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Arterial pulse shape measurement
using self-mixing effect in a diode laser

Jukka Hast, Risto Myllyla, Hannu Sorvoja, Jari Miettinen

Abstract. The self-mixing effect in a diode laser and the
Doppler technique are used for quantitative measurements of
the cardiovascular pulses from radial arteries of human
individuals. 738 cardiovascular pulses from 10 healthy
volunteers were studied. The Doppler spectrograms recon-
structed from the Doppler signal, which is measured from the
radial displacement of the radial artery, are compared to the
first derivative of the blood pressure signals measured from
the middle finger by the Penaz technique. The mean
correlation coefficient between the Doppler spectrograms
and the first derivative of the blood pressure signals was (.84,
with a standard deviation of 0.05. Pulses with the correlation
coefficient less than 0.7 were neglected in the study.
Percentage of successfully detected pulses was 95.7 %. It
is shown that cardiovascular pulse shape from the radial
artery can be measured noninvasively by using the self-mixing
interferometry.

Keywords: self-mixing interferometry, diode laser, Doppler signal,
cardiovascular pulse shape, blood pressure.

1. Introduction

The shape and rhythm of the cardiovascular pulsations are
traditional indicators of cardiovascular diseases. Small and
weak pulses may indicate heart failure, hypovolemia or
severe aortic stenosis. Large and bounding pulses may be a
sign of fever, anaemia, hyperthyroidism, aortic regurgita-
tion, bradycardia, heart block or atherosclerosis. Bisferiens
pulses, which are characterised by an increased amplitude
and a double systolic peak, might be due to aortic
regurgitation, aortic stenosis and regurgitation or hyper-
tropic cardiomyopathy [1]. Several other types of abnormal
cardiovascular pulses can be also categorised and more
detailed description of them can be found in book [2]. From

Jukka Hast, Risto Myllyla, Hannu Sorveja University of Oulu,
Department of Electrical Engineering, Optoelectronics and Measure-
ments Laboratory, PO BOX 4500, 90014 University of Oulu, Oulu
Finland; tel.: +358 8 553 2756, fax. +358 8 553 2774,

e-mail: jukka.hast@ee.oulu.fi;
http://www.ee.oulu.fi/EE/OEM.Laboratory/index.shtml;

Jari Miettinen Polar Electro Oy, Professorintie 5, 90440 Kempele,
Finland; http://www.polar.fi

Received 28 August 2002
Kvantovaya Elektronika 32 (11) 975—-980 (2002)]
Submitted in English

this point of view, a sensor that can measure the pulse
shape accurately has high potential for applications in the
field of medical diagnosis.

The radial artery in the wrist offers a convenient place
for pulse measurements because this artery is close to skin
surface and thus, a pulse can be easily detected. In addition,
the wrist bone under the artery offers a good mechanical
support for the sensor. Easy access to cardiovascular
pulsations has been widely exploited to study heart rate
and blood pressure in the wrist, and many different sensor
types have been used. Pulse detection in heart rate and
blood pressure measurements have been done with piezo-
electric [3], strain gauge differential pressure [4], optical [5],
and fibreoptic sensors [6]. Recently, sensors based on an
electromechanical film (EMF) and polyvinylidene fluoride
(PVDF) have been used for radial artery pulse detection
[7, 8].

The laser Doppler technique serves as a good basis for
an alternative sensor type to detect cardiovascular pulsa-
tions, because it offers a very accurate method to measure
the movement of the arterial wall. The technique is widely
used in the biomedical optics to blood flow measurements. It
was used for cardiovascular pulsations detection from
different arteries of human body [9] and pulse parameters
detection using self-mixing interferometry [10].

The development of laser Doppler technique was ini-
tiated in 1960s. Four years after the invention of a laser in
1960, the method was proposed for measuring the velocity
of particles in solutions by the Doppler shift of light [11].
Laser Doppler velocimetry (LDV), which uses the Doppler
shift of laser light as the information carrier, was first
introduced to the flow measurement of red blood cells in a
glass tube [12] and then a few years later it was used for
blood perfusion measurement in the microcirculation [13].
Since then a number of clinical and experimental applica-
tions of laser Doppler technique in biomedical optics has
been done in laser Doppler flowmetry (LDF) [14, 15], laser
Doppler microscopy [16], perfusion imaging [17], and
biotissue vibration measurement by laser and speckle inter-
ferometry [18].

