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Abstract— This paper describes AMON, a wearable med- for medical use are usually fairly simple measuring just one
ical monitoring and alert system targeting high-risk car- or two parameters and providing little or no online analysis.
diac/respiratory patients. The system includes continuous col-  The AMON (Advanced care and alert portable telemedical
lection and eyaluatlon of multiple V|_tal signs, intelligent multlpa_- MONit ‘ect - fi d by the EU FP5 IST
rameter medical emergency detection, and a cellular connection itor) P“?Jec Inance Yy _e . - program_
to a medical centre. By integrating the whole system in an - takes this idea a Step further, aiming at continuous medi-
unobtrusive, wrist-worn enclosure and applying aggressive low cal monitoring for high-risk cardiac/respiratory patients. This
power design techniques, continuous, long-term monitoring can includes continuous collectio and evaluation of multiple
be performed without interfering with the patients everyday vital signs, intelligent multi-parameter medical emergency

activities and without restricting their mobility. detection, and a cellular connection to a telemedicine centre
In the first two and a half years of this EU IST sponsored ' u )

project, the AMON consortium has designed, implemented and The idea is that by using an unobtrusive, wrist-worn device
tested the described wrist worn device, a communication link, the monitoring can be performed without interfering with
and a comprehensive medical centre software package. the patients everyday activities and without restricting their
The performance of the system has been validated by a medical mopjlity. Thus, people currently confined to hospital or their
study with a set of 33 subjects. homes can lead normal lives while knowing that any medical

The paper describes the main concepts behind the AMON . L. . .
system and presents details of the individual subsystems and problems will be detected in time and help will be dispatched.

solutions as well as the results of the medical validation. Additionally, physicians are provided with a greater level of
information about a patient’sondition - from a natural setting

- thus enabling them to better tailor treatment.

Mobile monitoring of physiological parameters has been
studied by many research groups, e.g. [3], [4]. For data
I. INTRODUCTION acquisition, personal Holter monitors are often used, e.g. for

Wearabl be broadly defined bile oECC and blood pressure.
earable systems can be broadly defined as mobile e eci:or one or two parameter measuring there are several de.

trorpc devices tr}athcan Ibehgnobtru5|vely embeddeld n thg u??fi’ées commercially available: Agilent, Phillips and Nellcor all
OUI. It as part 0 the COt. INg or an accessory. n pa”'c‘ﬂ roduce handheld pulse oximeters for non-invasive monitoring
unlike conventional mobile systems, they can be operational blood oxygen saturation and pulse (Sp0O2). For blood

and accessed without or with very little hindrance to us?orressure Omron produce a range of portable wrist devices
activity [1], [2]. Today, wearable systems range from micrqr;lS '
sensors, seamlessly integrated in textiles through consu or the wellness and lifestyle market there are several prod-
electronics, embedded in fashionable clothes and computerizetk The chest-worn Polar can measure heart rate. but provides
watches to belt-worn PCs with a head-mounted display. no further information about ECG, such as QRS or QT [6]. The

One obvious application of wearable systems is the MmOy ge\wear from BodyMedia measures activity, temperature
toring of physiological parameters in a mobile environment. Igﬁ)[r

Index Terms— multiparameter, wrist-worn, wearable, medical
device, telemedicine, validation.

. X X ) arameters and galvanic skiesponse. An additional chest-
this context, devices targeting the sport and recreational mariet- sansor for heart rate measurement can be attached [7].

have been very successful. However, the majority of suchtpq University of Alabama has developed a wearable ECG
recreational devices are not suitable for medical monitoring,itor with real time feedback to the user [8]. Other sensors
of high-risk patients. Those devices that have been qualifieg,, pe integrated using a wireless body area network of

) ) i intelligent sensors [9], but the system contains multiple sensors
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the human body to stress [15] or to improve recovery proce

On Line Medical Mission

e.g. from strokes [16]. However, the analysis performed | _ . _ Control (MMC)
these is often performed offliret the telemeidine centre. Wrist Monitoring Device
Compared to the above mentioned projects the AMO |/ : -
system has several unique features: e Ry=e
1) Multiparameter Monitoring: The AMON system is ca- ||o. s
pable of measuring blood pressure, SpO2 and a o |[:&"* : g
lead ECG, all in a single device. It has an interface { |\tepmeron
additional external sensors including a full 12 lead EC(
At time of writing, there are currently no handheld or
i i i ig. 1. System overview: AMON; Wrist Worn Medical device with
qué;?gle devices which combine all of these measurgSM/UMTS Tk to the telemedicine centre.
2) Activity Recognition: Using a 2 axis acceleration sensor
integrated in the system, AMON is capable of detecting : . . i
-, N . _describes the sensor system and the processing algorithms;
the level of user activity and correlating it with the vital_~" " ; . L
signs section IV describes the data processing and communication
S . . . hardware in the wrist unit and at the telemedicine centre. We
3) \?Vgr:ed':‘c;:lgssaindj?ﬁrgeg? ;ifcgignbf-rgﬁ r\;vzzts_uréhen present the results of the first medical trials and our
: peric aly ! conclusions in sections V and VI.
ments online, presenting them in appropriate form t6
both wearer and remote teledlicine centre. For emer- Il. SYSTEM OVERVIEW
gency detection the analysis can incorporate patients . ) .
profile and activity information to reduce the number The AMON System_ comprises two separate p"?“FS- a wrist-
of false alarms worn unit and a stationary unit at the telemedicine centre
4) Flexible Communication Interface: The cellular con- [F|gurg 1. . . ) . .
nection to the telemedicine centre features a flexible Key innovations of the wrist-worn part are: the integration of
communication channel that can use a direct connecti Itiple medical monitors and evaluation software in a single
as well as SMS (short message system) services. It ¢ %vice; the non-standard placement of measurement sensors;
also be easily extended to incorporate a TCP/IP.bas rad miniaturisation to a level where the device is wearable
link at the wrist. In addition mobile communication capability
5) All-in-One Wrist-Worn System: The AMON system is integrated in the device in form of an on-board GSM

