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MEASUREMENTS OF BLOOD SATURATION INSIDE
A VENTRICULAR ASSIST DEVICE?

Information about the level how well arterial bloisdsaturated with oxygen, i.e. the overall patgaturation, in
particular a patient with a ventricular assist dev{VAD) inoculated, is very important for efficieand dependable
course of blood circulation support. The paper gmesthe method for measurement of blood saturatitin oxygen
that is carried out with use of a commercially &alale pulse oximetric sensor upon necessary madifios and
installed directly on a outflow connector of the BAOperability of the presented solution has beerified by
experiments on a flow control test bench with usardmal blood. The final validation of the measgricircuit was
carried out during experiments with an animal. Thempleted experiments demonstrated that both thedidaturation
with oxygen as well as artificial pulse rate canreasured with accuracy. Unfortunately, similar sueaments for
venous blood proved infeasible.

1. INTRODUCTION

The need to supply each cell of a living organisithwoxygen is the indispensable condition to
maintain its vital processes. This function is earrout initially by the respiratory system and tiieod
circulation system of a human body [3]. Most if geyn is conveyed from lungs to cells by oxidized
hemoglobin, whilst a small part of oxygen dissolireblood plasma. According to the gradient of axyg
pressure, released oxygen molecules diffuse tg,cghile carbon dioxide diffuses towards the opjgosi
direction. Arterial blood is saturated with oxygand is conveyed from lungs to cells via the blood
circulation vessels, whilst venous blood is deoxyded and carries carbon dioxide from cells to $urig
is obvious that monitoring of correct saturatiorbtdfod with oxygen is crucial to maintain vital pesses
of humans. The attention should be also paid tofdloe that both the respiratory and the circulatory
systems are responsible for correct oxidizatioblobd.

The basic parameters of oximetry measurementsdaclsaturation of hemoglobin with oxygen
Sp0, referred also to as oxygen blood saturation, e@lé as partial pressure of oxygen p@aturation
measurements make it possible to detect insuftigepply of organism with oxygen (hypoxemia) whilst
abnormally high partial pressure of oxygen is tiastom of toxic oxygen surplus, which is extremely
important for various medical procedures, e.g. agygen therapy [3]. The relationship between the
oxygen saturation and the oxygen partial pressgreexpressed by the dissociation curve of
oxyhemoglobin. [2, 3, 4].

Saturation measurements are really important foicel treatment [7]. In practice, saturation can
be measured by means of invasive methods thatstensitaking samples of arterial blood to deteamin
the saturation level at a laboratory. Otherwiséursdéion is measured during monitoring of the ollera
oxygen managements within a brain hemisphere wheatheeter is introduced directly into a neck artery
[3].

It is also possible to determine the oxygen bloatiration by means of non-invasive photometric
methods that are currently commonly used by climcactitioners [2, 3, 7]. A photometric sensor albyu
measures the absorption of transmitted light byybpakts that can be easily passed throughout by the
radiation emitted from the light source, e.g. @énor an auricle leaf.

Monitoring of blood saturation in patients beindpeted to various medical treatment and in cases
of life hazard is nowadays a standard medical phaee In particular, monitoring of oxygen blood
saturation in patients with a ventricular assistick (VAD) is the matter of crucial importance dige
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failure of the patient natural heart. The efficigrod enforced assistance to the patient’s heatesive

for sufficient supplying of oxygen to all cells atidsues of the organism. In the foregoing contbgt
idea of direct measurement of blood saturationithdtscharged from the outflow connector of thelVA
seems to be really tempting since the measurenemiits can be used as control parameters for
automated operation of the VAD [5, 6, 9, 11].

The possibility to measure oxygen saturation waglkéd on a test bench made up of commercially
available components upon their appropriate maatifim and adjustments. The studies were carried out
within the frameworks of the Long Range ProjecteTiolish Artificial Heart’. The outcome from the
investigations in that field shall be outlined retfurther part of the paper.

2. FUNDAMENTALS FOR MEASUREMENTS OF BLOOD SATURATION
WITH USE OF PHOTOMETRIC METHODS

This section briefly reports key facts related &sign and operation principle of modern pulse
oximeters. Detailed information related to theseies can be found in [2, 3, 4, 7].