The optical interferometer, needed in a laser Doppler
apparatus, can be constructed in several ways. The most
common are devices based on Michelson or Mach —Zehnder
interferometers. Another possible way is to use the effect of
self-mixing in a laser cavity. In the self-mixing effect, back-
scattered light from the probed object is coupled back into
the laser cavity, where it interacts with the original light. If
the appropriate conditions are fulfilled, the interference
occurs, and it is detected with a photodetector located at
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the opposite side of the laser cavity. The phenomenon was
first discovered by King and Steward, who noticed that
external feedback to laser cavity induces intensity modu-
lation in the output of a gas laser [19]. A few years later, the
first laser Doppler velocimeter, where laser cavity was used
as an optical mixer, was presented [20]. Self-mixing inter-
ferometry was exploited by many research teams to develop
different measurement applications in velocimetry [21],
displacement and distance measurements [22], ranging
[23], 3D-imaging [24] and laser processing of materials
[25]. Tt has been also applied in biomedical optics to blood
flowmetry [26], skin vibration measurements due to mecha-
nomyogram [27], pulse wave velocity (PWV) measurements
[28], baroreflex regulation [29], and arterial compliance
measurements [30].

The self-mixing effect occurs not only in lasers, but also
in low-coherence light sources like superluminescent diodes
(SLD), that serve as a light source in low-coherence
interferometers [31].

In this paper, we use the laser Doppler technique based
on self-mixing effect in a diode laser to measure the shape of
the arterial pulse from radial artery. The arterial pulse shape
reconstructed from the Doppler signal is proportional to the
first derivative of the blood pressure pulse. For reference,
blood pressure is also detected from the middle finger using
a commercial blood pressure monitor. A similarity between
the arterial pulse shape from radial artery and middle finger
is quantified by calculating the correlation coefficients for
each pulse. Measurements were performed with 10 healthy
volunteers, and totally 738 pulses were analysed.

2. Materials and methods

2.1 Principle of operation of a laser Doppler device based
on the self-mixing effect in a diode laser

The laser Doppler technique is based on the relation where
scattered light from the moving target contains a frequency
shift that is proportional to the velocity of the moving
target:

2nvy

A

Here, fp is the measured Doppler beat frequency produced
by optical mixing of the original and scattered laser light.
The refractive index of the medium is n. In our case, the
device operates in air, and thus n = 1. The velocity of the
moving target is v, and 1 is the emission wavelength of the
diode laser. The angle between the velocity vector of the
target and laser beam wave vector is 6. In the pulse shape
measurements, the laser beam is pointed towards radial
artery, and radial displacement of the arterial wall is
perpendicular to the laser beam, so that cosf = 1. Thus,
Eqn (1) is reduced to

Jo =

cos 6. (1)
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Furthermore, v, corresponds to the radial velocity of the
arterial wall, which is related to the velocity of the blood
pressure change, i.e., to the first derivative dP/ds of the
blood pressure.

The self-mixing effect can be simulated with the help of a
three-mirror Fabry-—Perot structure, as shown in Fig. 1.

Laser mirrors (/) and (2) enclose the laser cavity of length
L with the effective refractive index u.g. The external target
(3) is located on the optical axis z at the distance L., which
is the length of the external cavity. The external target in this
case is the radial artery. (4) is a monitor photodiode
employed to detect the power fluctuations behind the laser
cavity.

Lext

Figure 1. Schematic arrangement of self-mixing effect in a diode laser.

The use of semiconductor lasers enables the construction
of interferometers that are small in size, inexpensive, and
accurate. Moreover, the setup is simple, since there is only
one optical axis to control. The theory concerning the self-
mixing effect can be found in [32] and here we present only
basic equations. When an external target moves along the
optical axis, the change AP in the laser output caused by the
optical feedback can be written as [33]

K . 2u,t
AP~ g~ g = — 7 €08 [mf(rm +75)}, @

where g. and gy, are the threshold gains with and without
the external feedback, respectively, to = 2L /c is the
round-trip time of light propagation in the external cavity, ¢
is the speed of light, and f is the laser emission frequency.
The coupling factor x = rp. (1 — |r25|2)/r25, where 7y is the
amplitude reflection coefficient of laser mirror (2) and rjey
is the amplitude reflection coefficient of the external targer
(3). Because the velocity vy of the moving target is related
to the Doppler shift according to Eqn (1), the power
fluctuations in Eqn (2) contain information on the velocity.

The strength of external feedback is an important
consideration in self-mixing interferometers. The feedback
parameter Cp, is defined as

Crp = = (1 4+02)'?, 3)
Tlas

where 1},; = 2L/c is the round-trip delay in the laser cavity.
o is the laser linewidth enhancement factor, which is the
ratio of the real and imaginary parts of the variation in the
complex refractive index of the active medium with its
density [30]. If the parameter Cy, < 1, power fluctuations at
the laser output are sinusoidal. When Cp, increases, the
fluctuations become more saw-tooth-like. When Cp, > 1,
the operation of the laser is no longer stable, leading to
increased noise and mode hopping [34].

