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Abstract - In this contribution, a system for motion-aware
ambulatory blood pressure measurement is presented for the
first time. Regular measurement of blood pressure is a key factor
in controlling hypertension. However, blood pressure
measurements in doctor’s surgeries are random samples of a
value varying during the day. 24h ambulatory blood pressure
measurement systems are used to get information about blood
pressure changes in the course of a day. Measurement errors can
occur due to movement artifacts, wrong posture during the
measurement or absence of proper rest time prior to the
measurement. The presented system monitors the user's motions
and postpones planned measurements if proper rest is not
detected. Additionally, it detects whether the user is in the proper
upright position during measurement. Both, system concept and
evaluations of BP measurement as well as movement and posture
detection accuracy are presented.

Keywords - ABPM, NIBP, acceleration, motion, posture,
artefact, ambulatory, blood pressure, portable

1. INTRODUCTION

Arterial hypertension, or high blood pressure (BP), is one of
the greatest problems in industrialized nation's health systems.
In Germany, 44% of women and 51% of men between 20 and
70 years are affected by it, i.e. have a systolic BP higher than
140mmHg (1 mmHg = 133.3 N/m®) and a diastolic BP higher
than 90mmHg [1]. High BP is one of the main causes for
cardiovascular diseases such as stroke, cardiac infarction,
peripheral circulatory disorder, cardiac insufficiency, as well as
renal insufficiency. It can thus lead to a lower life quality, to
early invalidity or even to an early death. Apart from the
personal consequences, high BP also leads to serious national
economic problems. The mentioned diseases are the biggest
causes of costs in the health system having a share of 15.6%
[2]. The lost occupation time due to inability to work or early
death in 2006 were accounted to 9.5% to cardiovascular
diseases [1].

In Germany there is a huge gap between discovered (a
hypertension which was diagnosed by a medic), treated (the
patient gets a therapy against hypertension) and controlled (the
therapy leads to a BP of 140/90mmHg or lower) hypertension.
While the percentage of discovered hypertension amounts to
69% in the USA, it is 37% in Germany and thus among the last
third in Europe. Also in respect to the treated and controlled
quota (26% and 7.8%) Germany is not only clearly below US-
American values (44% and 54.5%) but also in the lower group
within Europe [3].
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The reason for this can be found in the current diagnostic
method (the measurement within the doctor's surgery), as it
constitutes just a random sample of a value varying in the
course of the day. Additionally it is prone to errors such as the
white coat hypertension and can't detect masked hypertension.
Among specific age groups, this can lead to wrong
measurement in up to 60% of the cases [4].

To avoid these problems, a 24h ambulatory BP
measurement (ABPM) can be done. Measurement at home in
regular intervals using home BP measurement devices is also
possible. A prevention study carried out from 1984 to 1991
showed that the combination of regular BP measurements and
non-medicamentous measures could raise the controlled
hypertension quota by up to 35% [1]. With increasing number
of ABPM done, algorithms for semiautomatic diagnosis
generation and priorisation can be developed as it is already the
case for electrocardiograms [5].

After the state of the art overview and task description, this
paper will describe an ABPM system developed in order to
measure BP in regular intervals taking into account the user's
movements. Also, two experiments will be presented. The first
experiment was done to assess the system's measurement
accuracy. The second experiment was done to prove the
system's ability to detect the user's movements and posture.

A. State of the art in noninvasive BP measurement

There are various noninvasive BP (NIBP) measurement
systems for home or ambulatory use. In general, these can be
classified as following:

e Cuff-based systems

o  Oscillometric

o Ascultatory (Korotkov method)
e  Cuff-less systems

o Pulse Wave Velocity (PWV)

o Arteria Radialis Tonometric method
e  Volume Clamp method

Most commercially available systems employ the
oscillometric method, as well as systems in development [6].
The ascultatory method is the standard method in clinical
practice and is more reliable than the oscillometric method.
However, both methods cannot measure the BP continuously.
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Although developments aimed at textile measurements of
movement or respiration rate [7,8] are common, this is not true
for BP, probably because of the size and energy consumption
of available oscillometric sensor on the market.

