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(57) ABSTRACT 

The invention relates to a method of calibrating a pulse 
oXimeter, in Which the effects caused by tissue of a subject 
can be taken into account. A detector output signal is 
measured When living tissue of the subject is present 

betWeen emitters and the detector in a sensor. Nominal 

calibration and nominal calibration characteristics are read 

from a memory, Whereupon values for the same nominal 
characteristics for the sensor on living tissue of the subject 
are established using the detector output signal. Then, 
changes in the nominal calibration characteristics induced 
by the living tissue are calculated and a subject-speci?c 
calibration is formed by correcting the nominal calibration 
With the changes. Finally, the hemoglobin fractions are 
solved using the corrected nominal calibration. The inven 
tion also relates to a pulse oXimeter having pre-stored data 
in a memory comprising data of initial characterization 
measurements, data of nominal characteristics describing 
calibration conditions under Which a predetermined calibra 
tion of the apparatus has been applied, and data of nominal 
calibration and nominal calibration characteristics. An 
extinction coefficient compensation block is operatively 
connected to the ?rst signal processing means and to the 
memory for reading data, said block comprising ?rst calcu 
lation means adapted to correct the nominal characteristics 
of the sensor on living tissue of the subject. Atransformation 
compensation block is operatively connected to the ?rst 
signal processing means for receiving the DC signals and to 
the memory for reading data, said block comprising second 
calculation means adapted to correct the transformation 
values based on the changes in the DC signals induced by 
tissue of the subject. Alternatively, said data may be stored 
in the sensor part of the pulse oXimeter. 
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COMPENSATION OF HUMAN VARIABILITY IN 
PULSE OXIMETRY 

FIELD OF THE INVENTION 

[0001] The invention relates generally to pulse oximeters 
used to detect blood oxygenation. More speci?cally, the 
invention relates to a method for taking into account human 
variability in pulse oximeters. The invention further relates 
to a sensor alloWing compensation for the inaccuracies 
caused by human variability, the sensor being an integral 
part of the pulse oximeter. 

BACKGROUND OF THE INVENTION 

[0002] Pulse oximetry is at present the standard of care for 
continuous monitoring of arterial oxygen saturation (SPOZ). 
Pulse oximeters provide instantaneous in-vivo measure 
ments of arterial oxygenation, and thereby an early Warning 
of arterial hypoxemia, for example. 

[0003] A pulse oximeter comprises a computeriZed mea 
suring unit and a probe attached to the patient, typically to 
a ?nger or ear lobe. The probe includes a light source for 
sending an optical signal through the tissue and a photo 
detector for receiving the signal after transmission through 
the tissue. On the basis of the transmitted and received 
signals, light absorption by the tissue can be determined. 
During each cardiac cycle, light absorption by the tissue 
varies cyclically. During the diastolic phase, absorption is 
caused by venous blood, tissue, bone, and pigments, 
Whereas during the systolic phase there is an increase in 
absorption, Which is caused by the in?ux of arterial blood 
into the tissue. Pulse oximeters focus the measurement on 
this arterial blood portion by determining the difference 
betWeen the peak absorption during the systolic phase and 
the constant absorption during the diastolic phase. Pulse 
oximetry is thus based on the assumption that the pulsatile 
component of the absorption is due to arterial blood only. 

[0004] Light transmission through an ideal absorbing 
sample is determined by the knoWn Lambert-Beer equation 
as folloWs: 

I WEI-mi“ (1) 
[0005] Where Iin is the light intensity entering the sample, 
Iout is the light intensity received from the sample, D is the 
path length through the sample, 6 is the extinction coef?cient 
of the analyte in the sample at a speci?c Wavelength, and C 
is the concentration of the analyte. When Iin, D, and e are 
knoWn, and IOut is measured, the concentration C can be 
calculated. 