The pulse oximetric technique combines the ideaspafctrophotometry and plethysmography,
where body parts with high density of capillary dilovessels are illuminated by means of a lightsur
with further measurements of either reflected @ns$mitted light. Nowadays, the technique with
transmitted light is commonly used due to convergerand reliability of measurements [2, 3].
Photometric sensors are attained to poorly traespdissues of a human organism. However, these is
called ‘transmission window’ with the wavelengtlorft 600 to 1200 nm, i.e. for the radiation at the
border of visible light and near infrared [2, 3]ght radiation with the wavelength falling to thainge
passes through tissues and enables to record aipglsvaveform of heart beating that is referredda
plethysmographic wave. Oxygen blood saturationlmetermined from the recorded waveform owing
to the two following rules:

» spectrometric effect — the rate of red light ab8orpis different for oxyhemoglobin that is reach
with oxygen and deoxyhemoglobin with scarce amaxit

» plethysmographic principle: the length of opticalttp and therefore the rate of light absorption
varies in pace with blood pressure in the circujagystems.

The recorded plethysmographic wave oscillatesnretin line with blood pulsation in irradiated
blood vessels. To achieve a dependable estimatittre @mounts for the two components of hemoglobin,
i.e. oxyhemoglobin and deoxyhemoglobin, two sourckdight are used with different wavelengths,
usually one with the length that corresponds toligdd (ca. 660 nm) and the second one with thgtlen
of near infrared (ca. 905 nm). Upon determinatidnthe variable component (that depends on the
momentary pressure value) and the constant compdtinett depends on damping due to other matters
that obstructs the path of the passing light) far both wavelength of the red and infrared liglstsvall
as under provision that light absorption charastericurve is known for both the hemoglobin satnlat
with oxygen (oxyhemoglobin) and deoxidized (deoxybglobin) one can find out the level of oxygen
blood saturation defined in percents of the loghbglobin. Such a parameter hat can be found oat in
non-invasive method is referred to as the functiaaduration. The functional saturation refers he t
ration of oxidized hemoglobin to the total hemogjotinat is capable to adsorb oxygen.

The value of functional saturation may sometimdéedirom the value of saturation determined by
invasive methods, where so called fractional saturas determined from blood samples with regard t
all hemoglobin fractions. The fractional saturatisrdefined as the ration of oxyhemoglobin to tbilt
amount of hemoglobin that is capable to adsorb emygnd the dysfunctional hemoglobin
(dyshemoglobin).

It must be noted that the characteristic curve light absorption by oxyhemoglobin and
deoxyhemoglobin is usually determined for the pbipgjical saturation range from 70 % to 100 %. The
saturation level of arterial blood below that ramgeonsidered as a serious life hazard for patiand is
not frequent for the clinical practice.

The principle of blood saturation measurement witle of a photometric sensor is shown in the
schematic diagram in figure la, whilst figure llegants the timing for the recorded plethysmographic
wave.
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a) b)

Fig. 1. Design and operation principle of a phottineensor (a) and the timing for the plethysmpbia wave (b).

3. DESIGN OF THE CIRCUIT FOR OXYGEN SATURATION MEASUREENTS

3.1. MEASURING CIRCUIT

Nowadays various manufacturers offer integrate@raatic modules of pulse oximeters that are
able to directly convert signals received from pettric sensors into a digital form. The digitatkage
comprises information about the level of saturagtiogart rate, quality of the plethysmographic wawd
status parameters [10]. Modern high resolution nn@ag circuits provide automatic adjustment of the
conversion scale for the measured constant andblarcomponents within a very wide range. A very
accurate mechanism for control of radiation intgnsi sensors as well as application of light-emgt
element of high luminance may enable to use sudisurgng module that is able to shine through the
blood passing a outflow connector of VAD with catesiably large diameter, although it is much more
difficult than is case of a finger or so, where #maount of passing blood is much less. It is why a
miniature BClI OEM (Original Equipment Manufacturenodule of the WW 3711 type from Smiths
Medical [10] was chosen for measurement of oxygaturation across such a peculiar object as an
outflow connector of a VAD. The module is supporteith an OEM application designed for
communication with the module and for visualizatioh received signals directly on the computer
display.The completed initial tests revealed the plethysmographic wave that is available at the
module output in the digital form after conditiogirand filtration is deprived of much essential
information related to operation of the moduleparticular the information about adaptive contrdlen
luminance of light source is automatically adjusted the ambient conditions of the saturation
measurements. Therefore the decision was made tanee the embedded measuring circuit of the
module with a node that would be responsible fanvession of the original plethysmographic wave
obtained directly from the analog part of the medapplied. Thus, it was necessary to transform the
acquired wave to the form that is suitable for ctireampling with use of an analog-digital (A/D)
converter. It enabled to independently measuredaraponents of the plethysmographic wave, the one
obtained for red light and the other one for irddradiation. The diagram of the measuring cirguit
shown in figure 2a and figure 2b presents the gedmeasuring equipment.
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Fig. 2. The measuring circuit diagram (a) and ageament of the measuring equipment (b).
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3.2.DESIGN OF THE MEASURMENT SPOUT

