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APPARATUS AND METHOD FOR SPECTROPHOTOMETRIC
MEASUREMENTS OF BLOOD PARAMETERS

The present invention has as its object an apparatus and method for
spectrophotometric measurements of blood parameters.

The field of application of the present invention is the medical field and in
particular the monitoring of blood parameters during the course of therapies that
require extracorporeal blood circulation like for example: haemodialysis,
plasmapheresis, extracorporeal membrane oxygenation (ECMO), conservation of
transplant organs and regional oncological therapies.

Hereafter we shall refer to haemodialysis treatment as the preferred field of
application, but it should be understood that the applicability of the present
invention is not exclusive to this field.

Haemodialysis is a replacement therapy to kidney function, which is applied to
subjects that have little or no kidney activity (renal failure).

In extracorporeal haemodialysis blood is withdrawn by needles or similar directly
from an artery and, through a join surgically created between a vein and an artery,
it is treated and returned to the patient through an external circuit. The flow inside
the circuit is fed through a peristaltic pump. The external circuit comprises a
dialyzer, i.e. an element with a double compartment in which a semipermeable
membrane of suitably porosity is used. In a first compartment the blood is made to
flow, and in a second compartment an aqueous solution (dialyzing solution),
enriched with the solutes that it is necessary to give to the blood and low in or
without those to be taken out, is made to flow.

During dialysis treatment it is necessary to continuously control the blood
parameters like for example the hematocrit and the oxygen saturation.

In particular, the hematocrit, the ratio between the corpuscular part and the liquid
aliquot of the blood, is the indicator of the amount of liquid present in the blood.
These and other properties, as known, can be measured through
spectrophotometry, i.e. through the study of the electromagnetic spectra of visible
light, of near ultraviolet and near infrared.

In particular, these techniques make use of an emitting device and a detecting
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device of electromagnetic waves so that the detector of electromagnetic waves is
able to measure the amount of electromagnetic energy absorbed or reflected by
the blood.

Based on the known electromagnetic properties of blood, which vary according to
its composition, it is possible to determine the parameters of interest.

The first applications of this technique to the measurement of the blood
parameters in vitro by taking blood from the patient and laboratory analysis, are
described in the edition Science of 22 June 1951; 113(2974):723-5.

In more recent times, there have been many patents dealing with the measurement
of the hematocrit and oxygen saturation of blood carried out in extracorporeal
circuits; in particular we quote utility patents US 6,090,061 and US 7,381,195.
The utility patent US 6,090,061 describes a particular type of cuvette, able to be
used in an extracorporeal circuit for blood, suitable for the use of
spectrophotometry.

The cuvette is a container provided with an inlet duct and an outlet duct to be
connected to the duct of the extracorporeal blood. It is also provided with two
parallel and opposite flat surfaces where the electromagnetic emitter and detector
are positioned, facing the bloodflow and one another. In order that the
measurement can be carried out with a high degree of precision, the space
between emitter and receiver must be srriall, so that the light emitted by the
emitter can be detected by the detector. However, it is disadvantageous to narrow
the duct, due to the loss of energy that would be given to the bloodflow. For this
purpose, some protuberances are provided, on one of the two parallel surfaces
described above, projecting towards the inside of the duct, which allow an
accurate measurement without creating a throttling of the duct.

However, the aforementioned solution is not without drawbacks, like for example
the impossibility of being able to install said system on any type of extracorporeal
blood duct, without providing an interruption of the duct and thus a duct in two
parts.

The utility patent US 7,381,195 B2 describes a hematocrit sensor that partially
solves the problems of the previous solution, by foreseeing the use of sensors

applied to the blood duct, without interruptions of the duct or narrowing.
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The sensors are positioned along the duct in contiguous positions arranged on a
line parallel to the axis of the tubing.

The aforementioned sensors are an emitting device and a detecting device of
electromagnetic radiation, positioned so that they are in optical connection with
the bloodflow, and so that the detecting device can receive the light reflected by
the blood.

The device foresees the use of a carcass containing the emitting/receiving devices,
inside of which the blood duct passes. On the separating surface between the
emitting and receiving devices and the blood duct some openings are formed,
shaped like elongated slits or circular. Said openings have adjustable dimensions.
The operation of the device comprises an emission step and a reception step of the
light reflected by the blood. The light that is detected by the receiver is translated
into a potential difference and processed by a processing unit. The length of the
slit is adjusted so as to make the detected signal proportional to the hematocrit
value over time.