. L tran iver. The tranceiver enabl xchange with th
combines all sensors, communication and processﬂ dsicctzl fentree tranceiver enables data exchange with the

devices in a single, ergonomic wrist-worn enclosur At the telemedicine centre, incoming medical data from
The integration in one device has the disadvantage of. ' g

making the signal acquisition, in particular pulse anyynst-worn units is collected and processed by trained medical

ECG, harder as compared to distributed systems tlpae[rsonnel. This side of the system is based on a JAVA

S latform and a windows workstation connected to
lace sensors (e.g. ECG electrodes) on several s ec?ﬁéver P ) .
P (g ) P a GSM/UMTS transceiver. The software allows authorised

body locations. However, for the envisioned target grou . .

and application such ‘all-in-one design’ is essential ersonnel to securely access medical records and details of

must be assumed that many in the target group'aa}é)atient in addition to the incoming data from the wrist-worn
Qits. It allows measuremengguests to be made direct from

technology averse and possibly have some cognit he telemedicine centre; additionall rovision is made for
impairment (e.g. forgetfulness). On the other hand t I iy . Y. P
Irect communication with patients.

T e i ot AWON Monicrs e, Grygen satuaton (02 s
user put on multiple deviées at different, exactly define mperature and activity via acceleration continuously. Con-

. . . ' . _tinuously in our medical application means for SpO2 thirty
body locations. The integration of all components in Seconds of measurement every two minutes and every two
wrist-worn enclosure and the derivation of vital signs

X . . .~ _minutes a temperature reading. Blood pressure and one lead
from wrist-based sensors is one of the main contrlbutlorﬁj . ) X
of AMON. G (thirty seconds of raw data) is measured three times

a day or on request by the user or the telemedicine centre.

In order to address the potential for AMON as a medicglhe data is analysed on-device after every measurement.
device - as opposed to merely a lifestyle product - a clinicthe analysis includes all digital signal processing needs for
validation was performed. Although the first AMON protosignal enhancement (e.g. filtering), all computation required
types have varying degrees of success in achieving medigfitonvert the measured values into medical values, and initial
accuracy on all measurement combinations, our results cleas)aluation of those values.
demonstrate the feasibility of the concept and solutions to theThe main conversion algorithms [see section Il1] includes
key technological and scientific issues. the computation of blood pressure from the pressure sensor

The remainder of the paper is divided as follows: thsignal and the derivation of the QRS width, RR distance and
next section (Il) gives an overview of the system; section IDT intervall from the ECG signal.
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The initial analysis starts with a comparison of the puls
and oxygen saturation with predefined, patient specific valur
Based on the results of this analysis, three different scenar
are possible:

« Everything ok: Wearer is infaned that all measurements

are fine.

« Parameter out of range: A reeasurement is performed.

If the outcome is the same as before, the user is inform
and additional measurements are required. The wri:

worn device determines the type and initiates the mea-
Fig, 2. AMON Sensors: SpO2, one leB€G (RA, LA, RL), Blood pressure

surement. The type of m_eas_uremem includes SpOZ, bl&g&ssure, pump and valve), acceleration (not shown) and temperature (not
pressure and ECG. Taking into account combined resuit®wn)

of all measurements, the system then decides whether to
alert the telemedicine centre or not.

o More than one parameter out of range: The data - ECG measurement
automatically sent to the telemedicine centre, where : ‘ ‘
triggers an alarm. The medical personnel then perforr
a detailed analysis of all data re-checking the automa  **f
evaluation. Depending on telemedicine centre analysis
this data, further steps are taken: in a non-life threateni  szo- 1
emergency situation, perhaps requiring modification 1
treatment or further tests, the patient is referred to h3 M

3 3000
usual physician; if a life threatening situation is detecte’s
the telemedicine centre cammediately organise pre- &
hospital care and transportation.

In normal mode - everything ok - the data (raw data ar
extracted medical values) is transmitted to the telemedici 2 ]
centre three times a day. The centre will re-check the me
surements; the higher computation power and storage capa  awo| ‘ ‘ ‘ ‘ : ‘ 1
afforded by the telemedicine centre is used for more power 85 ° e 5] 10 105 u
data analysis [see section IV-C].