[0006] In pulse oximetry, in order to distinguish betWeen 
tWo species of hemoglobin, oxyhemoglobin (HbOZ), and 
deoxyhemoglobin (RHb), absorption must be measured at 
tWo different Wavelengths, i.e. the probe includes tWo dif 
ferent light emitting diodes (LEDs). The Wavelength values 
Widely used are 660 nm (red) and 940 nm (infrared), since 
the said tWo species of hemoglobin have substantially dif 
ferent absorption values at these Wavelengths. Each LED is 
illuminated in turn at a frequency Which is typically several 
hundred HZ. 

[0007] The accuracy of a pulse oximeter is affected by 
several factors. This is discussed brie?y in the folloWing. 

[0008] Firstly, the dyshemoglobins Which do not partici 
pate in oxygen transport, i.e. methemoglobin (MetHb) and 
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carboxyhemoglobin (COHb), absorb light at the Wave 
lengths used in the measurement. Pulse oximeters are set up 
to measure oxygen saturation on the assumption that the 
patient’s blood composition is the same as that of a healthy, 
non-smoking individual. Therefore, if these species of 
hemoglobin are present in higher concentrations than nor 
mal, a pulse oximeter may display erroneous data. 

[0009] Secondly, intravenous dyes used for diagnostic 
purposes may cause considerable deviation in pulse oxime 
ter readings. HoWever, the effect of these dyes is short-lived 
since the liver puri?es blood ef?ciently. 

[0010] Thirdly, coatings like nail polish may in practice 
impair the accuracy of a pulse oximeter, even though the 
absorption caused by them is constant, not pulsatile, and 
thus in theory it should not have an effect on the accuracy. 

[0011] Fourthly, the optical signal may be degraded by 
both noise and motion artifacts. One source of noise is the 
ambient light received by the photodetector. Many solutions 
have been devised With the aim of minimiZing or eliminating 
the effect of the movement of the patient on the signal, and 
the ability of a pulse oximeter to function correctly in the 
presence of patient motion depends on the design of the 
pulse oximeter. One Way of canceling out the motion artefact 
is to use an extra Wavelength for this purpose. 

[0012] A further factor affecting the accuracy of a pulse 
oximeter is the method used to calibrate the pulse oximeter. 
Usually the calibration is based on extensive empirical 
studies in Which an average calibration curve is determined 
based on a high number of persons. By means of this 
calibration curve, Which relates the oxygen saturation of 
blood to pulse oximeter signals, the average difference 
betWeen the theory and practice (i.e. in-vivo measurements) 
is taken into account. The calibration curve typically maps 
the measured in-vivo signal to a corresponding SpO2 value. 

[0013] Pulse oximeters, hoWever, can also utiliZe the Lam 
bert-Beer model for calculating the concentrations of the 
different Hb species. In this method of calibration, the 
measurement signals must ?rst be transformed into signals 
applicable to the Lambert-Beer model for calculation. This 
transformation constitutes the calibration of the pulse 
oximeter, since it is the step Which adapts the in-vivo signals 
to the Lambert-Beer theory, according to Which the pulse 
oximeter is designed to operate. Thus, the calibration curves 
can also be in the form of transformations used to adapt the 
actual in-vivo measurements to the Lambert-Beer model. 

[0014] Transformations are discussed for example in US. 
Pat. No. 6,104,938, Which discloses a calibration method 
based on the absorption properties of each hemoglobin 
component, i.e. on the extinction coefficients of blood. In 
this method, the effective extinction coefficients are deter 
mined for each light signal via a mathematical transforma 
tion from the extinction coef?cients according to the Lam 
bert-Beer theory. 

[0015] BeloW, the solution according to the invention is 
discussed With reference to a pulse oximeter utiliZing the 
above-mentioned transformations and four different Wave 
lengths. As mentioned above, US. Pat. No. 6,104,938 
discloses a pulse oximeter utiliZing the transformations. 