The system in this case is unable to proceed to a measurement of the hematocrit or
of the other parameters of interest in an absolute manner, i.e. it restores variations
of the value of the parameter with respect to a first measurement. With this
method a first compensation of background noise, i.e. the light that enters the
device from the outside, is possible.

A further parameter that it would be advisable to detect is the presence of gaseous
emboli inside the bloodflow to be returned to the patient.

The detection of gaseous emboli is of fundamental importance in systems used for
parenteral nutrition, infusion of drugs, blood transfusion and extracorporeal
circulation since they can cause even irreversible damage to the patient being
treated.

One of the causes of the entry of gaseous emboli into the blood is joints that are
not perfectly airtight applied to the ducts.

The techniques for measuring gaseous emboli can be of two types: optical or
ultrasound type.

The optical technique of the state of the art is based on the difference in the

amount of light transmitted between the air and the water media (the blood and
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the infusion substances mostly consist of water).

In particular, a measurement of the variation in electromagnetic intensity caused
by the absorption and by the diffusion by the blood or by the infusion substance is
carried out. Usually, the analysis of blood through analogue circuits does not
allow optimal filtering of the signal.

Patent US 6,529,751 describes the use of electromagnetic sources in the field from
800 nm to 850 nm to quantify microemboli in the blood.

However, at these wavelengths it is not possible to compensate the variations in
optical transmissivity due to the variations in hematocrit, the value of which can
vary even by 300% during the infusion of drugs.

The purpose of the present invention is therefore to overcome the drawbacks of
the prior art.

A first task of the present invention is to measure some blood parameters of
interest, for wide operating conditions and with high precision. In particular, the
parameters of interest considered are: hematocrit, oxygen saturation, blood
temperature and the presence of gaseous microemboli.

The range of variation of some of these parameters depends varies from patient to
patient and generally:

- hematocrit comprised between 10% and 55%;

- oxygen saturation between 40% and 100%;

- blood temperature between 10°C and 45°C;

- hematic flows comprised between 10 ml/min and 8000 ml/min.

In order to obtain a useful and significant measurement, the imprecision of these
measurements must be preferably no more than + 5 percentage units for the
hematocrit value and the oxygen saturation value and + 0,5°C for the temperature
value. |

A second task of the present invention is to carry out the measurements directly
on the tubing without it having particular optical and/or geometric characteristics.
A third task of the present invention is to be able to carry out an absolute
measurement of the hematocrit value and oxygen saturation.

A further task of the present invention is to provide an apparatus capable of

detecting the presence in the blood of gaseous emboli, and in particular their
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number and their size.

The purpose and the tasks indicated above are achieved by an apparatus and
method in accordance with what is claimed in claim 1 and in claim 12,
respectively.

The further advantages and the characteristics of the present invention will
become clear from the following detailed description of some example
embodiments, made for indicating and not limiting purposes, in relation to the
attached drawings, in which:

Fig. 1 shows a perspective view from the front of the measurement apparatus
according to the invention, with the cover raised;

Fig. 2 shows a perspective view of emitting and detecting means according to the
invention;

Fig. 3 shows a plan view of the emitting and detecting means according to the
invention; ‘

Fig. 4 shows a longitudinal section view according to the section plane IV - IV
of fig. 3 of the measurement apparatus according to the invention;

Fig. 5 shows a perspective view from the front of the measurement apparatus
according to the invention, without the cover;

Fig. 6 shows a perspective view from the front of the measurement apparatus
according to the invention, without the cover with the blood duct inserted;

Fig. 7 shows a perspective view of a cross section of the measurement apparatus
according to the invention, seen from the front, with the blood duct inserted and
with the cover in operating position;

Fig. 8 shows a block diagram of the apparatus according to the invention;

Fig. 9 shows a graph of the pulses emitted to carry out the measurement
according to the invention;

Fig. 10shows a diagram of the operative positioning of the apparatus according to
the invention;

Fig. 11 shows a graph of the signals used for detecting and measuring gaseous
emboli, in particular:

(a) emitted signal;

(b) detected signal;
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(c) sampled signal,

Fig. 12 shows a graph of the signal processed for detecting and measuring gaseous
emboli;

Fig. 13 shows a graph relating to the absorption spectra of water and of
haemoglobin in oxidised and reduced form.

Figures 1, 4, 6 and 8 represent an apparatus for measuring the blood parameters in
an extracorporeal circuit according to the invention, wholly indicated with
reference numeral 12.