In all cases, the patient is informed as to their own stateg. 3. AMON one lead ECG sample measurement: a digital bandpass filter
and that of the device. In the event of a failure to initiat®.015 40]Hz has been applied to reducoise. Heart rate, QT interval and
communication with the telemedicine centre, the user is jips duration can be detected.
formed appropriately. In non-critical situations, the results can
be stored (up to four days of data) on-device and sent at
such a time as communication is restored. The device will
periodically attempt to regain communication throughout arfy: SPO Sensor
down time.

The telemedicine centrésuld be able to cope with multi- . .

: ; The measurement by pulse oximeter is based on the ab-

ple remote devices simultaneously. In the event of an abnormal . .

. s . . sarption of two wavelengths through a pulsatory arteriolar

reading, communication should be immediate. Of course ﬂﬁgw Arterial saturation in oxygen and pulse are assessed
is subject to availability of the GSM connection, and for thi )

reason users of the system should be instructed, prior to beu{g comparing the changes of each wavelength during one

: . L . sation. The sensors are either clippers at the tip of fingers,
given the device, to remain within areas with good coverag%. .
of adhesive. There are also reflectance sensors that can be

I1l. SENSORS ANDALGORITHMS placed on the forehead in front of the temporal artery or that
be put on the sternum. The principle is the same and is
ed on the absorption of two wavelengths cast and reflected
an arteriolar flow [17], [18].

2800 - -

For the designated target group of cardiac and respirat
patients the key parameters that need to be monitored
pulse, oxygen saturation (SpO2), blood pressure and E
Additionally, it is advantageous to have some information The AMON device contains aflectance sensor placed on
about the level of physical activity. This section describgbe top of the wrist [Figure 2]. It uses two wavelengths, one
the sensors and the signal processing algorithms used in @#he560 nanometer and the other at 880 nanometer. A light
AMON system to derive the above information. detector harnesses the reflected waves. The pulse oximeter

The main challenges faced by the design at this stage wasbe and signal processing algorithms have been developed
the ability to derive all the above information from wrist-worrand manufactured exclusively for the AMON project by SPO
sensors only and the need to keep the size and the poMedical Equipment Ltd, Israel [19] based on a specification
consumption to a minimum. by MDirect.
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B. ECG Sensor blood pressure measurement

To obtain an ECG the patient must be physically connect
to a front-end amplifier with special bioelectrodes that col w00 blood pressure:117 /66 1
vert ionic current flow of the body to the electron flow of pulse:65

the metallic wire. Silver-coated chest suction electrodes 1.0} 1
adhesive silver/silver-chloride electrodes with chemical pas
or gel can be used. The first prototype of AMON usegmoof : 7
silver/silver-chloride electrodes without paste or gel. Durin'y’
the first prototype testing the electrodes oxidised after two E aool i
three months and the input resistance raised to a level wh & |
no ECG signal could be measured. To eliminate oxidation, t © .| ﬁJ
second prototype used gold electrodes. The contact resista

is slightly higher, but a reasonable signal quality can t | i
obtained [Figure 3].

1) Electrode Configuration: All electrodes are mounted in 0 i
one wrist-worn device. These are placed as follows [Figure : = - m = m = -
Left Arm (LA) electrode is inside the cuff, Right Arm (RA) time [s]
electrode is on top; during a measurement the patient must _ _
fouch the RA with his lft hand. The Right Leg (RL) elecirod, &, AMON bocc piessure sample messurement sandar becionet
is placed on top pointing to the wearer; during measuremeint is done by peak detection in the AC signal.
this electrode must be in contact with the abdomen. In order
to reduce common mode interference, a right leg drive circuit
has been chosen [20] with gain set to 39 [21].

A high pass [cut off 0.05Hz] and a low pass [cut off 100Hz
filter is integrated in the amplifier stages. The signals are th
digitised at 500Hz sampling frequency.

2) Algorithm: The aim of t_he algorithm is to detect an The distances RR, QRS and QT are stored for every
measure a number of medical parameters from the EC

waveform, in particular: QRS complex width, RR distanc iscovered QRS wave. For an overall result as displayed
. : . the user - averages are taken over all the valid QRS. Heart
and QT interval. A further desirable parameter, PR interval,, . 7
. S rate is calculated directly from RR.
was left out for this work due to the non-triviality of P-wave
detection [22].