[0016] FIG. 1 is a block diagram of a pulse oximeter 
utiliZing four different Wavelengths. Light from four differ 



US 2005/0250998 A1 

ent LEDs 10a, 10b, 10c, and 10d, each operating at a 
respective Wavelength, passes into patient tissue, such as a 
?nger 11. The light propagated through or re?ected from the 
tissue is received by a photodetector 12, Which converts the 
optical signal received into an electrical signal and feeds it 
to an input ampli?er 13. The ampli?ed signal is then 
supplied to a control unit 14, Which carries out calculation 
of the amount of the Hb-derivatives in the blood. The control 
unit further controls the LED drive 15 to alternately activate 
the LEDs. As mentioned above, each LED is typically 
illuminated several hundred times per second. 

[0017] When each LED is illuminated at such a high rate 
as compared to the pulse rate of the patient, the control unit 
obtains a high number of samples at each Wavelength for 
each cardiac cycle of the patient. The value of these samples 
(i.e. the amplitude of the received signal) varies according to 
the cardiac cycle of the patient, the variation being caused by 
the arterial blood, as mentioned above. The control unit 14 
therefore utiliZes four measurement signals, as shoWn in 
FIG. 2, each being received at one of the Wavelengths. 

[0018] In order for variations in extrinsic factors, such as 
the brightness of the LEDs, sensitivity of the detector, or 
thickness of the ?nger, to have no effect on the measurement, 
each signal received is normaliZed by extracting the AC 
component oscillating at the cardiac rhythm of the patient, 
and then dividing the AC component by the DC component 
of the light transmission or re?ection. The signal thus 
obtained is independent of the above-mentioned extrinsic 
factors. Thus in this case the control unit utiliZes four 
normaliZed signals, Which are in the folloWing denoted With 

AC; 

[0019] Where i is the Wavelength in question (in this basic 
embodiment of the multi-Wavelength pulse oximeter i=1, 2, 
3, 4), ACi is the AC component at Wavelength i, and DCi is 
the DC component at Wavelength i. The signals dAi are also 
referred to beloW as modulation signals. The modulation 
signals thus indicate hoW absorption is affected by the 
arterial blood of the patient. 

[0020] The above-described measurement arrangement 
corresponds to a conventional four-Wavelength pulse oxime 
ter. The operation of the pulse oximeter is discussed in more 
detail beloW. 

[0021] The theory of pulse oximetry is generally presented 
as being based on the Lambert-Beer LaW. According to this 
theory, light transmission through the tissue at each Wave 
length is exponentially dependent on the absorbance of the 
tissue (Eq. 1). This theory is generally accepted and estab 
lished as a good model for pulse oximetry. 

[0022] Next to be discussed is the theory and formalism on 
Which the method of the invention is based. 

[0023] According to the Lambert-Beer theory and for a 
system of tWo analytes, the signals described above can be 
presented as folloWs: 
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[0024] Where dA is a common factor Which depends 
on the absolute values, i.e. inter alia on the total 
amount of hemoglobin, eiHboz is the extinction coef 
?cient of oxyhemoglobin at Wavelength i (i=1-4), 
eiRHb is the extinction coef?cient of deoxyhemoglo 
bin at Wavelength i, HbO2 is the concentration frac 
tion of oxyhemoglobin, and RHb is the concentration 
fraction of deoxyhemoglobin. 

[0025] Using a matrix notation, the above dependencies 
can be expressed for a system of n Wavelengths and n 
analytes as folloWs: 

dAl s11 “.51” HbXl (2) 