The apparatus 12 according to the invention comprises a seat 23 suitable for
containing a duct 14 for the blood flow in said extracorporeal circuit.
Electromagnetic radiation emitting means 16 and electromagnetic radiation
detecting means 18 face the seat 23. Said means 16, 18 are also connected to a
control unit 38.

The apparatus 12 according to the invention is characterised in that said emitting
means 16 are suitable for producing electromagnetic radiation at different
wavelengths and the detecting means 18 are suitable for detecting the
electromagnetic radiation diffused in the blood at said wavelengths. Moreover, the
apparatus 12 is characterised in that the control unit 38 is suitable for calculating
values of blood parameters through a correlation between reference values and
ratios obtained from values of the light intensity of the radiation detected at at
least two different wavelengths.

Referring to the apparatus 12, shown in fig. 6 with the duct 14 inside the seat 23,
the following are unequivocally determined:

- an axial direction parallel to an axis 15 of the duct 14 when inserted in the
seat 23;

- a radial direction perpendicular to the axial direction and passing through
the axis 15 of the duct 14; and

- a transversal plane containing the radial direction and perpendicular to the
axial direction.

The apparatus 12 according to a first embodiment of the invention comprises a

body 20 suitable for containing inside it the means 16 and 18 connected to a base
13.
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The body 20 is associated with the base 13 so that the means 16 and 18 are
contained inside the space located between body 20 and base 13 as shown in fig.
4,

On the face opposite the base 13 of the body 20, a seat 23 is arranged, comprising
three parts having a different section in the transversal plane:

- two end seats 21 and 22 substantially countershaped with respect to the
duct 14, which extend in the transversal plane for about two-thirds of the
circumference of the duct 14.

- a central seat 23 with substantially rectangular section in the transversal
plane, at which the means 16, 18 are housed.

In correspondence of the central seat 23 holes 24 and 26 are formed, arranged in a
substantially radial direction, for the optical connection between the duct 14 and
the detecting means 18 and emitting means 16, respectively.

As can be seen, in the embodiments of figures 1 to 5, the emitting means 16 and
the detecting means 18, axially spaced, are arranged on the same side of the seat
23. In accordance with such a configuration, the measurement carried out by the
apparatus 12 takes place in reflection, since the detecting means 18 measure the
fraction of light reflected by the blood.

A first shoulder 44 and a second shoulder 46 are rigidly fixed on two parallel
sides of the body. The apparatus also comprises a cover 40 able to rotate around
an axis 42 positioned on a side of the cover 40 itself and parallel to a side of the
body 20. In particular, the rotation axis is formed by means of a hinge 43 that
connects the cover 40 and the second shoulder 46.

The cover 40 has a projection 51 (as shown in fig. 7) such as to couple with the
seat 23 for the duct- 14, so as to cover the portion of circumference of the duct 14
not covered by the body 20 .

On the first shoulder 44 a recess 48 is formed for a coupling surface 50 formed on
the cover 40.

When the duct 14 for the blood is inserted into the body 20 and the cover 40 is
closed, the duct 14 is slightly squashed by the projection 51 thus creating two
parallel flat surfaces: one in contact with the cover 40 and one in contact with the

body 20 at the holes 24, 26 for the means 16, 18.
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The slight squashing effect visible in fig. 7 has two purposes:

- blocking the mutual position between apparatus 12 and duct 14;

- creating a substantially flat surface in which the measurement can take
place. |

The duct 14, selected among one of those commonly used in the medical field, is
substantially transparent to the wavelengths of the emitted radiation. For example,
the duct 14 consists of a polymer like plasticized PVC. Moreover, if the duct 14 is
hit by electromagnetic radiation, the part of said radiation absorbed by the duct 14
must be less than 50% for each individual .used wavelength of the total emitted
radiation.

In other words, the duct 14 which is introduced into the seat 23 and through which
the blood parameters are measured, is any section of a common disposable
extracorporeal circuit. Thus it is not necessary, for the purposes of the interaction
with the apparatus 12 according to the invention, to provide a section of duct with
particular characteristics, either from a geometric point of view, or from the point
of view of the optical properties of the walls.

The electromagnetic radiation emitting means 16 comprise light emitting diodes
(LED) (not shown).