In keeping with the near real-time requirements and lo®. Blood Pressure

processing power, a necessary requirement is that the algogy pargware and Algorithm Principles: The blood pressure
rithm IS S|r.n.ple. but accurate. The aPproaCh taken is basglasyrements employ the standard oscillation method [24],
on a S|_mpI|f|cat|on_ of the QRS detection scheme of Pan a%] and [26]. The wrist and its vasculature are compressed
Tompkins [23]. This processes the sampled data as fOHOW%y an encircling, inflatable compression cuff. The principle of
1) Differentiation - obtain information about signal slopethe oscillometric method is a measurement of the amplitude
2) Squaring the derivative - intensify frequency responsg pressure change in the cuff as the cuff is inflated to about
curve of derivative. 30mmHg above systolic pressure and then deflated at a rate
3) Integrate over moving window - obtain informatiorof 2-4mmHg/s. The oscillation signal varies from person to
about slope and width of QRS complex, also filters oyferson, in general, it varies from less than 1mmHg to 4-
some unwanted spikes. 6mmHg [Figure 4]. For prototyping the cuff, pump and valve
For QRS detection, a threshold set is computed during are taken from an OMRON device (model R5-1). Inflation and
initial learning stage (lasting 8 seconds): the upper threshdléflation rates are controlled by varying the power to the pump
is calculated from 0.4x the average maximum on the integrat@dd valve using PWM (Pulse width modulated) signals.
signal; from this, a lower threshold is calculated by another When measuring blood pressure at the wrist, it is important
factor of 0.4. During the detection process, the current ithat the wrist with the cuff is positioned at the same level as
tegrated moving window value is compared with the upp#he heart. Best results are obtained when the left arm (with
threshold. If this threshold is exceeded, an R-wave onsettle device) is positioned at - but not holding - the shoulder.
assumed; QRS is confirmed by scanning backward (up toThe pressure signal is split into high frequency (0.03Hz to
100ms) for a dip below the lower-threshold. These threshad®Hz) and low frequency parts (OHz to 10Hz).
values are continually adjusted with each new QRS so as t®) Implementation:
compensate for variations in ECG baseline. a) pressure: The blood pressure algorithm detects peaks
R-wave is detected simply by searching for a peak in the ramd finds the maximum of the peaks in the high frequency
signal following the detected QRS onset. Searching backwaggst of the signal. To reduce noise, a small moving average
for the closest negative slope from R obtains the Q-wawsindow and later a curve approximation for the maximum

imilarly the S-wave is found by searching a positive slope
arwards of R. The maximum slope forward of S (for about
fBOms) is denoted the T-onset. An estimation of the T-point
dis found simply by adding 80ms to this.
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region is applied. After removing the offset of 540mV in the
high frequency signal, the standard algorithm of the oscillatics
method is applied.

b) pulses The algorithm for pulse calculation is basec
on peak detection. The time difference between two peaks :
averaged between systolic and diastolic pressure, this is the
converted to peaks per minute.

D. Acceleration Sensor

Acceleration sensors provide information on the activiti
of the wearer. Three uses of this information are mad
First, the pulse limits are set according to the activity lev
- e.g. walking, running or resting [27]. Second, a potential
dangerous fall could be detected [28], [29]. Finally a tot
lack of movement, combined with recent temperature a
physiological sensor readings, can be used to indicate
of three possible scenarios: device has been removed fr
wearer - a constant, abnormal temperature and a comp
lack of useful data from the sensors; wearer falls unconscicus
- a, mgasyrement was halted Prem,aturely’ earlier read”}ggs. 5. Activity Readings: norm. of 2-axis acceleration data from the wrist
having indicated an emergency situation; rest or sleep - rec@ifing typical daily activities.
readings have not given reason to suspect the onset of an
emergency situation.

In the later cases, it is acknowledged that any decisio
regarding the device and wearer's state must be made
trained personnel at the telemedicine centre. The degree 6
movement should therefore be presented at the telemedicine
centre as another parameter to be monitored alongside Eedigh-Level Medical Algorithm

physiological readings. . The AMON high-level medical algorithms integrate data
1) Activity detection: The AMON system requires only from different sensors on a single device. To our knowledge,
very simple activity analysizompared to other wearableng sych algorithms are in clinical use today at home care
activity detection applications, e.g. [30]. What we are integet-yp. All wrist medical algorithms are based on several
ested in, is the level of physical activity without being ablgets of limits for vital signs. Based on comparison of these
to distinguish specific actions. The main problem that oWtandard - or pre-customised - limits, the measurement results
analysis has to deal with is the fact that intensive arm motigje assigned to one of five zones - normal, deviant (abnormal
by itself is by no means an indication of strenuous physicgh|yes), risk, high risk and error. The default medical ranges
activity. Thus for example eating, drinking or just talking anEee Table 1], are set according to medical standard values,
gesticulating involves arm motions that are not particularlyssed on World Health Organisation (WHO) recommendations
strenuous. Our analysis is based on the fact that strenuggs
activity is mostly associated with (fast) walking or running. The wrist device has two customizable sets of parameters,
This in turn has a characteristic, periodic acceleration signatyfich are set by the health care provider when handing
with the frequency indicating the walking speed (see Figufge device over to the patient. The parameter values can be
5). This periodic signature can be detected even if the arfi$anged by the users physician, the care provider or in real
do not follow the walking motion directly through swingingtime py the medical operator in the telemedicine centre via

EBS ether with the acceleration sensor for verification if the
yice is being worn.

and are engaged in some other activity. the cellular link.
The two sets representron-aerobic state and anaerobic
E. Temperature Sensor state corresponding to the level of user activity. The parameters

