this data is then transmitted wirelessly
via BLE to a Bluetooth gateway. In the system presented, this gateway is an
Android smartphone, and its role is not only to forward the recorded data,
but also to merge the sensor data and analyze it directly for anomalies such
as outliers or change points. The merged sensor data, including the analysis
results and a patient identifier, is then transmitted via WLAN to the local
server on board the aircraft.

In addition an environmental sensor is used to monitor the environmen-
tal conditions (temperature, air pressure, air quality, etc.) which can have a
major impact on the patient’s current state of health. In the same way as the
patient’s sensor data, it is transmitted wirelessly via WLAN to the on-board
server.
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Figure 3: System concept of the multi-sensor medical monitoring and telemedicine
system for airborne transfer of contaminated patients.

The data center is the server on board the aircraft. All received sensor data
is stored and managed in a local database system. Recorded data is securely
stored and can be accessed using the live Health Monitor dashboard via the
local network, or by transferring all relevant data to the ground server in the
event of a critical situation requiring expert support.

The tablet running the Health Monitor dashboard (Figure 4) receives all
data from patients and environment in real-time via active WebSocket com-
munication. This data is presented in an intuitive overview, including current
health status, analysis results and historical data for each patient. The dash-
board provides the caregiver a user-friendly interface for monitoring patients
during transport.

As mentioned, another server is needed on the ground, which manages
all the data and stores it anonymously in a local database. The data can
be made available to anyone who is authorized to view it via the dash-
board, regardless of their location. Therefore, the experts on the ground
can monitor the patients in the same way as the caregivers in the air-
craft. This provides an optimal opportunity for support from experts, to
e.g. dispose an emergency action or define the medication. It is important
to notice, that this telemedicine health monitoring approach requires an
active satellite connection to the aircraft but in the end it provides a com-
plete and secure system for monitoring and analysis of patients during air
transport.



Innovative Biosensor Based Aeromedical Monitoring Solution 15

DEKO-AirTrans v
Environment - Status
m © 5040 dB

Sausd

> Patient 1 ] » Patient 4 Patient 3

= 1200pm g 1

DEKO-AirTrans

Allclocied )

T O Y

Figure 4: Telemedicine dashboard with an overview of the current health status of all
patients, including the environmental conditions (a) and a more detailed view of all
patients’ vital signs, including abnormalities detected (b).

HEALTH MONITORING

Sensors

The sensor system of the developed solution consists of two different sensor
groups. The environmental sensor, which is responsible for all environmental
conditions and vital sensors, to measure all relevant vital parameters of the
patients for an overview of their current health status.

As environmental sensor the AirQ? air quality sensor was chosen because
of the unique number of parameters it measures, the expandability/inter-
changeability of the sensors, and the ease of software integration. The sensor
measures 13 parameters, such as oxygen, humidity, temperature, air pressure,
carbon dioxide, etc. The sensor can be expanded with special sensors and also
be used in a large [oT platform for air quality monitoring in smart cities due
to its low cost and live measurement capability, as presented by Choudhary
et al. (2020).

The selection of the vital signs sensor was more challenging due to the
specific requirements and the limitations of the application area. The goal was
to integrate a patch solution that was single-use only, where the patch could
be disposed of after the transport, avoiding the risk of cross-contamination.

In the end, the Biobeat’s® chest monitor was chosen. The developed patch
solution is medically certified and can be disposed after usage. It has a bat-
tery life of up to five days and measures all relevant vital sings like blood
pressure, blood oxygen saturation, heart rate, respiratory rate, temperature,

2https://www.air-q.com (Accessed on: 2024-01-16)
3https://www.bio-beat.com (Accessed on: 2024-01-16)
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1-lead ECG and many more. The technology has also been evaluated in sev-
eral studies with different research topics (systolic/diastolic blood pressure
(Nachman et al., 2021), cardiac output (Dvir et al., 2022), response to a
Covid mRNA vaccine (Gepner et al., 2022)), where the sensor showed quite
interesting results.

Data Analysis

Change Point Detection

As serious changes in the patient’s vital signs could indicate a critical devel-
opment in their health status, an online Bayesian change point detection
algorithm is used to analyze the vital data for such change points. The
first online method was published by Adams et al. (2007). The algorithm
also includes some observation likelihood methods, such as Student’s t-
distribution, which often require some hyperparameters that cannot be easily
defined without hyperparameter tuning. To address this issue, the algorithm
implemented is utilizing the approach outlined by Wang et al. (2021). By
using this method, fewer parameters need to be defined in advance, and the
model adapts automatically to the data collected during a warm-up phase.

Outlier Detection

Outliers in data can occur due to incorrect sensor readings or other envi-
ronmental influences that are abnormal. As these outliers can have a huge
impact on the results and understanding of the data, it is sometimes nec-
essary to identify and optionally remove them from the data. To overcome
this problem, the Hampel filter from Hampel et al. (1974), which uses a slid-
ing window approach and the Median Absolute Deviation (MAD) to identify
outliers in given time series data, has been integrated. The algorithm is simple
to implement and is considered one of the most robust and efficient methods
for filtering and detecting outliers in online scenarios (Albuquerque et al.,
1996).