In particular, in accordance with an embodiment of the invention, the emitting
means 16 comprise a single LED for each of the wavelengths that are used for
calculating the blood parameters. As well known to the man skilled in the art, the
characteristics of some particular types of LED involve an emission spectrum that
assumes the profile of a very narrow bell, with a very pronounced peak at a
particular wavelength. Such LEDs, considered hereafter, have a very narrow
emission spectrum and have no secondary emissions. For this reason, the
approximation is commonly accepted based on which each type of LED is
attributed with one wavelength only. |

The emitting means 16 preferably comprise at least two different LEDs, each
dedicated to the emission of electromagnetic radiation at one single wavelength.
In accordance with an embodiment of the invention, the emitting means 16
comprise four different LEDs: a first LED (A) suitable for emitting light with a
wavelength equal to 805nm, a second LED (B) suitable for emitting light with a
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wavelength equal to 660nm, a third LED (C) suitable for emitting light with a
wavelength equal to 1450nm and finally a fourth LED (D) suitable for emitting
light with a wavelength equal to 1550nm.

The electromagnetic radiation detecting means 18 comprise a wide band sensor
for example of the InGaAs type. The InGaAs sensor is a semiconductor made up
of indium, gallium and arsenic which is typically sensitive to the band of
electromagnetic radiation within the range from 600 nm up to 2600 nm.
According to an embodiment of the invention it is intended to use a temperature
detector 28 measuring the bloodflow temperature, placed inside the apparatus in a
position adjacent to the emitting means 16 and also connected to the base 13.

In particular, the temperature detector 28 has a wide band reception within the
range of middle-infrared electromagnetic radiation up to 15000 nm.

The temperature detector 28 measures the bloodflow temperature and, in the case
in which it is an infrared detector, it is in light communication with the duct 14
through a hole 30 adjacent to the hole 26.

The temperature detector 28 makes it possible to take also into account, in the
calculation of the blood parameters, the influence of the blood temperature itself.
Indeed, keeping every other condition the same, the optical characteristics of
blood vary as the temperature varies, i.e. the proportions between the amount of
radiation absorbed and diffused are altered. Such a variation is monotonic with
respect to the values of the electromagnetic radiation used and therefore to a large
extent the measurement error is compensated by adopting a rateometric
measurement technique as described hereafter. Such a variation of the optical
characteristics of blood can be determined experimentally for each
electromagnetic radiation adopted. In particular, it is possible to observe a
variation for amounts of absorbed and diffused electromagnetic radiation that on
average is about 0.25% for a temperature variation of 1°C. Therefore, it is
possible to take into account such a variation by providing the control unit 38 with
the signal of the temperature detector 28.

According to an embodiment of the invention it is foreseen to use a first
temperature sensor 32 measuring the operating temperature of the detector 18

arranged in contact with it, and connected to the base 13.
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The use of the first temperature sensor 32 is justified by the fact that the
responsivity of the detection device 18 depends upon the temperature, which can
translate into a drift of the measured hematocrit value by about 0.5% for a
temperature variation of 1°C. The drift can be seen through a comparison between
the data obtained by measuring a blood sample through spectrophotometry and
the value obtained from the same blood sample from laboratory apparatuses
commonly used in the medical field (for example a centrifuge).

According to an embodiment it is also foreseen to use a second temperature
sensor 34, which controls the operation of the temperature detector 28.

The sensor 34 is placed in contact with the duct 14 through the hole 36 formed
between the hole 26 and the hole 30 and measures the blood temperature through
contact with the duct 14.

The second sensor 34 is used as a safety sensor in the case of malfunction of the
temperature detector 28.

Now referring to the block diagram of Fig. 8, the emitting means 16 and the
detecting means 18 are connected to a control unit 38. The control unit 38
regulates the power supply currents for the emitting device 16, i.e. of the light
emitting diodes, through a digital to analogue converter with resolution preferably
of no less than 12 bit.

The guide current of each element is generated and regulated through the
combination of a field effect transistor (FET) and an operational amplifier
connected to a digital to analogue converter with resolution preferably of no less
than 12 bit indicated with reference numeral 31.

The detecting means 18 convert the radiation diffused into current and then into a
voltage through a transimpedance amplifier. A second amplification is digitally
controlled through a variable analogue gain ambliﬁer 33, the output voltage of
which is converted into a digital signal through an analogue to digital converter
with resolution preferably of at least 16 bit, indicated with reference numeral 25.
The temperature sensor 32 is connected to the control unit 38 described earlier
that, according to calibration tables of the receiving instrument, takes care of
correcting the signal acquired by the detecting means 18.

In Fig. 8 it is also possible to see that the control unit 38 has the temperature
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detector 28 connected to it.