The temperature measurement has been included in 88 Set accordingly to age, gender and medical history. The
device for experimental purpose mostly. The consortium h&slection of the active set is performed by user command or
intended to study if a reliable correlation between the sensd#tomatically by the wrist device when activity is detect.
reading at the wrist and the core body temperature could be esThe clinical algorithm follows five steps, this proceeds as
tablished. Unfortunately, this has not succeeded and the serf@#pws:
cannot be used for medical purposes. The hand temperature ie First Step: Comparison of measurement results to a range
significantly below the body temperature, and there is no fixed of values, and assignment to a risk zone accordingly.
relationship between the two. Temperature of the extremitiese Second Step: Check the zone limits based on the average
change with ambient, health and physical conditions [31]. value derived from the last five results. Check erroneous
The sensor is therefore used only for functional testing and measurements due to possible problem with the sensors.
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TABLE |
L1 AND H1 REPRESENT DEVIANT ZONE L2 AND H2 RISK ZONE AND L3 AND H3 HIGH-RISK ZONE

vital sign | L3 | L2 | L1 | Normal | H1 | H2 | H3
Systolic (mmHg) 50-59 60-79 | 80-99 | 100-130 | 131-160| 161-200| 201-300
Diastolic (mmHg) 40-44 45-49 | 50-59 60-85 86-90 91-110 111-140

SpO2 (%) 65-79 | 80-91 | 92-94 | 95-100 1001
Pulse (per minute) 40-44 | 45-49 | 50-59 | 60-100 | 101-120| 121-180| 181-250
QRS duration (s) | 0.01-0.03 0.04-0.12 0.121-0.35
Digital Processing Unit Several techniques are known from literature to reduce
i ntrol MM . . .
ey pepeycontel power consumption [33] such as Dynamic Voltage Scaling
AR e wusgnas | osey | (DVS)  [34] and Dynamic Power Management (DPM), this
— includes putting unused modules or components in sleep mode
4MByte, AM26DL323D P R _ .
POWER Supply cuttstatus and clustering of communication.
5V @ 100ma . .

W@ somA Power supply - [ Each functional module of AMON has different ways
18V, 33V @ 600mA — of reducing power consumption. The following paragraphs
Control logic . . .

Xoroo | e sensorcan describe the applied low power techniques.
cLock || masueione Controlsgnals m  Anelog Uni a) Power Supply: Several modules run at different volt-
12760z Restime | 1. ol ages: digital parts 3V, CPU core voltage 1.8V to 3.0V, analog
L 1 A . .
10Hz 10 40MHZ CPU | oo crock . N Analog sensor data module 5V, communication subsystem, pump and valve at
Serial intertace battery voltage (3.7V).
Y Sensors
Contral signals . .
ommunictin R temperatre $V is gene_rated _by a step-up converter supplying the analog
e Digial sensor data e unit, the efficiency is 85% (1mA to 50mA output current). The
(Tadian) slecreat sanel efficiency drops to 10% or less if the power consumption is

Fig. 6. Block diagram of the AMON wearable health monitoring device. below 0.1mA. The step-up converter is only on during blood
Functional blocks: power supply, sems, man machine interface (MMI), pressure, temperature, ECG and battery voltage readings. The
analog unit, digital processing unit and communication subsystem (DLW).influence of the ripple introduced by the switched converter is
reduced by filtering and amplifier configuration.
Step-down regulators have higher efficiency than linear. The
« Third Step: When previous steps indicate a risk or higiariable voltage (1.8V to 3.3V) is regulated by a step down
risk zone, determine if and what new measurement setG@nverter at an efficiency of 93% (1mA to 200mA). A digital
required. potentiometer in the feedback path adjusts the output voltage
« Fourth Step: Calculation of pulse based on two dPr DVS. The digital 3V supply is obtained in a similar way.
three different measurements (SpO2, blood pressure, and b) Sensors: Sensors were selected with low power con-
ECG). Each measurement is weighted according to filerations in mind. Where feasible, passive sensors were

reliability. chosen (temperature, ECG electrodes, pressure.)
. Fifth Step: Pattern recognition of the medical data for The pulse oximeter was designed by SPO Medical Equip-
clinical diagnosis. ment Ltd. for low power, the datasheet reports 3.3mW during

rTﬁ?asurement. Unfortunately, under test this is nearer 10mA
?an issue currently being resolved by the company concerned.)
c) Display: The power consumption of the display is
70nA, backlight about 50mA. The backlight will be only
IV. SUBSYSTEMIMPLEMENTATION activated by a button, and so be most of the time off.
. . d) Analog Unit: Special care for low power design was
A Wrist Device put in the analog processing unit. Originally it was foreseen

Figure 6 shows the five functional blocks of the wrist deviceo use a custom developed ASIC, this would have an expected
power supply, sensors, man machine interface (MMI), analeghsystem consumption of less then 50mW. Using aggressive
unit, digital processing unit and communication subsystelow power design technique a power consumption below 1mwW
(DLC). The wrist device prototype weighs 286 grammes, the possible [35]. Unfortunately the ASIC was not fully working
estimated run time is 2 days [see Table Il] and includdsy the project end; instead a discrete version, developed in
4MByte of flash and 136kByte on Chip SRAM for programmearallel, was used for the prototypes. The consumption thus
and data storage. nears 120mW [chapter IV-A.1.g].