The PWV method is based on a combined
electrocardiogram (ECG) measurement and
photoplethysmographic (PPG) pulse wave analysis [9, 10]. The
systolic BP is then calculated as being proportional to the pulse
transit time [11], i.e. the time employed by the pulse wave to
reach an extremity starting from the heart. The method requires
a calibration using a cuff-based system. The Arteria Radialis
Tonometric method calculates BP based on the pulse curve at
the wrist and other parameters such as the wrist tissue elasticity
and the radialis artery's size [12, 13].

Both cuff-less methods can measure BP continuously, but
are still in research stadium. There is only one commercially
available ABPM system employing the Arteria Radialis
Tonometric method [14].

The volume clamp method employs a combination of cuff
and PPG analysis. The cuff is inflated in order to keep a
constant finger artery diameter and to reduce its transmural
pressure to zero. The cuff pressure is then an indirect gauge of
the BP. The method can measure continuously, requires
calibration and shows good results [15] but hasn't pushed
through yet.

In 24h ABPM practice, the system is set up by the clinical
personnel and then handed out to the patient. The system is
composed of a measuring cuff and a small electronics box
containing sensor evaluation and data storage components.
Measurements are usually performed every 15 minutes during
daytime and every 30 minutes at night. A market overview of
available systems and their validation results is given by the
European Society for Hypertension [12]. Table 1 presents some
of them. Some devices come with software to set up and
evaluate them more easily, e.g. MT200 by Schiller. Some offer
printer terminals to export the data without the need of a
personal computer (PC), e.g. the TM-2480 by A&D.

Other research groups rather focus on a better integration of
measurements in daily life than in the development of new
measurement methods. The Fraunhofer IBMT Topcare
healthcare kiosk offers a wvariety of vital parameter
measurements outside home and thus an addition to home and
doctor surgery measurement [17].

An assistance robot for processing and displaying vital
parameters, in order to improve the compliance in taking
measurements and the observation of alarming measurement
results is suggested in [18]. The MINERVAA Project
embedded vital parameter monitoring in airplane seats in order
to improve the in-flight safety for people with health
conditions.

Summing up, several products are available on the market
for home and ABPM and new measurement methods are being
developed. However, systems for home-use are to be actively
used and are prone to measurement errors. This is especially
true for wrist-cuff systems, where the quality of measurement
results is strongly dependent on the current arm position and
orientation. The device measures after a button is pushed
without knowing whether the user had a rest time of 3-5min

and is in an upright position, both being important prerequisites
for a correct measurement [19]. This problem is particularly
pronounced in ABPM systems, which measure in rigid time
intervals. In fact, for this reason ABPM results are not used
singularly but calculating mean values over one hour and are
yet far from being a standard component in hypertension
therapy.

TABLE L COMPARISON OF COMMERCIALLY AVAILABLE 24H ABPM
SYSTEMS
[1] 12] 191 [10]
Measurement method | OSC OSC 0OSC ASC
Memory slots 240 600 300 nk
Max measurements nk 300 nk nk
without recharging
Battery type 3xAA 4xAA 3xAAA 2xAA
Mass without cuff (g) | 255 350 215 198
Dimensions (mm) 250x100 124x82x 100x72x 101x69x
x70 33.5 27 28
Data interface nk RS232, RS232 USB
optical
cable
Special features Speech
recording
BHS certification A/A B/B B/A B/B

OSC = Oscillometric; ASC = Ascultatory; nk = not known; AA = AA sized battery; AAA = AAA
sized battery

B.  Task description

Pervasive medical devices can contribute to a measurement
with information about the user activity and movement and can
integrate with available handhelds for user interface [20,21].
The goal of the presented project is to develop a system able to
acquire BP values similarly to ABPM systems using the
oscillometric method. In addition to this, it should monitor the
wearer's movements and adapt the measurement intervals
within a given limit in order to preferably take measurements
after the user had a sufficient rest period. It should also monitor
the movements during the measurement in order to avoid
movement artifacts. It should be intuitive to use and able to
store the measurements with a timestamp as well as exporting
them via a radio link.

II.  SYSTEM CONCEPT

A.  Static system concept description

The system is composed of a BP cuff, an electronics box
and a radio data receiver. The BP cuff can be a standard BP
cuff and the receiver unit can be similar to the one described in
[22]. The electronics box can also exchange data and be
reprogrammed using a PC. A system composition overview can
be seen in Fig. 1. In the following, the electronics box will be
described. The box contains a control module, a standard OEM
BP measurement module and a battery. The user interface on
the box gives the ability to manually start a measurement and
to offer a direct qualitative feedback as well as information
about battery and memory status. The control module inside
the box (Fig. 2) contains a microcontroller, an accelerometer, a
radio chip, a real-time clock, a relay as well as an external
interface (serial connection) and energy management.