We shall now describe in detail the operation of the apparatus for measuring
blood parameters just described, also referring to figure 9.

From the functional point of view it can be intuitively appreciated that the
radiation emitted by the emitting means 16 strikes the duct 14 and in part is
attenuated and in part diffused in the blood.

The detecting means 18 detect the electromagnetic radiation diffused or emitted
by the blood which is a function of the concentration of the biologic constituents
and of its temperature.

As described above, the LEDs of the emitting means 16 are suitable for emitting
single pulses of radiation, each of which has a selected and very precise
wavelength. Such a characteristic of the apparatus 12 thus makes it possible to use
extremely simple detecting means 18. Such a characteristic, in particular, makes it
superfluous to use a spectrophotometer that analyses the radiation reflected by the
blood. It should be considered in particular that the spectrophotometer, used in the
prior art, comprises a prism and a plurality of detecting elements arranged so as to
create a practically continuous detection band to receive the spectrum generated
by the prism. The greater the number of such detecting elements, the better the
approximation of the continuum that is obtained. In a common spectrophotometer
used for analyses similar to those that are the purpose of the present invention,
128, 256 or more of such detecting elements can be used. In light of the structure
described above, the man skilled in the art can easily understand how the
spectrophotometer is a rather delicate (for example for the optical alignment of the
components) and rather expensive (for example for the plurality of detecting
elements used, that have sensitivity to electromagnetic radiation also in the
spectral field of the near-infrared) component.

The detecting means 18 used in the apparatus 12 according to the invention can,
in principle, comprise a single detecting element compared to the 128, 256 or
even more used in the prior art. Therefore, there is no need to analyse the
wavelength of the detected radiation since it is already selected at source thanks to
the use of LEDs in the emitting means 16.

The wavelengths of the electromagnetic radiation emitted are within the range
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from 660 nm to 1550 nm, whereas those diffused or emitted by the blood and able
to be detected by the measuring apparatus are within the range from 600 nm to
15000 nm

Preferably, there are at least two wavelengths emitted by the emitting means 16,
selected at the water absorption peaks and at particular transitions of the
absorption spectra of HbO, and Hb molecules.

In particular, to calculate a single blood parameter, for example the hematocrit
(Ht%) or the oxygen saturation (sO,%), there are at least two wavelengths emitted
since, with the measurement of the ratio between the intensity detected at two
different wavelengths correlated to reference values, it is possible to minimise the
influence upon the measurement of all those parameters that in varying can alter
the precision. Such parameters are, for example, the drift of the electrical and
optical characteristics of the sources and of the photodetectors caused by ageing,
by thermal variations and contributions of electromagnetic radiation that are not
diffused directly by the blood. |

Said reference values are values obtained through the normal analysis techniques.
The reference values can also be presented in the form of a calibration curve.

In practice, a calibration of the apparatus is carried out by correlating the value of
the ratios between different wavelengths with values calculated in the laboratory
through the usual techniques, e.g. for the case of the hematocrit the calculation is
carried out through centrifuging of the blood in microcapillaries.

For the calculation of two blood parameters, for example hematocrit (Ht%) and
oxygen saturation (sO,%) at least three different wavelengths are needed since at
least two ratios are necessary between intensities detected at different wavelengths
to be correlated to reference values.

According to an embodiment of the invention described hereafter four different
wavelengths and therefore three ratios between the signal received at said
wavelengths are used.

In this way it is possible to calculate a value of one of the parameters (Ht% or
s0,%) so that it can be used to calculate the other one.

It is thus possible to take into account the dependency of Ht% upon sO,% or of
sO,% upon Ht%.
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Preferably, the four wavelengths emitted by the emitting means 16 are 805nm (A),
660nm (B), 1450nm (C) and 1550nm (D). Such wavelengths were selected
according to the following criteria:

- 805nm corresponds to the isosbestic absorption point of haemoglobin in

oxygenated form (HbO,) and in reduced form (Hb)g
- 660nm corresponds to the point at which the maximum absorption
difference of HbO, with respect to Hb is recorded; and