1) Low Power System Design: Battery life is one of the €) Digital Processing Unit: For the most part, the wrist
major design constrains in mobile healthcare systems. Tthevice shows time, pulse and oxygen saturation (SPO2), which
system must be constantly operational without the need itomeasured every two minutes for thirty seconds.
frequently change or re-charge batteries. User expectatiorAlthough the SPO2 measurement is taken frequently, most
from widespread use of cell phones is that a device showfithe calculation is performed using its own ASIC. The central
run for at least a couple of days. CPU has no computation tasks and needs only to handle the

On each step a result is displayed and, if appropriate, s
to the telemedicine centre for further processing.
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TABLE I o
B. Communication
POWER BUDGET OF THE WRIST DEVICEDUTY CYCLE ARE BASED ON A
TYPICAL DAY. BATTERY IS A 1.25AH LIION, CURRENT IS MEASURED The main task of the AMON communication system is
FROM PROTOTYPES to transmit reliable sensitive medical information through
a secured channel from the AMON wrist device to the
function current | voltage | duty cycle | current eff.  telemedicine centre and to handle requests/instructions from
GSM 3.5mAto 2.3A battery 2.0 % 125mA  the centre to the user.
Inflating 220mA | battery 0.3% 0.7mA To implement the above requirements the communication
Deflating 90mA battery 1.0% 0.9mA .
Analog Unit 40mA 5V 4.5 % 18ma  Protocol has been designed to support three types of commu-
Digital Unit 9mA | 1.81to 3V 50% 45mA  nication channels:
.Src';g 10mA v 50% zg:gmﬁ 1) SMS (Short Message Service) using the service provided
by mobile phone network operators throughout Europe.
This is used for messages with a small number of values,
such as with the Blood Pressure results.
communication protocol, thus the load is low. 2) Virtual circuit switched communication channel estab-
The AT91R40807 CPU allows a core voltage down to lished between the wrist device and the telemedicine
1.8V (at maximum 18MHz), marium operation frequency is centre through a mobile phone link. This is used for

40MHz (3V core Voltage). According to the datasheet, power  long messages such as a raw ECG data. It is essential in
consumption can be reduced from 135mW (at 40MHz, 3.0V)  an emergency situation when a real time link is needed
to 22mW (18MHz, 1.8V). The clock frequency can be reduced  between the medical personnel and the patient’s device.
further, this reduces idle power consumption. 3) An Internet based channel such as an FTP connection or
The computation load varies from 30MIPS during ECG custom TCP/IP-Stack. This has been foreseen to reduce
and blood pressure measurements to a few commands every the number of direct linesieeded at the centre and
second for updating time or starting an SPO measurement. provide more efficient international communication in
The use of Dynamic Voltage Scaling (DVS) would help to  future applications.
tune the computation capability according to these needs [36he communication protocol has been designed in such a
However, at time of writing, this has not yet been implementeday that all three channel types rely on the same message
for this project. structure: header, message body and tail. The header includes
f) Communication Subsystem: The prototype uses ainformation such as source and destination of the message
Siemens TC35 Cellular Engine. The subsystem is most of taed the type of content. The body contains the results of the
time in sleep mode, this is still connected to the GSM networRjedical measurements (processed results or raw data), and the
and power consumption is 3mA. During data transmission/cédiil enables error correction capabilities.
the current can go up to 1.8A peak, but will average at 300mA.The communication system implements the requirements
In normal use, the link will be open for 10 minutes per dayf European legislations regarding data privacy [37]. The
to transmit 500kB of data. legislation determines that respect for the patient's privacy
g) Power Measurements: Table Il gives an overview should be guaranteed at all times during the processing and
of the system power consumption. GSM, SPO and digitiRnsmission of medical data. It is implemented by first re-
processing unit are the highest power consumers. The digi®#Vving any identity of the user from the data and then per-
processing unit was measured at 3.0V and 40MHz. forming encryption and authentication (as part of the inherent
Energy-wise, communication via wireless is expensiv€SM/GPRS protocol.) _ _
More run time can be gained if data transmission is carried TN communication system consists of a controller that is
out when the network quality is high, thereby requiring led§Sponsible for all the above activities and of_a cellular engine
signal power. (GSM). From the cellular network point of view the AMON
SPO2 is measured for 30 seconds every two minutes. Glfvice acts in the same way as a regular cellular phone.
test showed that the sensor needs about 20 seconds to givec€ the mid-nineties research groups have been working
stable results, thus it has a duty cycle of about 50%. on methods to calculate the position of a mobllle dewcg
The analog part is used during temperature, blood press pémected tq a GSM network. So long as the serving cell is
and ECG measurement and is turned off most of the time (du own, location accuracy of several hundred meters in urpa}n
cycle of 4.5%). The replacement of the discrete analog bodfd?!ons can be optalngd. Other methods t‘.J en_hance the position
with an ASIC will reduce the power consumption at least b uality are described in [38] and [39). This wil hel'p to locate
a factor of 4. e wearer of AMON and to send an ambulance if needed.
A blood pressure measurement takes about 20 seconds o
to inflate and 80 seconds to deflate the cuff. A duty cycfe- Telemedicine Centre
of 0.3% for inflating and 1.0% for deflating represents 10 The telemedicine centre (TMC) is based on a JAVA server
measurements per day. Further improvements in the blgaldtform running on a Windows PC with a GSM data link.
pressure algorithm can reduce the time for measurement, ke TMC facilitates, tracks, monitors and reports the patient
reduce end pressure of inflating or stop the measurements aftandition. Medical data transmitted from the wrist-worn de-
diastolic pressure is passed. vice is analysed by specialised software, designed by MDirect,
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; TABLE Il
= MEASURED PARAMETER RANGE AND ASSIGNED PATIENT ZONES DURING

