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(57) Abstract: A parameter affecting the
absorptivity or the concentration of blood
in tissue is measured using a semicon-
ductor light source (7) and a light detec-
tor (8). The semiconductor light source
(7) is operated at several operating condi-
tions, at which it has different tempera-
tures and therefore different emission
spectra. In particular, the operating con-
ditions correspond to different time inter-
vals after switching the light source (7)
on, while the light source (7) has not yet
reached thermal equilibrium. This allows
to perform a spectroscopic measurement
using one light source only, which in-
creases accuracy and reduces device cost.
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Optical determination of blood perfusion and similar parameters

Technical Field

The invention relates to a method for the in-vivo measurement of at
least one physiological parameter of tissue by means of a semiconductor light source
and of a light detector. In particular, the invention relates to a method for measuring a
parameter that affects concentration of blood constituents, in particular different

forms of hemoglobin. The invention also relates to a device of this type.

Background Art

It has been known to measure blood content and also blood oxy-
genation from the absorption spectrum of skin measured in reflection or transmission.
A corresponding methods are extensively covered e.g. in corresponding collections
Berardescal 995, Serup2006 (see section “further references” at the end of this text)
and the references therein.

For example, it has been known to measure blood oxygenation by
measuring tissue spectrum with a broad band source [Osawa 1993, Feather1989,
Liu1995] or at several wavelengths in the visible and infrared spectral range [Nit-
zan2009, Diffey1984, Sinichkin2002].

More details on a conventional spectroscopic approach for measur-

ing blood content are given in the section “conventional approach” below.

Disclosure of the Invention

It is a general object of the present invention to provide a method
and device that allow accurate spectral measurements of the type above.

‘This object is achieved by the method and device according to the
independent claims.

Accordingly, the method is based on using a device having a semi-
conductor light source and a light detector. The method comprises the following
steps:

a) placing said light source and said light detector such that said
light detector measures an amount of light transmitted from said light source through
said tissue,
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b) operating said light source under a first condition where it has a
first temperature, and determining a first attenuation signal by means of said light de-
tector,

c) operating said light source under a second condition where it has
a second temperature different from the first temperature, and determining a second
attenuation signal by means of said light detector,

d) determining said parameter using satd first signal and said second
attenuation signal.

In other words, the optical attenuation of light in the tissue is meas-
ured using a light source that is operated under at least two operating conditions. Un-
der the different operating conditions, the semiconductor light source has different
temperatures. Since the wavelength of a semiconductor light source depends on tem-
perature, the two or more attenuation signals correspond to different optical wave-
lengths or spectra. Hence, the present procedure allows to measure the optical at-
tenuation of the tissue at different wavelengths, which allows to carry out a spectro-
scopic measurement. However, since both measurements are carried out with the
same light source and detector, they share the same interaction volume with the tis-
sue, in contrast to conventional methods where several light sources of different
wavelengths are used, which gives rise to errors due to differing volumes of interac-
tion. Also, since the device can carry out a measurement with only one light source, it
can be cheaper. (Albeit a device according to the invention can also use several light
sources for carrying out several separate measurements.)

The desired parameter can e.g. be any parameter depending on tis-
sue blood perfusion, such as the blood concentration or blood volume in the tissue, or
it can be a parameter depending on blood oxygenation, or it can be a value derived
from such parameters, such as a heart beat rate. It can be calculated from the meas-
ured attenuation signals by means of a theoretical, empirical or semi-empirical model
that links the attenuation signals to the parameters.

In an advantageous model, the parameter is determined using the at-
tenuation signals and calibration data, wherein the calibration data was obtained in a
calibration procedure. Such a calibration procedure typically comprises the following
steps:

- Performing a series of calibration measurements for different
states of said tissue. At least some of these states should correspond to different val-
ues of the parameter to be measured. For each calibration measurement, the attenua-
tion signals are recorded by means of the light detector and the value of the parameter
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is recorded by means of a reference method. The reference method can be any me-
- thod capable of measuring the parameter, such as a conventional method.

- Using multiple regression for determining the calibration data us-
ing then the recorded attenuation signals as independent variables and the recorded
values of the parameter as dependent variable.

To create different operating conditions of the light source, which
correspond to different temperatures within the light source, the light source can e.g.
be provided with an adjustable heater. Advantageously, though, the current through
the light source is varied in order to create the different operating conditions.

In a most simple embodiment, the method comprises the step of
switching the current through the light source from a first level to a second level, with
the two levels being different. The first level can e.g. correspond to zero current,
while the second level can correspond to the operating current for the light source. At
least part of the attenuation signals are determined at different times after switching
the current but while the light source has not yet reached thermal equilibrium. In oth-
er words, the measurements are carried out while the light source is heating up. For
many light sources, the best time to carry out at least part of the measurements is
within 1 second from switching the current because the temperature changes rapidly
during this time.

In addition, for many applications; the measurements of tissue
microcirculation should, , be performed within a fraction of a single heart beat. For
LEDs sufficient temperature change can be achieved within 100 milliseconds from
switching on the current which is within the typical period of heart beat of around 1
second. Therefore, advantageously the measurements are carried out within 100 milli-
seconds from switching the current.

The present method is especially suited for measuring blood perfu-

sion or blood oxygenation.