- 1450nm and 1550nm correspond to a high water absorption area.
Regarding this, let us consider the graph of figure 13. As can be seen, the |
absorption values at the indicated frequencies are extremely significant. As the
man skilled in the art can easily understand, the fact that it is chosen to analyse the
wavelengths at high absorptions (for water) and at characteristic values (for
haemoglobin) helps to isolate the phenomenon of interest from other factors
(typically from the background noise or ambient light).
As can be clearly seen in figure 13, the water absorption peak at the wavelength of
1450 nm, and the area at 1550 nm near to it, are particularly important for
determining the hematocrit. Indeed, it is possible to make the ratio between the
absorption of the blood at the wavelengths of 1450 nm and 1550 nm, due
therefore substantially to water, and that at 805 nm, where on the other hand there
is no absorption by water.
Similarly, the choice of the wavelength of 660 nm where the absorption difference
between the oxygenated form of haemoglobin and the non-oxygenated or reduced
form is at its maximum, makes it possible to measure the percentage oxygen
saturation of the blood by making a ratio with the absorption at 805 nm where thé
two forms of haemoglobin have the same absorption.
The emitting means 16 emit a sequence of pulses at different wavelengths, for
example the sequence can be the one represented in fig. 9, i.e. A-B-C-D (805nm,
660nm, 1450nm, 1550nm).
The frequency at which the pulses are emitted is constant, but their intensity is
variable according to their wavelength. '
This choice has been made to compensate for the different absorption in the blood

and to optimise, in the field of variation of the parameters to be measured, the
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dynamics of the electromagnetic radiation signal detected for each wavelength.
The variation in intensity is determined for each LED by the control unit 38.

The diffused radiation is detected by the detecting means 18 in a synchronous
manner but it is slightly delayed with respect to the emitted radiation, so as to wait
for the stable level condition.

The intensities of the detected radiations are therefore I,(A), I(B), I,(C) and L(D).
They can then be converted by the detecting means 18 and optimised in level, for
each wavelength, through the variable gain amplifier 33.

Of course, the intensity of the detected electromagnetic radiation will be the sum
of two contributions: a first contribution due to the radiation diffused by the blood
and a second contribution due to a background noise, i.e. light radiation detected
when the light source is switched off.

As can be seen from figure 9, the background noise corresponds to the value of
the electromagnetic radiation measured at point F, whereas the total value,
diffused by the blood and due to the light emitting diode, measured at the pulse is
that at point G.

The actual value of the amount of diffused radiation is obtained as the difference
between the value corresponding to point G and the value corresponding to point
F.

For a correct removal of the effect due to the background radiation, it is important
for the measurement of the background radiation (point F) to be carried out within
10 ps from the start of the pilot pulse of the light emitting diode.

In order to rﬁeasure the hematocrit value Ht% according to the invention, the ratio
Ri=L(A)Y/[I(C)+1i(D)] is calculated using the intensities of electromagnetic
radiation diffused by the blood and detected at three different wavelengths. Such a
ratio is correlated to the values obtained through laboratory measurements through
the use of “gold standard” apparatuses. The result of such a correlation is a
mathematical function of the third order that links the measurement of R; to the

values of Ht:
H%=[R’*a,+R**a, + R * oy + |+ a*(SO%-T9)

where «, ,a,,a,,a; and a are experimentally obtained coefficients.
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In order to calculate sO,% a further intensity of detected radiation generated by a
further wavelength is used, and preferably the ratio Ry=I,(A)/1,(B) is used. Thus
by using the signal generated and detected at two different wavelengths such a
ratio is correlated to the values obtained through laboratory measurements’through
the use of “gold standard” apparatuses. The result of such correlation is a
mathematical function of the second order that links the measurement of R; to the

values of sO, % given here:

$0,% = [R," * a,(Ht%) + R, * a, (H1%) + cto(Ht %) |

where the coefficients o, (Ht%),a,(Ht%)and o (Ht%) are experimentally

obtained as a function of the value of Ht%, considering the variation range
divided into three fields, the first for values of Ht%<25, the second field for
Ht%>40 and the third intermediate field for values of Ht% comprised between 25
and 40.

According to an embodiment of the invention, the value of sO,% is corrected with
a function of the value of Ht% calculated previously. In particular, therefore, the
reference values for sO,% will be a function of the value of Ht%, and thus of R;
and of R,.

In accordance with an embodiment of the invention the value of Ht% is corrected
through a function of the value of s0,%.

Both the hematocrit value, and the oxygen saturation value thus calculated can be
corrected based on the responsivity of the detecting means 18, through the sensor
32, and based on the blood temperature through the temperature detector 28.

In other words, the hematocrit value is correlated to calibration values measured
in the laboratory and takes into account the responsivity of the detecting means
18, the temperature variations of the blood, and the variation of oxygen saturation.
In the same way, the oxygen saturation value is correlated to calibration values
measured in the laboratory and takes into account the responsivity of the detecting
means 18, the temperature variations of the blood, and the variation of the
hematocrit value of the blood.