THE MEDICAL VALIDATION .

[¥ sima Farimial it
Mr. Elad Kehat
O oI M g0,

Bomtenenns sege parameter | measurement rangé patient zones (Table 1) |
Systolic (mmHg) 104 to 150 29 Norm. and 4 H1
Diastolic (mmHg) 70 to 99 26 Norm. and 7 H1
SpO2 (%) 95 to 100 33 Norm.
Pulse (bpm) 55 to 102 31 Norm., 1 H1 and 1 L1
. QRS (s) 0.06 to 0.18 32 Norm. and 1 H3

covered by best practice and current knowledge defence in
cases of litigation, the final arbiter of care decisions is the
clinician treating/monitoring the patient.

Only qualified operational staff (nurses, qualified physiol-
ogy technicians and physicians), each with individual user
name and password, have access to the medical data. All
Fig. 7. Telemedicine centre screen: smral information, medical records, medical data is secured accorgito the data-protection ACT
medications, internal messages, vital sign measurements include archived 4298, as enforced across Europe from 1 March 2000. When a
and communication panel medical record is open, there is a digital stamp of time, date
and authorised access name. The database itself is secured on
a dedicated server.

on the TMC server. The server software compares the data tJhe t;elemeqllcme centre acts fas a filter a_lnd r:onltonng
previous medical results in the archive and displays them §firvice for active management of patients using the system.

order of priority, issuing auditory alerts to the physician ift 1 gnwsaged that this system will improve efficiency and
necessary [Figure 7]. The physician has the ability to Vieﬁﬁectlveness of home healthcare. The authors are aware that
the patient medical record and profile as logged on the senjgdpre advanceq ways to present and preprocess the data coming
The medical records summarise the medical history includiffy 70 the wrist device would enhance this effect. However,

diagnosis, medications and personal information such as w. ce the (_jata Is used for critical d?C'S'On’ any automatic
to contact the patient. The purpose of this is to provide eprocessing must be carefully considered. Since the focus

mechanism for the consolidation of all information associat the project was on the mobile device such development has

with the care and administration of a patient in a variety Gfe€n Postponed for further research.
environments including their home.

Within the telemedicine centre, the operational staff may V. MEDICAL VALIDATION
triage from remote and analyse the data received from the wristrne goal of the medical trial is to confirm the possibility
monitoring device. The support by the online telemedicing reliably using several sensors in the same wrist-type device
centre staff is based on expert knowledge and trend analysis Qfithout compromising on medical accuracy, as compared to
previous recorded data. For each sensor and individual para@imdard measurement approaches. Additionally, in order to
eter, an algorithm analyses the data and examines whetherdh® some feedback on user perceptions and wearability of
parameters are within the normal medical standard limits fe device, each subject was given a questionnaire to fill out.
within predetermined values. This provides initial diagnostic, The following parameters have been validated:
evaluation and support services for the clinicians and the
user of the system. High-level algorithms analyse the multi- *

T % BT 0 man
ek N

Pulse oximeter: blood saturation in oxygen (SpO2) and

arameter data which arrives, including the medical histor pulse
P : - 9 Y, Wrist-type blood pressure monitor: systolic, diastolic, and
and alert the medical staff accordingly. pulse
The workstation enables: « Three electrodes recording cardiac activity in one lead
« Remote monitoring of the AMON device configuration: QT, QRS, and heart rate (RR interval)

« Support and management functions such as patient ¢ke study was conducted on thirty-three healthy volunteers.
agnostic processing, clinical records review, exceptiofhe yolunteers have been recruited in the SAMU 92 and the

condition processing and reporting Paris Ouest medical school. Any volunteering healthy subject
« Direct contact with the patient _ aged from 18 to 79, with no cardiovascular past history, nor
« Access to the historic medical file of the patient any pulmonary disease could participate. Table Ill shows the

The medical algorithm system monitors the frequency ofieasured range of the vital parameters.
data input from users, screens which vital signs are more oftenThe device was tested for a period of 70 minutes on each
out of range from the normal values and alerts if the valussibject. The blood pressure measurement is compared to that
start to shift to the edge of their range over time. The stafianually measured by two trained investigators. As regards
undertake extensive accredited training for managing suctihe other measurementshet AMON device is compared
system including the legal ramifications of their role. Whilsto other devices present on the market and fulfilling the
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TABLE IV
GRADING OF MEDICAL VALIDATION . FOLLOWING AAMI (A SSOCIATION
FOR THEADVANCEMENT OF MEDICAL INSTRUMENTATION) CRITERIA.