The photometric sensor of a pulse oximeter to Istalled directly on the measurement spout
(equivalent of outflow connector of VAD) compriseptical components dismantled from an original
finger-attained sensor. Light-emitting diodes (LEDfer the wavelength of 660 nm and 905 nm,
integrated on a common ceramic substrate as wétleadetecting photodiode (PD) were encapsulated in
factory-made plastic housings with the dimensidng.2x 5.6 x 1.6 mm (Fig. 3a).

The measuring spout was made by injection mouldintpe same biocompatible polyurethane that
is also used for production of the VAD. Side waifsthe spout were provided with dedicated sockets t
install photo optical components of the sensor.mMinimize absorption of the light wave the walls of
sockets for photo optical components were thinweithé thickness of 0.3 mm. The rearranged spout was
additionally provided with an extra socket to emaibistallation of a pressure gauge. The issuetetkta
pressure measurement in a VAD are detailed inTBg inner diameter of the measurement spout was
14 mm, which is also the length of the path thatltght has to shine through. The measurement spout
(with no photo optical parts installed) is depictedigure 3b. In addition, side walls of socketeyded
in the spout for photo optical parts were blackHte important thing is to sink sockets for photaicy
parts in such a way that they accurately face oo¢har.

a) b)

Fig. 3. Photo optical components of the photomeseitsor (a) and design details of the measurerpent ).

4. RESULTS OF EXPERIMENTS

In vitro experiments with use of animal blood were cargation a simple flow control test bench
with its arrangement depicted in figure 4. The measent data was visualized by means of the OEM
measuring circuit along with the dedicated appitcasoftware designed for the pulse oximeter module
from BCI as well as with an own-developed measunraglule provided with a software application not
only meant to visualize results of measurementsatad to record initial, analog components of the
plethysmographic wave for both red and infraretitlig-or reference measurements the i-SAT Portable
Handheld was applied [1].

| measurement spout
| (whit photometric sensor)

high pressure
drain

blood
reservoir

Fig. 4. Layout of the flow control test bench dedéx for saturation measurement of animal blood.
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Suitability of the proposed solution for direct meeement of arterial blood saturation with oxygen
was verified with use of heparin pig blood. In trst experiment the saturation indication measured
directly across the measurement spout and theerefe measurements were 80% for the both cases witt
the measuring error less than +2 %, which is i lith technical parameters of the applied pulse
oximeter module [10]. For that case the measuresnainpulse rate corresponded to the artificial hear
rate (AHR) of the VAD. The subsequent experimens &0 performed with use of arterial blood. The
initial saturation was 94 % and dropped to 86 %hatexperiment end due to natural deoxidization of
blood. It was also the case when indications ofghlse oximeter indications matched the results of
reference measurements. The waveforms for plethgsapbic pulsations recorded for the first case are
shown in figure 5.
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Fig. 5. Plethysmographic waveforms recorded forsuesments on arterial blood.

The subsequent series of experiments was interdeerify whether the suggested method can be
applied to measurements on venous blood. The empets were carried out with use of the same flow
control test bench (Fig. 4) on heparinized pig wenblood. The initial experiments performed on weno
blood with saturation at the level of 19 % (meaduby the reference method) demonstrated that the
suggested method is useless for determination ¢dvssaturation level. The reason for the failues |
undoubtedly in the fact that for such low non-pbi@gical values of saturation the characteristioveu
that establishes the relationship between absaorfictor determined for light shining through tHedual
and the percentage value of saturation was unéeild@he physiological saturation of venous blood
normally forced to lungs ranges from 40 + 70 %.

