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Abstract—A differential servo system with two photo-
plethysmographic sensors is described for beat-to-beat
recording of the finger mean arterial pressure (MAP). The
mean arterial pressure for every cardiac cycle is a more reliable
parameter than the highest and lowest levels of the pressure
signal (i.e. systolic and diastolic pressures). In the case of MAP
measurement a better accuracy is achieved and the applied
servo-system is cost-effective and robust. Frequency
requirements to the proposed system are about 2 orders lower
than those for a volume-clamp monitor to record the full
arterial pressure waveform. At the same time, the beat-to-beat
MAP entirely characterizes circulatory dynamics. Comparison
between the proposed differential servo-oscillometric and
conventional volume-clamp devices revealed a good agreement
in MAP during hand elevation, orthostatic maneuver and light
physical exercise.

I. INTRODUCTION

Several studies have revealed that blood pressure
measured indirectly in a finger artery is similar to that
measured simultaneously in the brachial or radial artery [1]-
[2]. Despite the fact that the magnitude of the intra-arterial
pressure was sometimes over- or underestimated in
individual patients, the group-averaged relative changes to
cardiovascular stimuli were well reproduced in finger
measurements even in patients with vascular disease [3].

For some time already, non-invasive beat-to-beat
measurement of finger arterial blood pressure has been
available with the help of volume-clamp monitors Finapres
and Portapres [4], and also by the new volume-clamp
developments Finometer and Task Force Monitor [5].

For the recording of the arterial waveform by a volume-
clamp instrument, a sophisticated servo system is needed.
However, for many scientific and clinical purposes it is
sufficient to measure the mean arterial pressure (MAP) in
every cardiac cycle. In the case of MAP measurement the
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servo system can be more simple and robust. At the same
time, beat-to-beat MAP entirely characterizes circulatory
dynamics.

In the present study we present a differential oscillometric
device for beat-to-beat MAP measurement containing a
relatively simple differential servo system with two
photoplethysmographic sensors adjusted on adjacent fingers.

II. METHODS

Volume-clamp instruments follow the dynamic unloaded
arterial wall principle introduced by Pefnaz [4]. During
initialization the finger cuff is automatically inflated to a
pressure level at which the maximum pulse volume
oscillations are obtained (usually at the level of MAP). Then
the servo loop is closed and the cuff pressure is changed by a
very fast servo control system to maintain a zero transmural
pressure in the artery [6]. As a result, the cuff pressure
continuously equals intra-arterial pressure. The feedback
system is controlled by the pulse volume signals from a
photoelectric sensor, incorporated into the finger cuff. From
a full arterial pressure wave systolic, mean and diastolic
blood pressure values for every cardiac cycle can be
estimated. Since the full waveform of the arterial pressure is
registered, the applied control system must extend a tracking
rate of about 2000 mm Hg/s.

The proposed oscillometric device also measures the
continuous blood pressure at fingers and contains a servo
system to control the counter pressure in the finger cuff. In
the differential oscillometric instrument the counter pressure
level is kept constant during the systolic part of every cardiac
cycle (pressure measurement) and is changed during the
diastolic part of the cycle (pressure regulation). Modulating
the counter pressure level according to the criterion of
getting maximum volume oscillations in every cardiac cycle,
the cuff pressure is automatically kept equal to MAP in
finger arteries (Marey's principle). The tracking rate of this
system can be about 2 orders lower than that needed for the
volume-clamp system.

Thus, the differential oscillometric device does not record
the whole pressure wave with its maximum and minimum
values (systolic and diastolic pressures), but determines the
MAP value in every cardiac cycle. From the technical point
of view it is meaningful to make the control system



differential. Then the system operates with two cuffs on
adjacent fingers. The counter pressure in one cuff is shifted
from the mean pressure for a constant difference towards
higher values, and in the other cuff towards lower values.
Due to that the principle of maximum oscillations becomes
the principle of equality of the amplitudes of the
simultaneous volume oscillations in both cuffs. Oscillations
under both cuffs are picked up by means of two photoelectric
sensors. The schematic diagram of the differential
oscillometric device with two photosensors is shown in Fig.
1.
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Fig. 1. Schematic diagram of the oscillometric device with two
photoplethysmographic sensors.

Photoplethysmographic signals Al and A2 from inflatable
finger cuffs 1 and 2 are supplied to the feedback system
compiled on the basis of a microprocessor or computer. The
latter compares the input signals and forms corresponding
output signals as time intervals during which pump 1 (for
increasing the counter pressure) or pump 2 (for decreasing
the counter pressure) are active. To get the maxima of
oscillometric envelopes shifted, the constant airflow pump 3
is used to create a small pressure difference AP of a
controlled value (about 30 mm Hg) between the cuffs. Thus,
the counter pressures in the cuffs 1 and 2 are kept equal to
MAP + 0.5 AP and MAP — 0.5 AP, respectively. The

pressure in the central point of the pneumatic circuit (in the
pressure chamber) is equal to MAP.

For pressure measurement integrated silicon pressure
sensors MPX5050DP (Motorola) were applied. Infrared
emitting diodes TSMF3700 (Vishay Semiconductors) and
photodiodes SFH2400FA (Osram Opto Semiconductors)
were used to record the finger volume pulses.