Brief Description of the Drawings

The invention will be better understood and objects other than those
set forth above will become apparent when consideration is given to the following de-
tailed description thereof. Such description makes reference to the annexed drawings,
wherein:

Fig. 1 shows a sectional view of an embodiment of a device,

Fig. 2 shows a block circuit diagram of the device of Fig. 1,
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Fig. 3 shows the intensity change and corresponding change of
temperature of a type A LED,

Fig. 4 shows the intensity change and corresponding change of
temperature of a type B LED,

Fig. 5 shows the wavelength change as a function of temperature of
a type B LED,

Fig. 6 shows the wavelength change as a function of temperature of
atype A LED,

Fig. 7 shows the emission spectrum of a cold and a hot type A LED
as well as the absorptivity of blood and background tissue,

Fig. 8 shows the emission spectrum of a cold and a hot type B LED
as well as the absorptivity of blood and background tissue,

Fig. 9 shows the classical perfusion index versus the tuned perfu-
sion index and a linear fit through the data,

Fig. 10 shows the changes in the classical perfusion index (gray
curve) and the tuned perfusion index (black curve) during a measurement,

Fig. 11 shows the absorption spectra of oxyHb, rHb, and melanin,

Fig. 12 shows tPI vs. StO, and tHb concentration for type B LED,

Fig. 13 shows tPI vs. StO, and tHb concentration for type A LED,

Fig. 14 shows tPI versus StO, from Figs. 11 and 12 for type A and
B LEDs,

Fig. 15 shows ¢, /¢l from Figs. 11 and 12 for type A and B
LEDs, where cj};, is a basal total haemoglobin concentration under normal physio-
logical conditions,

Fig. 16 shows the spectral tuning of a type B LED (leftmost line —
cold state (initial state after switching on), middle line — an intermediate state, right-
most line - hot state), while the absorption spectra are those of oxyHb and rHb,

Fig. 17 is an illustration of ¢, (top graph) and StO, (bottom graph)
fits with the data measured by the device for a single experiment,

Fig. 18 shows the data merged from several oxygenation measure-
ments (left plot): gray curve — reference data, black curve — results obtain with multi-
ple regression fits using the data measured by the device; right plot shows the cross-
plot of the same data,

Fig. 19 shows a table of the fitting results underlying the regression
used for Fig. 18,

Fig. 20 shows the data merged from several oxygenation measure-
ments using three LEDs with different mean wavelengths: left plot, gray curve — ref-
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erence data, black curve — results obtained with multiple regression fits using the data

measured with the LEDs; right plot shows the cross-plot of the same data.

Modes for Carrying Out the Invention

Definitions:

\ “Blood perfusion” designates any measure that describes the
amount of blood in a given region of body tissue. It may e.g. be described by molar
hemoglobin concentration per tissue volume.

oxyHb designates oxygenated hemoglobin, i.e. hemoglobin with an
oxygen attached, the corresponding concentration defined as c,,,4;

rHb designates reduced hemoglobin, i.e. hemoglobin without oxy-
gen, the corresponding concentration is ¢,

Hb and tHb designate hemoglobin of any form, i.e. the total amount
of hemoglobin, the corresponding concentration is ¢, = Coxypp + Crpip -

StO,, or tissue oxygenation, is the percentage of oxygenated hemo-
globin in the total hemoglobin mass, including venous, arterial and capillary blood. It
is defined in the following way StO, = ¢ ,,m /¢ *100%

The arterial blood oxygenation Sa0O» is typically around 95 — 97%, while StO, in the
skin is around 30 — 40 %.

Conventional spectroscopic approach:

Below we describe the spectroscopic approach for measuring blood
perfusion (blood concentration) using measurements with two probing wavelengths.

The absorption of light in an absorbing compound having a given

concentration c is given by the exponential Beer-Lambert law
I=1Ij - exp(clé) (1)

with I being the original intensity prior to absorption, / the length traversed by the
light, c the concentration of the absorbing compound, ¢ its absorptivity, and I the exit-
ing intensity.

The attenuation A4 is given by

A:—lni=cla (2)
Iy
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Hence, the concentration can be calculated from the attenuation by

c=2 3)

When the attenuation is not only defined by the single substance of
interest (hemoglobin Hb), but is also due to other absorbers, scattering, loss of inten-
sity due the Fresnel reflections on the interfaces etc., which we will call background
attenuation Ay, , total attenuation is the sum of both

A=AHb +Abk :CIEHb +Abk (4)

If 4, can be assumed to be stable in time, while concentration ¢ is
evolving, the concentration change Ac can be extracted from the difference A4 in

attenuation with

Ac=%
le

(6)

However in real-life conditions, if the sample under study is com-
posed of a complex set of various compounds, background attenuation might evolve
as well and thus attenuation change in time can not be attributed solely to the sub-
stance of interest (hemoglobin).

Since the absorptivity ¢ is the wavelength dependent, Eq. (4) be-

comes
A(A) = cle g (A)+ 45, (2) (7

In Eq. (7) we assumed that the path length / does not depend on the
wavelength A, but the background attenuation Ay does. One can perform measure-
ments on a set of several wavelengths in order combine the information and extract
concentration of the substance of interest. For example, if the wavelengths A; and A,
are chosen in such a way that the difference in light attenuation by the hemoglobin is
large, 1.e.

emp(B)>> e (A2), (®)

while the attenuation difference of the background is small



WO 2011/103690 PCT/CH2010/000049

A ()= 4y (12), )

we obtain

A) = A()= App (A1) - Ay (A2)+ Api (4)— Ape () = —clle 1 (1) £ 11 (22)]
(10)

In this case A; Is often called the signal wavelength, since it has the
highest sensitivity to the compound concentration, while 4, is called the reference,
since is serves to characterize the background attenuation.