The measurement of the hematocrit and oxygen saturation values can with this

method also be carried out by using just three wavelengths, in an analogous
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manner to what has just been seen.

Now referring to figures 11 and 12 we shall describe in detail the method for

detecting gaseous emboli according to the invention.

The detection of gaseous emboli is obtained through three main steps.

A first step consists of emitting a train of pulses of constant intensity at a

determined frequency. The effects of the measurement are not affected by the

used wavelength, but preferably a wavelength is used that has high optical

efficiency as a function of the used detecting means.

Referring to the apparatus 12 described earlier it is thus possible to use, for

example, one of the four wavelengths A, B, C or D.

For example, it is possible to use the wavelength C = 1450nm.

In a possible embodiment of the method in a first step indicated in figure 11(a) the

emitting means 16 emit a signal at the wavelength C and at the frequency

preferably of no less than 13.33KHz within the time period in which the emitting
~device 16 does not emit the wavelength C used to measure hematocrit or oxygen

saturation.

The second step, referring to figure 11(b) is the detection of the electromagnetic

radiation diffused by the blood at said wavelength.

The detected radiation has the same characteristics as the radiation used to

calculate the hematocrit or oxygen saturation value.

The third step consists of processing the signal detected in the previous step.

The value of the width L of the signal is used for sampling to be used to

extrapolate the curve indicated in figure 11(c) and 12.

Said curve describes the trend of the intensity of the detected electromagnetic

radiation and therefore the variations in trend undergone by the curve that, when

above a certain threshold, are interpreted as the presence of emboli.

Referring to fig. 12, the apparatus according to the invention also allows a link

between size of the embolus and variation of the curve.

In particular, AL indicates a tolerance range within which the detected radiation

can vary without causing alarms due to the presence of emboli.

As soon as the intensity of the detected signal exceeds the threshold, a step known

as “START"” begins in which the measurement of a time starts.
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When the signal goes back within the tolerance there is an “END” step in which

the time measurement is interrupted.

The time passed between “START” and “END” is known as AT and it is used to

calculate the size of the embolus.

In particular, the diameter of the embolus if assimilated to an air bubble is given

by:

d=AT-v

d: diameter of the air bubble;

AT: “END” time - “START” time;

v: velocity of the fluid that can be obtained through the value of the flow rate and

of the section of the duct 14.

It is thus clear how the parameters that influence the measurement are:

- value of the tolerance range;

- frequency of emission of the train of pulses; and

- fluid velocity.

According to an embodiment of the invention it is possible to carry out a

computation of the volume of air accumulated both as a single embolus and as a

sum of microemboli and consequently generate an alarm and/or a stop of the

bloodflow if a risk threshold determined for the patient is exceeded.

A possible embodiment of the present invention can foresee the use of a plurality
of emitting means and a plurality of detecting means, differently positioned with
respect to the axial direction.

The architecture of the apparatus has been described as an example of an
embodiment, and it is thus possible to foresee other embodiments, for example by
foreseeing a cover that can be rigidly fixed to the rest of the structure through the
use of screws or similar.

In a possible embodiment it is possible to foresee further safety sensors that can
interact with those already present.

The man skilled in the art can bring modifications and/or replacements of
described elements with equivalent elements to the embodiments described above,

in order to satisfy specific requirements, without for this reason departing from
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the scope of the attached claims.
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CLAIMS
1. Apparatus for measuring the blood parameters in an extracorporeal circuit,
comprising:

a seat (23) suitabie for containing a duct (14) for the blood flow of said
extracorporeal circuit;

electromagnetic radiation emitting means (16);

electromagnetic radiation detecting means (18), said means (16, 18) facing the
seat (23); and

a control unit (38) to which said emitting means (16) and said detecting means
(18) are connected,

characterised in that

said electromagnetic radiation emitting means (16) are suitable for producing
electromagnetic radiation at different wavelengths, said electromagnetic radiation
detecting means (18) are suitable for detecting the electromagnetic radiation
diffused in the blood at said wavelengths, and in that the control unit (38) is
suitable for calculating values of blood parameters through a correlation between
reference values and ratios obtained from values of the light intensity of the
radiation detected at at least two different wavelengths.

2. Apparatus according to the preceding claim characterised in that said
emitting means (16) are suitable for emitting electromagnetic radiation at
wavelengths corresponding to the water absorption peaks.