Minimum Transmission Interval

As there are several factors that can affect the maximum available data rate,
it is not always possible to select the highest sample rate to obtain the most
accurate data. Especially in an aircraft, the available data rate can vary
greatly. For this reason, this section evaluates at which sample rate the val-
ues of the three most important vital signs (heart rate, respiratory rate and
temperature) where the data is still informative enough to get a picture of the
patient’s health status and no important information is lost.

For each parameter, seven different sampling rates were compared with
the original sampling interval of one second. For these cases, the mean of the
difference from the exact value was calculated in addition to the standard
deviation (SD) of the result. Another indicator of how well the lower sample
rate data still performs is the Pearson correlation coefficient (PCC), where a
high value means that the two sets of data are not correlated, and the lower
the value, the more similar they are. Illustrated graphically in Figure 5, the
detailed results are presented in Table 1.
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Figure 5: Analysis of the minimum transmission interval for the most relevant vital
signs — heart rate (a), respiratory rate (b) and temperature (c).

Table 1. Results of the minimal transmission rate analysis for all three parameters.

Transmission Interval Heart Rate  Respiratory Rate Temperature

5 Seconds  Mean = SD 0.006 £+ 1.93 0+ 0.205 —0.00004 £+ 0.0007
PCC 0.9869 0.8650 0.9990

10 Seconds Mean = SD  0.03 +2.24 0.002 + 0.3 0.00002 + 0.001
PCC 0.9775 0.7349 0.9981

30 Seconds Mean +=SD 0.02 £3.12  —0.004 £ 0.55 0.0003 + 0.002
PCC 0.9574 0.6214 0.9941

1 Minute = Mean + SD —0.05 +4.24 —0.02 £ 1.04 —0.0002 £ 0.003
PCC 0.9357 0.5528 0.9862

2 Minutes Mean = SD 0.1 £ 5.32 0.02 +1.44 0.0002 £ 0.002
PCC 0.8799 0.3989 0.9653

5 Minutes Mean = SD  0.22 £+ 6.65 -0.14 + 1.7 —0.0003 £ 0.003
PCC 0.8122 0.3059 0.9214

10 Minutes Mean £ SD  0.85+ 7.5 —0.16 + 1.88 0.0004 + 0.005
PCC 0.5209 0.3425 0.7787

The evaluation of the minimum transmission interval for the transmission
of vital signs to still be able to make a meaningful assessment of the patient’s
condition can not easily be defined. Every vital sign has different characteris-
tics and therefore needs his own sample rate and should not depend on other
sensors.

Following the principle of only considering data with a PCC above 0.95, a
sampling rate of 30 seconds would be sufficient for the heart rate, as a PCC
of 0.9574 is still achieved. Furthermore, the mean is very close to zero and
there is only a standard deviation of 3 beats per minute, which should be
acceptable.

If one were to follow the same principle, even the lowest sample rate of 5
seconds would not be relevant for the respiration rate, since a PCC of only
0.8650 is already achieved here. Considering the difference as the mean value
and the standard deviation, an interval of 30 seconds would also be reason-
able here, as the error is also very close to zero in view of the mean value and
a standard deviation of less than one breath per minute is also achieved.
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For the temperature, even a sample rate of only 2 minutes is sufficient,
taking into account the PCC above 0.95. This is because the value does not
change as rapidly as the heart rate or the respiratory rate and therefore only
rises or falls relatively slowly. With an interval of 2 minutes, a PCC of 0.9653
and a standard deviation of only 0.002°C can still be achieved with a mean
value close to zero. Note that this sampling rate is only acceptable under nor-
mal conditions, as under other conditions, such as severe febrile seizures or
heat strokes, the temperature may change rapidly, requiring a higher sampling
rate.

All in all, if a combined transmission interval must be chosen for this sce-
nario, a sampling rate of 30 seconds would be suitable for each vital sign,
even though a higher sampling rate would be sufficient for temperature, as
well. By increasing the sampling rate to 30 seconds, the transmission rate can
be reduced by 1/30 of the original resolution, which in turn results in a huge
reduction in the bandwidth required.

CONCLUSION AND OUTLOOK

This paper described the multi-sensor medical monitoring and telemedicine
system for the airborne transfer of highly infectious or contaminated patients,
as part of the project DEKO-AirTrans. The aim was to develop an innovative
and flexible patient monitoring system to support the caregiver during the
flight. In addition to the complete setup of the system, including the internal
communication in the aircraft, the sensor setup and the required dashboard,
additional analyses were integrated, which are sent live to the dashboard to
provide further decision support for the caregiver.

As high speed internet access is not always available in the air, the minimum
data rate at which important information is not lost and an informed opinion
on the patient’s condition can still be formed was also investigated. After
various tests, it was concluded that at a sampling rate of 30 seconds, all
important features are still present in the data set, providing a reliable basis
for forming an opinion on the patient’s condition.

In summary, an operational patient monitoring system has been developed
that meets all the basic requirements and can be used by medical escorts
without much prior knowledge to provide additional support in monitoring
contaminated patients during air transport.

The DEKO-AirTrans project represents an advancement of current MEDE-
VAC solutions, providing a cost-effective, rapidly deployable and flexible
solution for the safe transport of highly infectious or contaminated persons.
The relevance of the topic was also confirmed by the successful submis-
sion to the EDF 2023 programme. The DEKO-AirTans components will be
further developed as part of the EDF project iMedCap - Development of
intelligent military capabilities for monitoring, medical care and evacuation
of contagious, injured and contaminated personnel.
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