Regarding the ECG, although heart rate results could be
obtained, there is no concordance in the QRS and QT results.
These poor results were found to be due to high levels of
Blood pressure: 132 measurements, 87%(116) produced results mesurement noise. With such noise on the signal, there is

<5 mmHG | <10 mmHG | <15 mmHG no possibility of successful calculations using the on-device
Systolic 54% (62) 77% (89) 85% (99) algorithms
Diastolic 43% (50) | 65% (76) 85% (99) 9 : o
< 5 bpm <10 bpm < 15 bpm 2) Remarks from Questionnaire: AMON was found com-
Pulse 39% (45) 46% (53) 53% (62) fortable by 70%. 10% - three female subjects with small
SpO2: 198 measurements, 68%(135) produced results wrist diameter - replied that the device was painful. The pain
% occurred when the blood pressure was taken.
02 saturation| 78% (105) All the subjects replied that the fact of carrying a device
<5bpm | <10bpm | < 15bpm such as AMON would give them a feeling of security if they
Pulse 64% (86) 83% (112) 89% (120) . ) S "
were suffering pathology at risk of acute complication. This
ECG: 66 measurements, 84%(55) produced results sensation of security would allow them to resume their social
< 5 bpm < 10 bpm < 15 bpm activity and to go out. No subject has emitted a doubt about
Heart rate 50% (27) 71% (39) 76% (42)

the respect of the confidentiality of the medical information
for the patients being monitored by AMON. In no case the

. confidentiality issue would prevent them from using a device
CE norms. The SpO2 measurement is compared 10 DaigXelemonitoring with transmission of the data.

cardiocap Il and Nellcor NPB 40. The pulse measurementyhe tyq investigating physicians and five nurses stated that
obtained by the wrist-type blood pressure monitor and theyatient presenting a chronic disease and more precisely a
pulse oximeter is compared to the heart rate measured by qio.vascular disease could resume a somewhat autonomous
the cardioscope of reference, Physiocontrol Lifepack 8. Thg, by carrying the device. However, they also stated that
recording of the cardiac activity is compared to the printefle design” needs improvements and that the duration of
recording of the same period by the reference cardioscope. Thgasurements is too long. Additionally, it is believed that user

comparison elements are the QT, the length of the QRS apdining may be required for some of the measurements, e.g.
the heart rate (RR interval). The statistical analysis is carriggqq pressure.

out separately for each sensor. The statistical method used is

the Bland-Altman method [40]. B. Conclusion

1) Measurement Results: Concerning blood pressure, the
A. Results systolic pressure results are good and may lead in a future

) ) ) development to a final product that operates on a daily
The wrist device declares that a measurement is erroneQyfSical basis. Diastolic measurements need to be improved

in two situations: the wave form could not be detectedy q revalidated afterwards.
e.g. too much noise; and when the calculated parameter lie§jeasurement of blood saturation using the reflectance sen-
outside the valid risk zones in Table I. The assumption @by does not provide reliable results. Nevertheless, the pulse
the later situation is that values produced outside a valigaasure using the oxygen blood saturation sensor provides
zone are regarded as highly improbable - in particular, du”o'fmd results. Detection of the pulse is a prerequisite for the
the medical trials it is known that all subjects could ngfeasurement of blood saturation. The good measures of pulse
possibly exhibit readings outside their range. Of course Uye an encouraging aspect of this technique, which will need
a field situation, the values would be reported back to thgher development. Moreover, it is the first time the sensor
telemedicine centre regardless, allowing trained staff to make,seqd in this configuration and in such an environment.
the decision as to whether the device is broken or somethingecg provides poor or no results. Calculation of reliable
is seriously wrong with the patient. heart rate and length of the QRS wave was not made possible.
In calculating the Medical Validation results, such erroneoygise was a problem for all measurements. Improvements
results were excluded from consideration. These results g dware and algorithm-wise are foreseen and should improve
presented in Table 1V, below we give some further commentse measurements significantly.
to these results together with some findings from the question-The results are close to what we expected but the device
naire. needs some improvements. What is sure is that the using of
1) Measurement Results: A close investigation of the raw several sensors in the same device is possible.
blood pressure data showed a design flaw in the pulse algo2) Remarks from Questionnaire: For almost all the users
rithm, after the correction 85% had a difference of less th¢hoth subjects and investigators) the device has been positively
5 beats. rated. The answers stress the technological breakthrough and
The deviation of the oxygen saturation measurement is filue amelioration for the patient. It can be stated from these
from the expected results. These results are insufficient for thésults that there is a demand for this kind of device both
system to be used with confidence in a clinical environmeifitom the patients and healthcare providers point of view.
The quality of the pulse measurement from the SpO2 sensoAn important point in all of the subjects’ responses is that
is, however, good. such a technology rich device must be totally reliable.
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