3, Apparatus according to claim 1 or 2 characterised in that said emitting
means (16) are suitable for emitting electromagnetic radiation at four different
wavelengths.

4. Apparatus according to claim 3 characterised in that said emitting means
(16) are suitable for emitting electromagnetic radiation at wavelengths: A=805nm,
B=660nm, C=1450nm, D=1550nm.

5. Apparatus according to any one of the preceding claims characterised in
that it comprises a temperature detector (28) facing the seat (23) and connected to
the control unit (38).

6. Apparatus according to the preceding claim characterised in that said
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temperature detector (28) is an infrared temperature sensor having a wide band
reception in the range of middle-infrared electromagnetic radiation up to 15000
nm.

7. Apparatus according to any one of the preceding claims characterised in
that it compﬁses a first temperature sensor (32) suitable for measuring the
operating temperature of the detecting means (18).

8. Apparatus according to any one of the preceding claims characterised in
that it comprises a second temperature sensor (34) suitable for measuring the
blood temperature.

9. Apparatus according to any one of the preceding claims characterised in
that said emitting means (16) emit a train of impulses of constant width and
frequency at at least one wavelength.

10. Apparatus according to any one of the preceding claims characterised in
that it comprises:

a central body (20) comprising the seat (23);

a base (13), associated with the central body (20), to which the emitting and
detecting means (16, 18) are connected so that they are contained inside the space
located between body (20) and base (13); and

holes (24, 26), formed on the seat (23) and distributed in a substantially axial
direction, for the optical connection between the duct (14) and the emitting means
(16) and detecting means (18), respectively.

11.  Apparatus according to any one of the preceding claims characterised in
that it comprises holes (30, 36) formed on the seat (23) and distributed in a
substantially axial direction, for the optical connection between the duct (14) and
the temperature detector (28) and for the contact between the second sensor (34)
and the duct (14), respectively.

12. Method for measuring blood parameters comprising the steps of:

emitting electromagnetic radiation in the form of a sequence of pulses of at least
two different wavelengths;

detecting the radiation diffused in the blood by said at least two wavelengths;
calculating the values of the blood parameters correlating reference values to the

ratio between the intensity of the electromagnetic radiation detected at said at least
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two different wavelengths.

13. Method according to the previous claim characterised in that the oxygen
saturation value (sO,%) is obtained by correlating to calibration curves the ratio
R,=h(A)/,(B) between a first intensity of detected electromagnetic radiation
I,(A) and a second intensity of detected electromagnetic radiation I(B).

14.  Method according to any one of claims 12 or 13 characterised in that the
oxygen saturation value (sO,%) is obtained by correlating the ratio R,=I,(A)/L,(B)
between intensity of detected electromagnetic radiation to calibration values
approximated with a mathematical function of the second order. |

15.  Method according to any one of claims 12 to 14 characterised in that the
hematocrit value (Ht%) is obtained by correlating to calibration curves the ratio
Ri=L(AY[L(C)+(D)] between the intensities of electromagnetic radiation
detected I,(A), ,(C) and I,(D)

16.  Method according to any one of claims 12 to 15 characterised in that the
hematocrit value (Ht%) is obtained by correlating the ratio Rj=Li(A)/[lL,(C)+1,(D)]
between the intensities of electromagnetic radiation detected to calibration values
approximated with a mathematical function of the third order.

17.  Method according to any one of claims 12 to 16 characterised in that the
values of the blood parameters calculated are corrected based on the blood
temperature.

18.  Method according to any one of claims 12 to 17 characterised in that the
values of the blood parameters calculated are corrected based on the value of the
operating temperature of the detecting means (18).

19.  Method according to one of claims 12 to 18 characterised in that the
calculated oxygen saturation value of the blood (s0,%) is corrected based on the
hematocrit value (Ht%).

20.  Method according to one of claims 12 to 19 characterised in that the
calculated hematocrit value (Ht%) of the blood is corrected based on the oxygen
saturation value (s0,%).

21.  Method according to any one of claims 12 to 20 comprising the steps of:

emitting a train of pulses at constant intensity and frequency;
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detecting the train of pulses; and

processing the detected train of pulses and

associating the presence and size of an embolus with the time period in which the
vanation in intensity of the detected radiation exceeds a certain threshold.

22.  Method according to the preceding claim characterised in that a
computation of the volume of air accumulated both as single embolus and as a
sum of microemboli is carried out and consequently an alarm and/or a stop of the

blood flow is generated if a risk threshold determined for the patient is exceeded.
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