B.  Dynamic system concept description

The system can be used for 24h ABPM measurement and
for personal use. In the first case, the system is set up and the
data is read out by a clinician, in the second case those tasks are
fulfilled by the user.

In this section, the processes running on the system's
control module are described. A main processes overview is
given in Fig. 3.

After switching it on, it is possible to configure the system
over the serial interface for 10s. This includes setting the
current time for the real time clock, setting the next
measurement time as well as the desired measurement interval
and calibrating the accelerometer. During calibration the user
has to carry the box in the preferred way and remain in rest.
Thus, the box orientation on the body and a quiescent value are
determined. The calibration has to be done once, unless the
user wants to change the orientation in which he carries the box
on his body.

After the system setup phase or 10s after the start, the main
process waits for either a manually started measurement or an
automatic measurement. In case of a manually started
measurement, the BP measurement module is activated, a
measurement is performed and values obtained are stored
together with the current posture value. The posture value is a
binary value which states whether the patient was in an upright
position or not. Non upright is defined as a deviation of the
absolute acceleration quiescent value of more than 0.6g, (1 g, =
9.81 m/s?), which corresponds to a body inclination of 24° or
less in respect to the floor. In case of an automatic
measurement, the user's movement status is determined
averaging the highest accelerations occurred within one second
over ten seconds.

If this value does not exceed the quiescent value by more
than 0.1g, for more than 3min, the measurement is started and
stored together with the posture value. If the value is too high,
the measurement is postponed until the measurement value is
low enough. If the value does not get low enough for a period
of time tg,;5, the measurement is carried out nonetheless and the
value is stored together with the posture value and a value
indicating the user has been moving.

? Electronics box
Programming £ Battery
£ —* Control
PC Setup o | »| module
| ¢ Data transfer | &
[x]
Data transfer | £
unit o
3
4
58
3%
-+ <
Infiate,
measure ©
Q pressure z8 OEM NIBP module
\% - E§
=
o2
f ==
Patient o=
Attachment
-

Figure 1. System compsition overview.
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Figure 2. Description of the system’s parts and interfaces.

The value tgyz is calculated as follows, given the
measurement interval t;,[min]:

t. .
Lonipe = l?nt + 3[min] (D

After each measurement the device also gives an immediate
qualitative feedback to the user about the measured value based
on the WHO recommendation on BP levels (units are mmHg):

e normal (systolic BP<130 & diastolic BP<85)
e high (130<=systolic BP<139 & 85<=diastolic BP<89)
e hypertension (systolic BP>=140 & diastolic BP>=90).

Between measurements, the device searches for nearby
receivers and, if one is found, the data is transferred to it and
erased from the internal memory. After 30s of inactivity the
device switches to a sleep mode.
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Figure 3. Description of the system’s processes.



III. SYSTEM EVALUATION

For evaluation, the presented system was set up as
described in section IIILA and two experiments were
conducted. The first one, described in section III.B, had the
purpose of evaluating the reliability of the measurements
carried out by the system. The second one, described in section
III.C, was conducted to evaluate the sensor’s ability to detect
user movement and posture and thus to find the best point in
time for a measurement.

A.  Materials and methods

The prototype built to evaluate the presented system
concept is shown in Fig. 4. The electronics box is built from
modified standard components; the user feedback is given by
LEDs. Manual measurement can be started pushing a button
for 5s. The device is turned off and on by a switch on the side.
As described before, this switch is not needed during the day as
the device gets into sleep mode autonomously and wakes up
upon reaching a measurement time or pushing the button.

The device's dimensions (126x86x32mm) and mass (350g)
are comparable to the smallest ABPM devices on the market
(see also table 1). The device is fixed to the body using a
necklace and abdominal belt. The necklace is also used to fix
the tube connected to the measurement cuff. As a battery, a
1600mAh capacity lithium polymer battery supplying a voltage
of 3.7V was chosen. The used BP module is a NibScan OEM
Module by Medlab GmbH. It contains microcontroller pump,
valve, pressure sensor, cuff tube attachment and a pin
connector implementing a digital interface for measurement
triggering and data output. The cuff is also a standard BP
measurement cuff by Medlab GmbH, certified for arm
circumferences between 27 and 35 cm.