The difference A(4;)— A(1,) is called the perfusion index P, i.e.

PI= A(A)- A(2,) (11)

In the conventional multi-source technique of the diffuse reflectance
spectroscopy, the wavelengths of 568 and 798 nm have been chosen in the previous
studies for the characterization of blood content in the skin (Zakharov, et. al., "A
wearable diffuse reflectance sensor for continuous monitoring of cutaneous blood
content”. P, Zakharov, M. S. Talary and A. Caduff, Phys Med Biol. 2009, 54(17):
5301-20). This set-up has demonstrated high sensitivity and specificity to blood con-
tent. However, such an arrangement requires two separate light-emitting diodes
(LED) of significantly different wavelengths. A two-LEDs-system has the disadvan-
tage of being technologically more complex than a single-LED system and one can-
not be sure that both wavelengths are probing the same tissue volume. The disadvan-
tage of the high wavelength separation of the signal and reference wavelengths is that
the differences in the background attenuation can become significant and thus its im-
pact can not be completely eliminated from the signal. Another problem is the more
pronounced difference in the light path length in the tissue /(4,)# /(1,) due to the dif-
ferent absorption efficiency in the tissue of the different wavelengths.

For this reason, the present invention uses a different solution that

can operate on a single light source. This approach is described in the following.

The device:
Fig. 1 shows a device having a housing 1 to be attached to a body
part 2, such as an arm or a leg, e.g. by means of a wristband 11. The device contains a

power supply 3 as well as a circuit board 4 carrying various circuitry 5 and an optical
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sensor 6. Optical sensor 6 comprises at least one monolithic semiconductor light
source 7 as well as a light detector 8, e.g. arranged in a common enclosure 9 and cast
into resin 10 transparent for the wavelengths emitted by light source 7. Optical sensor
6 is arranged at the side of housing 1 that faces body part 2, such that light emitted by
light source 7 enters the tissue of body part 2, where it is transmitted and scattered.
Part of the light from light source 7 propagates through the tissue to be diffusively
reflected back into optical sensor 6, where it is detected by optical detector 8. A non-
transparent barrier 12 between light source 7 and light detector 8 prevents light of
light source 7 from arriving at light detector 8 without having passed through the tis-
sue of body part 2.

The optical sensor can e.g. be of the design described in US 7 030
359.

The device further comprises a temperature sensor 13 that is in
thermal contact with body part 2 and adapted to measure the skin temperature T of
the body part, which also defines the equilibration temperature of the LEDs.

A circuit block diagram of the device of Fig. 1 is shown in Fig. 2.
The device comprises a control unit 14, such as a suitably programmed microproces-
sor connected to a memory 16 and an input/output device 18. Memory 16 holds pro-
gram code and data for control unit 14. Input/output device 18 contains e.g. a display
18a as well as one or more user-operatable controls, such as buttons 18b, and/or inter-
face circuitry 18c for connecting the device to a remote computer.

As can also be seen in Fig. 2, control unit 14 is connected to light
source 7 via a driver unit 20, such as an amplifier, thus that control unit 14 is able to
vary the current through light source 7, e.g. for switching light source 7 on and off.

The signal from light detector 8, which may e.g. be a PIN-diode, is
fed through an amplifier 22 and A/D-converter 23 to control unit 14.

The elements shown in circuit block diagram 2 are powered by
power supply 3.

In the following description, reference is made to two types of light
sources. A first type of light source, called “type A light source”, is a LED light
source with a steady state mean wavelength of around 578 nm, such as AlinGaP -
based chip produced by EPIGAP Optoelektronik GmbH (Germany). This type of
LED is optimized for tHb concentration measurements.

A second type of light source, called “type B light source”, is a
LED light source with a steady state mean wavelength of around 571 nm made with
the same technology, also produced by EPIGAP Optoelektronik GmbH (Germany). It
must be noted, though, that the invention is not limited to these two types of light
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sources. Light source 7 can also be any other type of LED , semiconductor laser diode
(LD), superluminescent diode (SLD) any other type of semiconductor light source.
This type of LED is optimized for the tissue oxygenation measurements.

Most of the measurements on these LEDs were carried out in “cold”
and “hot” state. In the cold state, right after being switched on, type A LED had a
mean wavelength of 577.52 nm, and in hot state 578.07 nm, corresponding an esti-
mated temperature difference AT of 6.88 °C between cold and hot state. Type B LED
had a mean wavelength of 570.31 nm in cold state and of 571.18 nm in hot state, cor-
responding to AT = 10.23.

Light detector 8 can be any suitable light sensor being sufficiently
sensitive at the spectrum emitted by light source 7 and sufficiently fast for the de-
scribed purpose.

The device may further be equipped with a monitoring unit 19
adapted to directly determine the light intensity emitted by light source 7. Monitoring
unit 19 can be a light detector arranged to directly receive light from light source 7,
1.e. to receive light from light source 7 that has not passed via body part 2. Alterna-
tively, monitoring unit 19 may be a temperature sensor in thermal contact with light
source 7. With any such monitoring unit 19, changes of the light intensity emitted by
light source 7 can be detected, either by direct measurement (if monitoring unit 19 is
a light detector) or by means of a conversion table or conversion circuitry (if monitor-
ing unit 19 is a temperature sensor). Using a temperature sensor instead of a light
source as monitoring unit 19 is possible because changes in temperature are the main
factor affecting the intensity emitted by light source 7.

The signal from monitoring unit 19 is fed through an amplifier 30
and A/D-converter 31 to control unit 14.