The next experiment also employed venous bloodtHautest bench was additionally provided with
an oxygenerator with the aim to increase of oxygod saturation to a physiological level. The koo
saturation after the oxidization treatment, measitmemeans of the reference instrument, achievel.76
Unfortunately, for that case the saturation measargs with use of the presented solution were necbr
and unsteady. Only measurements of pulse rateideshevith the AHR already set up for the VAD. The
recorded plethysmographic waveforms were substpntisstorted by noises (Fig. 6a). The analysis of
unprocessed, original signals from the photomeseitsor for both red and infrared light, made itsgue
to find out that the pulse oximeter module is atdecorrectly compute the pulse rate but accurate
determination of the venous blood saturation prowddasible due to low dynamic variations of the
recorded waveforms. One can allege that the vanstof signal absorption across a very rigid spatht
a specific diameter caused by variable concentraifdblood cells during a forcing phase is insuéit
for correct reproduction of the heart beating wauaf, in particular the rising edge rates (diff¢iads).
The light absorption components caused by variatminthe optical parts associated with blood vessel
expansion is no existent in that case.

The foregoing hypothesis was proved by measurenesntts achieved with use of a flexible spout
with no alterations to flow resistance of the citctlihe signal strength and quality as well ashgsedge
rates of waveforms substantially with no change$lat resistance that led to steady detection ef th
pulse rate as well as unbiased results for the exygaturation measurements, which correlated to the
referenced values (Fig. 6b)
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a) b)
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Fig. 6. The plethysmographic waveforms recordethfreeasurement on venous blood with a rigid spQguarfe
a spout with improved elasticity (b).
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The final verification of the suggested method fieeasurement of oxygen saturation was carried
out on an animal (a pig with a weight of ca. 100. Kthe sensor for saturation measurements wasdlace
between the outflow connector of the VAD and a cdanserted into the pulmonary artery. The inflow
connector of the VAD was connected to the rightrha&rium with another cannula. The experiment
assumed measurements of oxygen saturation for gdslood with the saturation about 58 % determined
by means of the reference method. The circuit didatiow achieving the full filling and, consequignt
full ejection from the VAD, which resulted in lingitl flow down the measurement spout. The image
recorded for the photoplethysmographic waveformsE{P with insignificant amplitude proved to be
sufficient for measurements of pulse rate but tvotio determine the blood saturation (Fig. 7a).

a)
W«WWW
PLET n

b)

Fig. 7. Plethysmographic waveforms for venous () arterial blood (b) recorded during an experintenan animal.

The final phase of the experiment consisted in eoting the inflow cannula to the left heart
atrium, which definitely improved images for theethlysmographic waveforms and enabled oxygen
saturation measurements for oxidized blood (Fig- The pulse rate, displayed on-line on the display
was 76 miff, which coincided with the AHR of the VAD, whilsasiration indication was 99 %, which
was comparable to the results of measurements earttimal tongue carried out with use of a combo
cardioscope monitor.

5. CONCLUSIONS

The completed studies have led to development @fcait suitable for measurements of oxygen
blood saturation directly across the outflow conoeof a VAD. The measuring circuit arranged for
experiments was subjected to practical verificatognmeans of experiments that were carried out on
animal blood on a simple flow control test benchl aalidated by an experiment with a live animaleTh
achieved results unambiguously demonstrated trasulygested method cane be used for determination
of oxygen saturation for arterial blood. Howeveetetmination of oxygen saturation for venous blood
within the range below 70 % and with the requiredugacy (x2 %) proved infeasible due to non-existen
calibration curves for such low values of saturatigleasurements for the saturation range from %0 %
80 % are possible, but the experiments demonstthtada flexible measurement spout should be made
for installation of photometric sensors to achigaproved stability of measurements.
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The experiment results achieved for materials andpenent used so far shall need revalidation
when coatings are applied to inner surfaces of WA® in order to minimize the risk of blood
coagulation, since such coatings may introducet@aadi and unacceptable absorption of light radrati
with the wavelength of 660 and 905 nm that are deedulse oximetry measurements.
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