The controller module's core is an AtMega644V 8bit
microcontroller by Atmel and a 2.4GHz nanoLOC TRX radio
transceiver by Nanotron Technologies. The microcontroller
comes with 2kB EEPROM, which is sufficient for the storage
of 180 data packages. The installed SMB380 accelerometer by
Bosch measures accelerations in all three spatial axis with a
10bit resolution and a range set to +8g. As real time clock, a
RV-8564-C2 module by MicroCrystal Switzerland is used. The
controller module also contains a XC6204 voltage regulator by
Torex converting the batteries 3.7V into the 2.5V required by
the microcontroller and a MAX1797 step up converter by
Maxim generating 5V required by the BP measurement
module. A PCA9306 level converter by Texas Instruments is
used to convert serial TTL levels between microcontroller and
BP measurement module. The microcontroller can interrupt the
BP measurement module's current supply switching a G6K-2F-
3VCD relay by Omron.

B.  Evaluation of measurement accuracy

1) Motivation

In this experiment, the measurement accuracy of the
developed system was to be evaluated following the
international AAMI (Association for the Advancement of
Medical Instrumentation) standard, which represents the gold
standard proof of accuracy for BP measurement systems

together with the BHS (British Hypertension Society) standard
[16].

Figure 4. Top: Detailed view of the electronic box. Bottom left: usage
example. Bottom right: overview of the device for motion-aware ABPM. (1)
Electronics box, (2) abdominal belt, (3) necklace, (4) BP measurement cuff,
(5) manual measurement start button, (6) WHO qualitative feedback LEDs,

(7) battery status LEDs, (8) necklace attachment, (9) abdominal belt
attachment, (10) cuff inflation tube.

2) Setup
The AAMI standard requires the following experimental
setup:

e  Mercury manometer calibrated to £1mmHg accuracy
as reference device

e At least 85 test subjects, 3 measurements per subject
and device

e Heterogeneous test group

For practical reasons, the used test setup deviated from the
standard as follows (and is thus not valid for certification): as
test subjects, 21 male subjects aged 24-34 were chosen, and 2
measurements were done per subject and device. As reference
device, an ES-P2000 by Terumo was chosen instead of a
mercury manometer. The ES-P2000 is certified according to
the BHS standard.

Every measurement was taken first with the new device and
then with the ES-P2000 in an upright sitting position and after
at least 3 minutes of rest. The cuff was placed 2-3 cm above the
arm pit and the arm was placed on a table slightly inflected.
The measurements with the new device were started manually
and read out on a PC using the external interface. The
measurements with the reference device were read out on the
device's display. The values for one subject were discarded



because the cuff size did not fit the arm size, leaving 40 value
pairs for evaluation.

The evaluation criteria were identical to the AAMI standard
criteria:

1. The new device's values must be within +10mmHg of
the reference device's values in at least 95% of N
measurements and within +5mmHg of the reference
device's values in at least 85% of all measurements,

ie.:

N 1||(BP, <10mmH;
095> s, = BF, B8, ) )
N5 0] \(B s — BP. )| > 10mmHg
N 1]|(BP <S5mmH;
O,85Sizx,-;x,-= 8P, =B £,0
N4 0||(BP,,, - BP,.,)| > SmmHg

for BPy; being the BP value (systolic or diastolic)
taken in the i measurement with the new device and
BP,.¢; being the BP value taken in the i"™ measurement
with the reference device.

2. upp (average systolic or diastolic measured BP
difference) must be smaller than +5mmHg; opgp
(standard deviation of systolic or diastolic measured
BP difference) must be smaller than 8mmHg, i.e.:

N od.

[ap| =2 =] < SmmHg @)
i=1

Opp = \/N 12( BP, — Hyp)” <8mmHg ®)

for dgp; belnhg the systolic or diastolic BP difference
taken in the i" measurement.