Mode of operation:

In a first embodiment, control unit 14 repetitively switches light
source 7 on and off, leaving sufficient time between on-states for an at least partial or
substantially complete cooling of light source 7, while the duration of an on-state is
sufficient to heat up the light source at least partially or, advantageously, until it
reaches thermal equilibrium. When current is switched on, light source 7 starts to
emit light while its temperature increases. This, in turn, leads to a shift of the spec-
trum of the light emitted by light source 7 to longer wavelengths, thus that measure-
ments at different wavelengths can be carried out while light source 7 is heating up.

While light source 7 is heating up, control unit 14 records the inten-
sity signal / from light detector 8 at least at two different times, advantageously at
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more than two different times, which allows to carry out a several measurements cor-
responding to different emission spectra of light source 7.

In a second embodiment, instead of switching light source 7 on and
off, it may also be operated with at least two different non-zero currents. Since the
currents give rise to different temperatures in light source 7, this again allows to per-
form measurements with different emission spectra. The two or more different cur-
rents can be generated by interposing a D/A-converter between control unit 14 and
driver 20. Alternatively, the currents can be generated using pulse width modulation,
1. by pulsing the current with a pulse rate much faster than the thermal inertia of
light source 7.

Alternatively, in a third embodiment, a heater 26 could be provided
in thermal contact with light source 7 and driven by a driver 27, which allows to ad-
just the temperature of light source 7 without varying the current through light source
7.

If the device is equipped with a monitoring unit 19 as described
above, a factor « for the intensity 7, emitted by light source 7 is generated from the
signal of monitoring unit 19. Factor a accounts for variations in emitted baseline in-
tensity, which can be caused e.g. by long-term effects of light-source aging or short-
term variations caused by the changes of the baseline source temperature.

In practice, this requires the signal from light detector 8 to be
scaled, in particular divided, by the factor a in order to correctly relate the measured
intensity signal / to the emitted intensity 7, and, correspondingly, attenuation 4.

In the following further description, unless noted otherwise, it is as-
sumed that the device is operated according to the above first embodiment.

Wavelength tuning:

As mentioned, when the temperature of light source 7 changes, its
spectrum varies. In addition to this, the emission intensity of the of light source 7 var-
ies as well. This is illustrated in Figs. 3 — 6.

Figs. 3 and 4 show the changes in intensity /(¢) and temperature of
type A and B LEDs with time ¢ after switching them on with a current of 20 mA. 7(0)
designates the intensity at the initial stage at 1=0. As can be seen, intensity decreases
while temperature increases. This effect should be taken into account for improved
signal accuracy, see below.

Figs. 5 and 6 show the change of the mean wavelength of type A
and B LEDs as a function of temperature. As can be seen, the wavelength shift is in
the order of 1 nm for 10°C.
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Figs. 7 and 8 show the emission spectra of type A LED (Fig. 7) and
type B LED (Fig. 8) in cold and hot state, together with the absorption spectrum of
blood as well as the absorption spectrum of the rest of the near-surface body tissue.

In order to accommodate for the temperature dependence of the in-
tensity, the device can be calibrated as follows:

1. The device is brought into contact with a “white” non-absorbing
diffuser having wavelength-independent scattering properties (in the spectral region
of light source 7) similar to the scattering of body tissue. For example, such a diffuse
can be a reflection standard made of Spectralon or Teflon. The diffuser is arranged
such that light from light source 7 enters the diffuser and is scattered to arrive at light
detector 8.

2. The current through the light source is switched on at a time 0.

3. At times 11, fp, ... tjy with N > [ the signal ,(¢;) of light detector 8
is recorded. At least the first time 71 should be shortly after time 0, in particular
within 1 second or less after time 0, such that the temperature at time #] is not yet in
its steady state (cf. Figs. 3 and 4). This allows to determine a reference response L(%)
for at least some discrete times ¢ or operating conditions (temperatures T) of the de-
vice. This reference response describes the behavior of the intensity signal of light
detector 8 when operating the device on a body whose reflectivity from light source 7
to light detector 8 does not depend on the used wavelength of light source 7.

In more general terms, a reference signal /,(7) of the is determined
for each operating condition or temperature 7 to be used later. The reference signal
I(T) corresponds to the intensity signal measured by light detector 8 if the light from
light source 7 operating under the given operating condition 7 is reflected into said
light detector by means of a body whose reflectivity does not depend on the wave-
length of light source 7, i.e. whose spectral response is flat over the used wavelength
range.

When the device is now brought into contact with living skin for
measurements, the signal /(T) from light detector 8 (which has already been divided
by correction factor o if a monitoring unit 19 as described above is used) is divided
by the corresponding value of the white body response /,(T) at the same time or tem-
perature 7, and the inversed logarithm of the resulting quotient is a light attenuation
A(T) according to eq. (2), at the given time or temperature.

For example, when switching on the light at a time 0 and measuring
at the times 1, 17, ... {y with N > ], the attenuation or attenuation signal is given by
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() (15)

(@)

This value describes the optical attenuation caused by the body tis-
sue.

In this arrangement, factor a can be obtained by a monitoring unit
19 only once at some predefined stage of the source equilibration (e.g. before or after
measurements of the main signal). Alternatively, it can be obtained for all time points
tj, i=1..N, when the main signal is measured and in this way each of N intensity meas-
urements is compensated separately.

The different times #; correspond to different temperatures 7; of
light source 7 and therefore to different states or wavelengths of the light source. In
the following, we therefore also write A; or 7} instead of ¢; for designating the mean

wavelength 4; or light source temperature 7; at the time ¢;.