2.2 Measurement system

The block diagram of the measurement system is shown in
Fig. 2. The system comprises a self-mixing interferometer in
a laser Doppler probe, where also a transimpedance
preamplifier is located. During the measurement, the
probe is attached above the radial artery, as shown in
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Fig. 2. The self-mixing interferometer is capable of
measuring a displacement of 150 pm with an accuracy of
1 um on a highly scattering surface like paper or skin. By
using appropriate optical elements between the interfero-
meter and the target, this distance can be increased to
250 pum [35]. The PC-interface card contains main
amplifiers, a Doppler laser diode driver, and a software-
controlled filter block. The data acquisition card collects the
measured data and saves them to the computer hard disk.
Finally, data processing and analysis are performed with a
PC-interface card.

Blood pressure

Data acquisition probe

card

(—r

PC-interface card

Monitor Laser Doppler probe

Figure 2. Block diagram of the measurement system.

Comparative blood pressure measurements are per-
formed with a Finapres Ohmeda 2300 finger blood
pressure monitor operating on the basis of the so-called
Penaz technique, according to which the externally applied
pressure is kept equal to the arterial pressure during whole
cardiac cycle. The arterial walls are unloaded because of
zero transmural pressure, the size of the arteries is not
changed, and the blood volume remains constant. The blood
volume is measured with a photopletysmograph, and the
analog output of the device is scaled so that 1 V equals to
100 mmHg.

Data processing of the measured blood pressure and the
Doppler signal follows the flow chart shown in Fig. 3. After
analogue-to-digital conversion and storing to disk, signals
are timed to each other, because of a time delay of about 20
to 40 ms between locations of the Doppler probe and the
blood pressure probe. Then, the blood pressure signal is
differentiated to obtain the signal proportional to the
velocity dP/dr of the pressure change. The Doppler spectro-
gram is reconstructed from the Doppler signal by
calculating fast Fourier transform (FFT) with 512 points
per signal sample. After these operations, the data corre-

sponding to each pulse are picked out from the data vectors
and stored to a pulse matrix, where each column contains
data for single arterial pulse. Before calculating the cross
correlation between the pulses of the derivative of blood
pressure and the Doppler spectrogram, each pulse on both
matrixes is zero averaged and normalised. The cross
correlation coefficients, X, are calculated for each pulse
using the equation [36]

ro ()1, ()
[ (0)r,,(0)] /2

where r,,(n) is the estimate of the cross-covariance defined
as

Xeorr (}’l) = (4)

N—n—1
% Z x(k)y(k+n), n=0,1,2,...,N,
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ry(n) =
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N is the length of two sequences x (k) and y (k). The pulse
shape reconstructed from the Doppler spectrogram corre-
sponds to x(k), and the pulse shape from dP/dz
corresponds to y(k), respectively. At the last stage of the
experiment with each volunteer, the mean values, (X.o),
and standard deviations, oy, for all measured pulses are
calculated using equations

==

rel0) = 3 SRR 1,(0) =

k=0

1/2
m 2/

I Ny 1 .
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where m is the number of pulses and X7, is the correlation
coefficient for the jth pulse.

2.3 Correlation between the blood pressure pulse shape
and the Doppler spectrogram

Typical cardiovascular pulses measured from the middle
finger with the blood pressure monitor and from the radial
artery with the self-mixing interferometer are demonstrated
in Fig. 4. The blood pressure pulse and its first derivative
from the middle finger are shown in Figs 4a and b. The
measured Doppler signal from the radial movement of the

Doppler signal FFT > Spectrogram  [—> Pulse matrix

A

[

[

e e e e e a Zero averaging Cross
: and normalisation > correlator
[
y

. . Pulse matrix
Blood pressure signal +—s{ Timedelay == dP/dr dp/d
t

Figure 3. Flow chart of the data processing sequence.
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radial artery and its reconstructed Doppler spectrogram are
shown in Figs 4c and d. Because the Doppler frequency is
proportional to the radial velocity of the radial artery wall,
the shapes of the Doppler spectrogram and the derivative of
the blood pressure pulse are similar. Here, the change in the
shape of the blood pressure pulse during its propagation
from the wrist to the middle finger is neglected.
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Figure 4. Blood pressure pulse from the middle finger (a); calculated first
derivative of the blood pressure pulse (b); Doppler signal from the
movement of the radial artery during the same pulse (c); and recon-
structed spectrogram from the Doppler signal (d).