3) Results
In the following, the results are given for both AAMI
standard criteria:

1. Criterion

e Systolic values were within £10mmHg in 97,5% of the
cases

e Systolic values were within £5SmmHg in 85% of the
cases

e Diastolic values were within £10mmHg in 82,5% of
the cases

e Diastolic values were within #5SmmHg in 65% of the
cases

2. Criterion

=-0,375mmHg, opp, systolic = 5,87mmHg

d UBP systolic

-O,SmmHg, OBP, diastolic — 8952mmHg

Thus, AAMI standard criteria are met for systolic, but not
for diastolic measurement. The Bland-Altman plots for both
measurements are shown in Fig. 5 and Fig. 6.

b MBP,diaStolic =

The insufficient performance regarding the diastolic values
despite the use of an OEM module has presumably two reasons
(systematic measurement errors):

e As can be seen, in Fig. 7, plotting the measurement
deviations over the test subject's arm circumference, a
high number of deviations occurred with test subjects
with an arm circumference of 27cm. This was the
lowest allowed value for the cuff employed in the
experiment. Due to errors in measuring the
circumferences, some may actually have been lower.

e The reference device's accuracy may be too low, as the
BHS certification criteria are not as strict as the AAMI
criteria.

These can be solved using measurements done by a medical
doctor and a calibrated mercury manometer as reference in
future experiments.
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Figure 5. Bland-Altman plot showing the differences between the presented
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C. Evaluation of movement and posture detection

1) Motivation

This experiment was conducted to prove that the new
device is able to detect movement (3 minutes of rest required
for measurement) state and posture (upright position required
for measurement) of the user and is able to postpone
measurement when needed. The goal was to reach a
concordance in movement status and posture detection of at
least 90% and at least 80% of positive answers to the subjective
user evaluation questionnaires.

2)  Setup

As there is no standard available for this proof, the
following setup has been designed: the measurement device is
set to a measurement interval of 15 minutes, attached to a test
subject and a first measurement is started in upright sitting
position. After this, the test subject is requested to follow an
arbitrary activity (chosen by the subject, e.g. playing Wii) for
50 minutes. During or shortly after every measurement taken
by the device the subject is asked to write down a note about
his movement status before and his posture during the
measurement. After the 50 minutes, the test subject gives back
the measurement device and the notes taken. Then the subject
answers a questionnaire asking

e  The device constrains me in my activity.

e The device adapts the measurement times well to my
activity.

Both questions could be answered with "agree" or "not
agree". The experiment was conducted with 3 male and 2
female subjects aged 26-28 resulting in 5 rest and 15
ambulatory measurements (recorded but not further evaluated)
and 5 answered questionnaires.

3) Results

In 93% of all cases the device detected correctly that the
subject was moving before a measurement. In 100% of all
cases the device detected the subject's posture (lying/standing)
correctly during the measurement. To the question "The device
constrains me in my activity", 100% of the test subjects
answered "not agree". To the question "The device adapts the
measurement times well to my activity" 80% of the test
subjects answered "agree". A plot of the results is given in Fig.
8.
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Figure 8. Results of the movement and posture detection assessments.

The postponement of a measurement in case of movement
was verified by all test subjects, i.e. every measurement that
was tagged with a movement warning was postponed by 8§
minutes and every measurement without had been carried out
in a time span before.

Thus, the experiment proved that the requirements are fully
met.

IV. CONCLUSIONS

A new device for motion-aware ABPM is presented for the
first time. The system has the advantage of being able to detect
the user's movement state and posture and thus to adapt the
time of measurements to his activity. This feature avoids taking
measurements without a proper previous rest period or in non-
upright position. If the desired measurement interval does not
allow further postponement, a measurement is taken
nonetheless, but information about movement or wrong posture
is added to it. The device can store up to 180 measurements
and can be read out via a radio link or a direct link with a PC.
In two experiments, the measurement accuracy as well as the
movement and posture detection have been evaluated. In future
steps, the measurement accuracy evaluation should be repeated
with more test subjects and a calibrated mercury manometer as
reference device. Also, extensive ergonomic tests with more
test subjects and extensive questionnaires should be carried out.
It should also be determined whether the use of this device in
ABPM can allow using bigger measurement time intervals. The
developments in continuous cuff-less NIBP monitoring allow
the hope for a future development of a certified, motion-aware
cuff-less ABPM device.
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The scope of the research consortium is to develop

technology based solutions which will help elderly people in

their

future living environment comprising home and

workplace as well as in communication and transportation.
Eventually not only elderly people but also all social groups
should profit from these solutions.
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