Measuring blood perfusion:

a) Theory

As can be seen from Figs. 7 and 8, the typical LED has a broad
emission spectrum (compared to the changes of absorptivity of blood over wave-
length), and the wavelength change caused by warming up can be relatively small,
thus the overall change in the spectrum has to be analyzed using integration over the
involved spectral range. If the LED emission at the time point ¢ after switching-on is
described by the power density /(1) where [I§(1)da =1, its attenuation can be
written as follows (neglecting the spectral response function of the detector):

A = In [I§(A)expl-cle g (A)lexpl- 4 ()]dA  (20)

We expect that the emission spectrum / (t)l (1) immediately after
switching on (“cold” state) and after the LED has warmed up [ (’)N (/1) (“hot” state) are
different, thus by comparing attenuation at these two states we can extract the wave-

length-resolved information

J15 (W) expl- cle yy (A))expl- Ay (1)]d2

tPI = 4.342 - [A(t;) - A(t;)]=4.342 - 1n
c J18" (A)expl- cle 1 (A)]expl- 44 (1)]d2

(21)
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wherein tP! is further referred as the “tuned perfusion index”. The factor 4.342 was
added to Eq. (21) for the conversion of the logarithm bases. As it will be clear to the
skilled person, though, any other factor can be used as well.

tPI is a measure of the blood concentration ¢ or, equivalently, of
blood perfusion, just as the classic perfusion index PI of Egs. (10) and (11).

Using the known absorption spectra of oxygenated and non-
oxygenated hemoglobin as well as the emission spectra of the light sources, the value
of tPI can be calculated from Eq. (21). The result of this calculation is shown in Fig.
12 (type A LED) and 13 (type B LED). »

Figure 14 and Figure 15 are sectional views of Figs. 12 and 13, and
they demonstrate the simulated response of the P to the changes in StO; and ¢, of
type A and B LEDs. As it can be seen both LEDs have the similar sensitivity to the
perfusion change, while the response of type B LED to oxygenation is significantly
higher (Fig. 14).

b) Experiments

In order to verify that P/ is a good replacement for the classically
used perfusion index PI, a test measurement as shown in Figs. 9 and 10 was carried
out. The tests measurement was carried out with a classical detector having two LED
light sources at 568 and 798 nm as well as with a device according to the present in-
vention using a single LED operating at 578 nm (type A LED). The light source of
the single LED device was operated by applying current pulses of 20 mA during 100
ms with current-less pauses of 50 ms between the pulses. The attenuation was meas-
ured by averaging during a first period between 0 — 50 ms and by averaging during a
second period between 50 —100 ms after start of each current pulse.

The experiment started at 14:30 with both devices as well as with an
unpressurized cuff applied to the arm of a user. At 14:50 the cuff was pressurized to
60 mmHg in order to create venous but not arterial occlusion. At 14:55 the cuff was
depressurized. Hence, an increased amount of venal blood was present at the time in-
terval between 14:50 and 14:55. At 15:00 the cuff was pressurized to 220 mmHg, the-
reby creating venous and arterial occlusion. This caused blood oxygenation to drop.
At 15:05 the cuff was depressurized, which caused reactive hyperemia in the tissue.

The gray curve in Fig. 10 shows the classic profusion index PI,
while the black curve shows the tuned profusion index tPI. As can be seen, there is an
excellent match between the two values until 15:00, which indicates that ¢P[ is as
good a measure of blood perfusion as PI. This is also illustrated in Fig. 9, which
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shows P vs. tP] for the experiment of Fig. 10, showing the strong correlation be-
tween the two parameters.

Figs. 9 and 10 show that wavelength tuning provides an efficient
means for measuring blood perfusion.

The deviations of the curves at times after 15:00 are caused by the
change of the absorption spectrum of blood as oxygenation changes. This is due to
the fact that reduced hemoglobin and oxygenated hemoglobin have different absorp-
tion spectra, see Fig. 11.

tPI can be used to derive other parameters. For example, since
blood perfusion and therefore tP] varies with the heart beat rate, recording a time se-

ries of tPI or its underlying signals allows determining the heart beat rate.

c) Generalization

In general, in order to measure blood perfusion or any other pa-
rameter equivalent to blood perfusion or derived from blood perfusion, such as he-
moglobin concentration per tissue volume or the heart beat rate, the following steps
have to be carried out:

1) A light source and a light detector are placed in contact with the
tissue in such a manner that the light detector measures the amount of light transmit-
ted from the light source through the tissue to the light detector.

2) The light source is operated under a first condition where it has a
first temperature, such as the operation of the light source at a time ] shortly after
switching the light source on. A first signal, such as A(t1), is measured by means of
the light detector.

3) The light source is operated under a second condition where it
has a second temperature different from the first temperature, such as the operation of
the light source at a time #) > t;, and a second signal, such as A4(t3), is measured by
means of the light detector.

4) The at least two signals are combined in order to determine the
parameter. This can e.g. occur by calculating the difference of the two signals, i.e. by
calculating A(f1) — A(p) (or, equivalently, any value depending on this difference,
such as a multiple of this difference, or any other mathematical function of this dif-
ference).

5) The result of step 4 can then be used to derive the desired pa-
rameter, such as blood perfusion, e.g. using calibration data stored in memory 16,
such as a look-up table or a parameterized function.
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The calibration data mentioned for step 5 can e.g. be obtained using
calibration measurements, e.g. by measuring the desired parameter with a conven-
tional reference method and by using multiple regression analysis for obtaining the
calibration data. During the multiple regression, the attenuation signals 4(f1), 4(#2)
are used as independent parameters, while the values of the parameter obtained by the
reference method are used as a dependent variable. The model used during regression
can be a simple linear model, albeit more elaborate models may be used as well.