A strong peak in Figs 4b and d can be attributed to the
rising edge of the blood pressure pulse. The maximum
Doppler frequency at the rising edge reaches approximately
1100 £ 0.45 Hz, which corresponds to the radial velocity of
445 +0.18 pm s~ '. Here, the accuracy is limited by tempe-
rature stabilisation of the laser, which is +1°C. For
comparison, in reference paper [9], a radial velocity of
350 um s7! for the radial artery was measured.

The radial displacement of the radial artery can be
determined by integrating the velocity diagram over time on
the rising edge of the blood pressure pulse using the
trapezoidal integration method in the time limits from
0.15 to 0.25 s. This integration yields for the radial displace-
ment of the radial artery a value of 56 &1 pm.

On the falling edge, the peak is approximately halved.
The corresponding peaks around 0.4 and 0.6 s can be found
also in Figs 4b and d. However, the Doppler spectrogram
contains some extra peaks, for example, in the interval from
0.6 to 0.8 s, which are due to skin vibration. Their frequency
components are between 100 and 200 Hz. In this case, the
correlation coefficient during the whole pulse between the
derivative of the blood pressure pulse and the Doppler
spectrogram equals to 0.89. This indicates that there is a
strong correlation between the shapes of the Doppler
spectrogram and dP/dt.

3. Measurement results

We performed measurements with a group of 10 healthy
young male volunteers, whose average age was 26 years.
The blood pressure signal was recorded from the right
hand’s middle finger using a blood pressure monitor. The
radial displacement above the right hand’s radial artery was
measured using the self-mixing interferometer, which was

carefully placed above the artery. During the measurement,
each volunteer sat relaxed in a chair and his hands were
placed to the heart level. The duration of each measurement
was 60 s, and totally 738 cardiovascular pulses were
recorded.

Signals measured from a volunteer during 30 s are
shown in Fig. 5. The curve in Fig. 5a exhibits low-frequency
(~ 0.1 Hz) variations in the amplitude of the blood pressure
pulses, which correspond to the baroreflex part of the
autonomic regulation. The baroreflex controls the blood
pressure and maintains its normal level despite variations in
physical stress of a human individual.
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Figure 5. Blood pressure pulse signal (a) and Doppler spectrogram (b)
from a volunteer during a 30-second measurement.

The Doppler spectrogram, shown in Fig. 5b, also has
same amplitude variations, but in this case they seem to be
in an inverse phase compared to those of the blood pressure.
It can be explained by the variations in the elasticity of the
arterial wall. At higher pressure, the arterial wall is in a
more strained state than at lower pressure. This change in
the strain affects the movement of the arterial wall and can
be detected with a self-mixing interferometer. Thus, the
pressure pulse amplitude variations affect the measured
Doppler signal. Monitoring of baroreflex regulation by
means of self-mixing interferometry was discussed in
more detail in the reference paper [27].

Measurement results for all 10 volunteers are presented
in Table 1. For each volunteer age, the average blood

Table 1.

Volunteer Age Blood pressure/Hg mm Number (X.) 0Ogq
number Systolic _ Diastolic of pulses

1 27 133 80 77 0.80 0.07
2 25 126 77 75 0.85 0.05
3 27 122 70 78 0.83 0.05
4 29 131 81 75 0.84 0.05
5 21 115 75 80 0.87 0.04
6 32 121 82 67 0.77 0.10
7 26 125 79 65 0.81 0.07
8 25 110 65 71 0.86 0.05
9 22 132 85 76 0.86 0.04
10 28 121 76 74 0.82 0.05
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pressure, (Blood pressure), from whole measurement, the
number of pulses in the measurement, the cross correlation
coefficient, (X,,,) between the first derivative of the blood
pressure pulse and the Doppler spectrogram during the
measurement sequence are presented. In the last column, the
standard deviation of the correlation coefficient, (oyq),
during each measurement is shown.

Fig. 6 presents correlation coefficients for all 738 pulses,
which were measured. The mean value of 0.83 is shown as a
solid line. One can see that most of the values are around the
average. However, in some pulses the correlation coefficients
are lower than 0.7.

Xcorr
1.0

0.6

0.2

1 101 201 301 401 501 601 701 801
Pulse number

Figure 6. Correlation coefficient for all measured pulses. The average
value is shown with a solid line.