The experimental oscillometric device and a volume-
clamp instrument (Finapres) were applied to simultaneously
measure beat-to-beat MAP in two volunteers. Subject A was
a 54-year-old female; she had no history of vascular disease
and gave her informed consent to participate in the study.
The study was a part of a project approved by the Ethics
Committee of the University of Tartu.

The volume-clamp finger cuff was placed on the middle
finger while the oscillometric cuffs were attached to the
index and ring fingers of the left hand (Fig. 2). Special
attention was paid to a proper attachment of finger cuffs to
avoid tight or loose fixation.
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Fig. 2. The volume-clamp cuff is attached to the middle and the
oscillometric cuffs to the index and ring fingers.

During the experiment the subject was seated comfortably
with the left arm resting at heart level on the table. After an
initial equilibrium period, the subject’s left hand was raised
to the height of 40 cm from the initial level where it
remained during one minute. By elevation of the hand a
hydrostatic pressure change in the fingers equal to about -30
mm Hg was induced. Then the hand was brought back to the
initial position. At 150 s an orthostatic maneuver was
performed (active standing from the sitting position). During
stand-up the subject’s left hand remained at heart level.

Another session of comparison was performed in Subject
B, a 22-year-old male student. In this experiment we aimed
to estimate simultaneous beat-to-beat MAP changes by



means of two devices during light physical exercise (two
successive handgrips).

As in the previous experiment, the subject’s left hand was
used for measuring MAP. With the right hand the subject
performed handgrip compression at the level of
approximately 50 % of maximum voluntary contraction
force. After an initial equilibrium period, two successive
one-minute handgrip compressions were conducted with a
two-minute interval between them.

The analog signals from the volume-clamp and
oscillometric instruments were digitized by an ADC (16-bit
accuracy, sampling rate 200 Hz). Cardio-synchronized MAP
for the Finapres was estimated from a full arterial pressure
wave.

1. RESULTS

The beat-to-beat MAP changes were quite similarly
tracked by both the volume-clamp and oscillometric device.
This is most distinctly evident during large blood pressure
variations during the hand elevation and postural change in
Subject A (Fig. 3). At 30 s the hand was raised and at 90 s
lowered; at 150 s the subject quickly stood up from the
sitting position.
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Fig. 3. Original recording of beat-to-beat mean arterial pressure by the
volume-clamp  (MAPvol-clamp) and  oscillometric =~ (MAPosc)
instruments in Subject A during hand elevation and stand-up test. The
difference between pressures is also indicated.

A good accordance between the MAP readings of both
devices is evident also in Subject B during light exercise. At
180 s the first and at 360 s the second handgrip compression
started (Fig. 4).

IV. DISCUSSION

The comparison between the volume-clamp and
oscillometric devices demonstrated that both instruments
gave similar results. The difference MAPyolclamp — MAPqsc
in most cases was small (Fig. 3 and 4). It can be seen that the
oscillometric device and the volume-clamp monitor both
revealed similar directed responses during the whole
tracking. Almost any change in the volume-clamp pressure
was tracked by the oscillometric pressure.
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Fig. 4. Original recording of beat-to-beat mean arterial pressure in
Subject B during two successive handgrip compressions. The symbols
and units are the same as in Fig. 3.

We noticed MAP underestimation in the case of too tight
application of cuffs in both devices. Otherwise, loose
application of cuffs caused an overestimation of MAP. In the
latter case a part of the cuff counter pressure is spent on the
extensive inflation of the cuff bladders.

Another possible reason for differences between the
devices may be connected with the fact that measurements
were carried out on three different fingers (the volume-clamp
cuff was attached to the middle finger, the oscillometric cuffs
to the index and ring fingers). However, the results reported
by other investigators have shown that all these three fingers
(index, ring, middle) gave similar blood pressure readings of
no greater variability than those attributable to the finger-
insertion process [7]-[8].

It is important to point out that a good agreement between
two methods was found during different physiological tests
(hand elevation, orthostatic maneuver and physical load). A
slight “overshoot” could be noticed in both MAP responses
when the hand reached the upper level (Fig. 3). This is



consistent with the findings of Tschakovsky and Hughson [9]
reporting transient vasodilatation as a result of venous
emptying at arm elevation. A fall in the arterial pressure
accompanying the subject’s stand-up is also known [10]. The
blood pressure rise is an expected cardiovascular response to
physical exercise (Fig. 4).

In the case of applying the differential servo-oscillometric
method of beat-to-beat MAP registration, a relatively cheap
and robust servo-system can be applied. For the recording of
the arterial waveform by a volume-clamp instrument (e.g. by
Finapres), the servo-system should extend the tracking rate
of about 2000 mmHg/s, while for the MAP measurement by
the servo-oscillometric device the rate of about 100 times
lower is required. As a result, the price for the differential
servo-oscillometric monitor is about three times lower than
that for a volume-clamp instrument.

V. CONCLUSION

The results indicate that beat-to-beat mean arterial
pressure can be recorded by a relatively simple and cost-
effective servo-oscillometric system with two
photoplethysmographic sensors.
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