In order to improve measurement accuracy, the skin temperature T
as measured by temperature sensor 13 can be used as a further input signal (and a fur-
ther independent signal during regression). Similarly direct measurements of the light
intensity emitted by the source (LED) can be performed with the dedicated monitor-
ing detector, for example monitoring PiN diode, placed in the vicinity of the LED in
order to collect the light directly from the LED without passing through the tissue.

If the desired parameter requires repetitive measurements (such as
for determining the heart beat rate), above steps 2 to 4 are repeated, and the blood
perfusion or the raw signals or their difference is recorded for each step 4, together
with the time of the measurement. The time series generated in this manner is then
analyzed for determining the desired parameter. The heart beat rate, for example, can
be determined by calculating the distances between consecutive peaks in blood perfu-
sion.

For increased accuracy, the light source can also be operated under
N > 2 conditions corresponding to further, different temperatures. At each condition,
a signal 4 is measured by means of light detector 8. In particular, in pulsed operation
of the light source, measurements can be carried out at N > 2 times after switching the
light source on. In that case there are more measurements than unknowns, which al-
lows to further increase accuracy of the results. Again, multiple regression analysis
can be used to determine the calibration data.

As mentioned, steps 2 to 4 can be repeated in order to sample the
signals at the different phases of the heart or breath cycles and reduced the noise by

averaging those measurements.

Measuring blood oxygenation:

a) Theory

If oxygenation of the blood has to be determined, two substances
with unknown concentration are involved (oxyHb and rHb), which contribute to the
blood attenuation A, = A, + 4,415 , and an unknown background attenuation 4, .

In this way the total attenuation is defined as follows
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A=Apeymp + Appp + Apy (30)

In order to find the three unknowns, one should measure at least at
three wavelengths 11, 42, and 13. Using Eq. (2):

Conyptb Eoxyib (M) 1+ Crrp €mp ()1 + Apy, = A(4)
Conytb Eoxpbb A2 )+ o vy (A2) 1+ dpy = A(2y)  (31)
Coxpb Eoxyib(A3) 1+ Crp Erpp(A3) 1+ Apy, = A(A3)

Here we make an assumption that the path length / and background
attenuation are wavelength independent — this corresponds to the assumption that the
differences between the wavelengths 11, A7, and 13 are small. Eq. (31) form a linear
system, which can be solved in respect to oxygenation and concentrations of oxyHb
and rHb.

In practical applications, instead of using an accurate theoretical
model, however, regression of a parameterized empirical or semi-empirical model can
be used as well, e.g. multiple linear regression as described in the next section.

Fig. 16 depicts three spectra of a type B LED obtained at different
stages of warming up. One can appreciate that, with the warming up of the LED and
with the shift of the central wavelength towards the higher wavelengths, absorption of
oxyHb is increasing, while absorption of rHb is decreasing. Due to the broad spec-
trum of the LED the exact changes of the absorption of the light is difficult to quan-
tify. Therefore, the coefficients for the estimation of StO, from the measured attenua-
tion signals A(41), A(42), A(13) can best be found by means of multiple regression
analysis. For this purpose, calibration measurements are carried out, during which
oxygenation-changing procedures are applied to the user while A(41), 4(1), 4(13)
are measured together with the value of StO,. For measuring the value of StO, a ref-
erence method is used. Multiple regression analysis can then be carried out for corre-
lating the measured attenuation signals 4(11), 4(12), 4(13) with StO,.

Additionally, time-resolved measurements can be performed, with
the measurement cycle repeated continuously. In this way the pulsation wave can be
analyzed which allows to study the blood volume changes associated with the arterial
blood. This approach is similar to the conventional photoplethysmography employing
at least two light sources with distinctive wavelengths and allows to estimate the oXy-

genation of the arterial and venous blood separately.
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b) Calibration

As a reference method, full-range optical reflection spectroscopy
with a broad white light source can, for example, be used. In this case the measured
spectrum can be fitted with the known spectra of skin chromophores and the corre-
sponding concentration can be extracted. The StO, then can be easily calculated from
the concentrations.

The device of the present invention is applied to an arm of the user
for measuring the attenuation signals A(11), 4(47), A(43). Close to this device, the
fiber end of a spectrometer is applied to the user’s arm for carrying out the reference
measurements of StO,. Further, a cuff is applied to the user’s arm in order to generate
arterial and venous occlusion of the arm as described in the following.

During calibration, an arterial occlusion is caused, followed by a
venous occlusion. During an arterial occlusion the inflow of arterial blood and out-
flow of the venous blood are blocked, which results in the continuous reduction of the
oxyHb content in the tissue. At the same time total blood volume (perfusion) might
decrease or increase. After releasing the pressure, reactive hyperemia occurs, which
leads to an increase of the blood amount, and of oxyHb in particular, which leads to
elevated levels of StO,.

During the venous occlusion only the venous outflow is impeded,
which results in an accumulation of the rHb content and a decrease of the tissue oxy-
genation.

The experimental protocol consisted of the following steps with du-
ration of approximately 4 minutes each:

1. equilibration stage

2. arterial occlusion

3. reactive hyperemia and equilibration

4. venous occlusion

5. equilibration stage

The measurements were performed on the lower left arm, while the
pressure cuff was fixed on the upper left arm.