The case of the very low correlation between the deri-
vative of the blood pressure pulse and the Doppler spectro-
gram, corresponding to the pulse No. 47 in Fig. 6, is
demonstrated in Fig. 7. The normalised derivative of the
blood pressure pulse is shown in Fig.7a, and the correspon-
ding normalised Doppler spectrogram is shown in Fig. 7b.
One can see that the Doppler spectrogram contains extra
peaks above time interval of 0.25 s compared to the deriva-
tive of blood pressure pulse. In this case, the correlation bet-
ween signals is only 0.51. This is due to the external artifacts
during the measurement sequence, which distorts the
Doppler signal. The artifacts are easily generated because
of high sensitivity of the interferometer to the movement.
For correct evaluation of the Doppler spectrogram, the
decision that the pulse detection is misread should be made
if the correlation coefficient is less than 0.7. This limit was
selected empirically comparing the shapes of the signals.
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Time/s Time/s

a

Figure 7. Normalised first derivative of the blood pressure signal (a) and
the corresponding normalised Doppler spectrogram (b) from the pulse
No. 47, for which X, = 0.51.

The number of pulses, for which X, < 0.7 is 32 of total
number of 738 detected pulses. This means that 95.7 % of
the pulses were detected successfully. However, this has a
small effect on the total correlation coefficient and the
standard deviation. When the pulses, whose correlation
coefficient is less than 0.7, are not accounted for, the
correlation coefficient increases to 0.84 and the standard
deviation decreases to 0.05.

The mean correlation coefficient (X,,,) between the first
derivative of the blood pressure pulse and the Doppler
spectrogram for the corresponding pulses was above 0.8 for
all volunteers except for the volunteer number 6. The mean
standard deviation oy for them was also less than 0.1
except for the volunteer No. 6. Fig. 8 shows how the
correlation coefficient changes during the measurement
sequence for volunteer No. 4, (Fig. 8a), and the volunteer
No. 6, (Fig. 8b). In the case of volunteer No. 4, the
correlation coefficient varies around the mean value, which
is shown with solid line. However, in the case of volunteer
No. 6, the average value of the correlation coefficient
decreases during the measurement sequence. Here, the solid
line shows the linear mean square approximation of the
Xeorr Values. The decrease is due to poor attachment and
positioning of the laser Doppler probe. During this measu-
rement, the probe moved and this caused the decreasing
trend of the correlation coefficient. This problem was
encountered only with this volunteer and was included to
this study just to show how a change of the laser Doppler
probe position affects the correlation coefficient.
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Figure 8. Alteration of the correlation coefficient during the measure-
ments for volunteers number 4 (a) and number 6 (b).

4. Discussion

The shape of the cardiovascular pulse contains a lot of
information about the state of the human body. This
information can be received by means of the laser Doppler
technique. We have studied the correlation between the
shape of the first derivative of the blood pressure pulse
measured from the middle finger and the reconstructed
Doppler spectrogram from the movement of the radial
artery. The radial movement of the radial artery was
measured using self-mixing interferometry. The self-mixing
interferometry is a challenging technique to this application
because it is cheap, simple and the interferometer is
compact in size and accurate.

During this study, 10 volunteers were measured and
totally 738 cardiovascular pulses were analysed. The corre-
lation between the shape of the first derivative of the blood
pressure pulse and the reconstructed Doppler spectrogram
was 0.84, with standard deviation of 0.05, when pulses with
correlation lower than 0.7 were neglected. The percentage of
successfully detected pulses was 95.7 %. The limit of 0.7 was
empirically determined by comparing the shapes of the first
derivative of the blood pressure pulses and the correspond-
ing reconstructed Doppler spectrograms to each other.
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Although the self-mixing interferometry is an accurate EEE17.

method for the pulse shape measurements, it has also some
disadvantages. Because of high sensitivity of the interfero-
meter to the movement, external artifacts are easily

frequency band as the information signal, and this results in

misdetecting the correct shape. However, we found that the @22

rising edge of the blood pressure can be detected from all
measured pulses. The largest differences between the pulse

0i>

arise during the falling edge of the blood pressure pulse.

5. Conclusions

Thus, according to our measurements, the pulse shape can
be determined using self-mixing interferometry. Compared
to the finger blood pressure measurement technique used in

this study, the Doppler signal contains valuable additional g,

information about the state of the cardiovascular system.

Because it corresponds to the radial velocity of the arterial — 29.

wall, the Doppler signal can be used to determine the
variation of the arterial lumen by integrating the velocity

vector in time. If the blood pressure is known, the variation g 5,

in the arterial compliance can be measured. The arterial

compliance, which is the ratio of the pressure AP change to 32

the change of arterial lumen A4, is an important parameter

for cardiovascular diagnostics. However, to do this, the 33

internal radius of the artery should also be known, which is
difficult to measure by purely optical techniques, but can be

determined, e.g., by acoustic or photoacoustic methods. 35.
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