The optical fibers for the reference spectroscopy were placed close
to the device according to the invention in order to minimize effects of skin heteroge-
neity. Reference measurements were carried out in paralle] with the measurements of
the device.

Five experiments were performed in total on different points of the

lower arm on different days in order to include variability of skin conditions.
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Linear multiple regression analysis using the signals from the de-
vice as independent variables and StO, from the spectrometer as dependent variable
was carried out.

In addition to the attenuation signals A(11), A(47), A(43), the skin
temperature T¢ measured by the device was used as a fourth independent variable,
and the negative logarithm the emitted intensity correction factor « measured by the
monitoring device 19 was used as fifth independent variable.

Fig. 17 shows the result of this procedure for a single measurement
cycle for the determination of StO, and tHb concentration, both by means of the ref-
erence method (gray line) and the device (black line). As can be seen, there is an ex-
cellent correspondence of the two signals.

We have observed high reproducibility of the reference StO, meas-
urements from one experiment to another, which can be seen in the left graph of Fig.
18, where all the accumulated StO, data is merged into one continuous curve. The
standard deviation of the total StO, change is 12.6%. The data obtained by means of
the device of the present invention is represented in the same graph. The cross plot at
the right of Fig. 18 shows the strong correlation between the reference signal and the
measured signal.

The fit parameters obtained by the multiple regression analysis are
shown in Fig. 19. As one can see from the r-values in Fig. 19, the attenuations of the
wavelengths 11, Ay, A3 are the most important independent values in the model. In
fact, if the model is reduced to only those three signals, the R” decreases only moder-
ately to 0.602. The monitoring diode and skin temperature signals help to account for
the variations of the outside temperature and the attachment of the sensor.

The signs of the coefficients for 4(13) and 4(1;) suggest that a
higher attenuation of the hot signal A4(43) in respect to cold 4(4, ) indicates higher
oxygenation. This is in a full agreement with the discussion above.

To demonstrate the high quality of the results obtained by the pre-
sent device, an alternative device having three differently colored LEDs (green, red
and infrared) was used during the same experiments.

Fig. 20 presents the performance of the alternative device using sig-
nals from the green, red and infrared diodes, as well as skin temperature. The R? ob-
tained by fitting the data of the alternative device is 0.468 (RMS error=9.2 %), which
is even smaller than for the present device using only the attenuations for hot, cold
and reference conditions.
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The fact that the present device has a higher predictive power for
the tissue oxygenation than the alternative device proves that the proposed wave-
length tuning is a technique well suited for measuring tissue parameters.

It should be noted that the red and infrared wavelengths often used
in conventional clinical oximeters are not well suited for the reflectance oximetry,
which is indicated by unsatisfactory performance of the alternative device using these
signals. This may be due to the high range of the blood perfusion changes which is
known to affect red-infrared oximetry.

In general, the discrepancy in the oxygenation estimation even with
the best tunable model can be attributed to the non-uniformity of the perfusion and
oxygen distribution in the arm and differences in the attachment of the reference fiber
probe and the device. For example, different pressures of the reference probe and the
device can lead to a different blood amount under both sensors, as well as to different
oxygenation. Another reason for difference may be due to the different depths probed
with device and reference probe, due to slight different source-detector distances.

Notes:

When measuring blood oxygenation or any other parameter indica-
tive of the ratio between oxygenated and non-oxygenated hemoglobin, the measure-
ment should be carried out in a spectral region where the absorption of rHb and
oxyHb show very different wavelength dependence, in particular where the slopes of
the absorption spectra of rHb and oxyHb have opposite sign. In that case, the influ-
ence of oxygenation on the measured attenuation signals 4(41), 4(1y), A(A3) 1s
strongest. From Fig. 16 it can be seen that this is the case in the spectral ranges be-
tween 530 and 550 nm as well as between 560 and 580 nm. Hence, for that applica-
tion, light source 7 should have a mean wavelength either between 530 and 550 nm or
between 560 and 580 nm, and/or its spectral half-width should be not larger than ap-
proximately 20 nm, in particular not larger than 10 nm, if it emits light in the spectral
range between 530 and 550 nm or not larger than approximately 20 nm, in particular
not larger than 10 nm, if it emits light in the spectral range of 560 and 580 nm.

On the other hand, when measuring perfusion or any other parame-
ter indicative of perfusion, but if the measured result should not be affected by blood
oxygenation, the measurement should be carried out in a spectral region where rHb
and oxyHb show absorptions having similar wavelength dependence, in particular in
the neighborhood of the isosbestic points where the slopes of the absorption spectra
of rHb and oxyHb are similar. In that case, the influence of oxygenation on the meas-
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ured attenuation signals A(11), A(17),... is weakest. From Fig. 16 it can be seen that
this is the case in the spectral ranges 520-540 nm and 580-600 nm.

The present device can be used for a large variety of applications. In
additions to the applications mentioned so far, it can be used for hemodynamic moni-
toring, such as for monitoring

- the physical status of personnel of dangerous professions, de-
ployed in high stress and extreme environments, e.g. rescue workers, firefighters or
soldiers under battlefield conditions

- neonatal monitoring

- persons with a risk of anemia or hypoxia

- dialysis conditions

- sport and fitness applications.

Monitoring capabilities of the current approach are not limited to
oxy- and reduced haemoglobins, but can be also applied to other forms of Hb, like
fetal Hb, carboxyhemoglobin, carbaminohemoglobin, methemoglobin, myoglobin
etc. However, the different wavelength region of measurements or additional light
sources might be required to distinguish different forms of haemoglobin. These addi-
tional sources can also have the tuning capabilities or have a fixed wavelength.

In the embodiments above, a reflection measurement was carried
out, with light source 7 and light detector 8 being arranged side by side over a surface
of the tissue. Alternatively, the present invention can also be used in transmission
mode, with light source 7 and light detector 8 being arranged on opposite sides of a
body part, such as an ear lobe, and the light being transmitted through the body part.

While there are shown and described presently preferred embodi-
ments of the invention, it is to be distinctly understood that the invention is not lim-
ited thereto but may be otherwise variously embodied and practiced within the scope
of the following claims.
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Claims

1. A method for measuring at least one physiological parameter of
tissue by means of a semiconductor light source (7) and of a light detector (8), where-
in said parameter affects concentration of blood constituents, in particular different
forms of hemoglobin, said method comprising the steps of

a) placing said light source (7) and said light detector (8) such that
said light detector (8) measures an amount of light transmitted from said light source
(7) through said tissue,

b) operating said light source (7) under a first condition where it has
a first temperature, and determining a first light attenuation signal by means of said
light detector (8),

c) operating said light source (7) under a second condition where it
has a second temperature different from the first temperature, and determining a sec-
ond light attenuation signal by means of said light detector (8),

d) determining said parameter using said first light attenuation sig-
nal and said second light attenuation signal.

2. The method of claim 1 comprising the step of varying a current
through said light source (7) in order to create said different operating conditions.

3. The method of claim 2 comprising the step of switching said cur-
rent from a first level to a second, different level and determining at least part of said
attenuation signals at different times after switching said current while said light
source (7) has not yet reached thermal equilibrium, and in particular wherein at least
part of said attenuation signals are determined within 1 second from switching said
current, in particular within 100 milliseconds .

4. The method of any of the preceding claims further comprising the
step of determining said parameter by calculating a difference between the first and
the second light attenuation signals and/or the step of deriving said parameter from
said attenuation signals using calibration data.

5. The method of any of the preceding claims wherein said parame-
ter is blood perfusion or any parameter depending on blood perfusion.

6. The method of any of the preceding claims wherein said steps b)
and c) are repeated for recording a time series of data, wherein a heart beat rate is de-
rived from said time series of data.

7. The method of any of the preceding claims comprising the step of
operating said light source (7) under N conditions where it has N different tempera-

tures and measuring an attenuation signal at each condition, wherein N > 2.
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8. The method of any of the preceding claims wherein for each op-
erating condition said attenuation signal is determined by measuring an intensity sig-
nal by means of said light detector (8) and dividing said intensity signal by a refer-
ence signal (P,), wherein the reference signal (P,)) corresponds to an intensity signal
measured by said light detector (8) if the light from said light source (7) operating
under said operating condition is reflected into said light detector (8) by means of a
body whose reflectivity does not depend on the wavelength of said light source (7).

9. The method of any of the preceding claims wherein said parame-
ter is determined using said attenuation signals and calibration data, wherein said ca-
libration data was obtained in a calibration procedure, which calibration procedure
comprises the steps of

performing a series of calibration measurements for different states
of said tissue and, for each calibration measurement, recording said attenuation sig-
nals by means of said light detector (8) and recording a value of said parameter by
means of a reference method,

using multiple regression for determining said calibration data with
the recorded attenuation signals being independent variables and the recorded values
of said parameter being a dependent variable.

10. The method of any of the preceding claims further comprising
the step of measuring a skin temperature (7) of said tissue and using said skin tem-
perature (7) for determining said parameter.

11. The method of the claims 9 and 10 further comprising the step
of using said skin temperature (7) as an independent variable during said multiple
regression.

12. The method of any of the preceding claims further comprising
the step of monitoring light intensity signal emitted by the light source (2), in particu-
lar by means of a temperature sensor or light sensor (19), and scaling a signal from
said light sensor (8) by means of said monitored light intensity signal (a ).

13. The method of the claims 9 and 12 further comprising the step
of using said monitoring signal as an independent variable during said multiple re-
gression

14. The method of any of the preceding claims wherein said pa-
rameter is indicative of a ratio between oxygenated and non-oxygenated hemoglobin
in said tissue.

15. The method of any of the preceding claims wherein said light
source (7) has a mean wavelength between 530 and 550 nm or between 560 and 580

nm, and/or wherein said light source (7) emits
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between 530 and 550 nm and has a spectral half-width not larger
than 20 nm, in particular not larger than 10 nm, or

between 560 and 580 nm and has a spectral half-width not larger
than 20 nm, in particular not larger than 10 nm.

16. The method of any of the preceding claims, wherein said light
source (7) has a mean wavelength between 520 and 540 nm or between 580 and 600
nm.

17. The method of any of the preceding claims wherein said light
source (7) is a LED or a laser diode.

18. A device for measuring in-vivo at lest one physiological pa-
rameter of tissue comprising

a housing (1) to be placed against said tissue,

a semiconductor light source (7) arranged in said housing,

a light detector (8) positioned to measure light transmitted from said
light source transmitted through said tissue,

a control unit (14) for

operating said light source (7) under a first condition where it has a
first temperature, and determining a first attenuation signal by means of said light de-
tector (8),

operating said light source (7) under a second condition where it has
a second temperature different from the first temperature, and determining a second
attenuation signal by means of said light detector (8),

determining said parameter using said first signal and said second
attenuation signal.

19. The device of claim 18 wherein said device is adapted to carry

out the method of any of the claims 1 to 17.
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