dA2 s21 “.52” HbX2 
= C* - 

dAn an] ...s,m HbXn 

[0026] Where dAi is the differential change in absorption 
(i.e. the modulation signal) at Wavelength M, eij is the 
extinction coef?cient of the hemoglobin derivative HbXi at 
Wavelength M, and the constant C accounts for the change 
of units to fractional percentages of the concentrations of the 
analytes HbXj. 
[0027] FIG. 3 shoWs the extinction coef?cients (eHbO2 and 
eRHb) of oxyhemoglobin (HbO2) and deoxyhemoglobin 
(RHb) as a function of the Wavelength. Point P shoWn in the 
?gure is the isobestic point of oxyhemoglobin (HbO2) and 
deoxyhemoglobin (RHb). The point has the special property 
that the modulation signal at the Wavelength in question 
does not depend on the respective proportions (relative 
concentrations) of the hemoglobin species. Thus at the 
Wavelength of point P the effect of the relative concentra 
tions of oxyhemoglobin and deoxyhemoglobin on the result 
of the measurement is nil. It should be noted, hoWever, that 
the modulation signal is independent of the relative concen 
trations only, not of the absolute concentrations. Thus, the 
absolute amount of the hemoglobin species has an effect on 
the result of the measurement. 

[0028] As is knoWn, there is a difference betWeen the 
Lambert-Beer theory and the practical measurements. The 
difference is due to the fact that the Lambert-Beer theory 
does not take into account the scattering and non-homoge 
neity of the tissue, Whereas the actual extinction coefficients 
are also dependent on the scattering of light caused by the 
tissue and blood, and on the combined effect of absorption 
and scattering. The larger the proportion of the attenuation 
caused by absorption and scattering, the larger is the cor 
rection needed betWeen the actual and the theoretical (non 
scatter) domains. This correction betWeen these tWo 
domains can be represented by the transformation curves 
discussed above, by means of Which the actual in-vivo 
measurements are mapped to the Lambert-Beer model. 

[0029] The transformation can be expressed, for example, 
as folloWs: 
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[0030] Where 

N _ dAk 
kl — Tl 

[0031] is the modulation ratio (the superscript indicating 
the domain) and the subscripts k and 1 indicating the 
Wavelengths in question), and g is the transformation, for 
instance in the form of a polynomial function, transforming 
the L-B N-values to the corresponding N-values in the 
in-vivo domain. The g'1 in Eq. 3 is the inverse transforma 
tion, ie the inverse function, for transforming the measured 
in-vivo values to the ideal, non-scatter, values in the L-B 
domain 

[0032] FIGS. 4a to 4f illustrate the average transformation 
curves measured for a pulse oximeter, Where the tWo Wave 
lengths for measuring the tWo species of hemoglobin are 660 
nm and 900 nm and the third Wavelength is either 725 nm 
or 805 nm. FIGS. 4a to 4c illustrate the transformation 
curves for a pulse oximeter With the third Wavelength being 
725 nm, and FIGS. 4a' to 4f illustrate the transformation 
curves for a pulse oximeter With the third Wavelength being 
805 nm. Each curve shoWs the Lambert-Beer Nk)1 as a 
function of the in-vivo Nk1 at Wavelengths k and l. 

[0033] FIG. 5 is a flow diagram describing the general 
measurement principle described in US. Pat. No. 6,104,938. 
In this method, the above-mentioned Nklin'ViVO values are 
?rst determined from the values measured (step 51). The 
average transformations gk1 are then used to convert the 
measured in-vivo values to values NklL'B, Which can be used 
in the ideal Lambert-Beer model (step 52). Other input 
values needed for the Lambert-Beer model are also deter 
mined (step 53). In practice these input values are the ideal 
(nominal) extinction coefficients of the analytes to be mea 
sured, the extinction coefficients being given for the center 
Wavelengths used in the measurement. The converted trans 
formation values and the nominal input values (i.e. nominal 
extinction coefficients) are then used according to the Lam 
bert-Beer model to calculate the concentrations of the 
desired analytes (step 54). Thus in this approach the in-vivo 
values Nklin'ViVO measured from the tissue are converted to 
the ideal in-vitro (cuvette) environment, Where the ideal 
oximetry model (i.e. the Lambert-Beer model) is applied to 
yield the desired concentrations. 

[0034] 
prior art technique is to map the modulation ratio Nkl 
directly to the SpO2 percentage measured. In this simple 
case the transformation is not necessary, though the trans 
formation technique together With the solution in the Lam 
bert-Beer domain can be utiliZed as Well. 

In the standard tWo Wavelength pulse oximetry the 
in-vivo 

[0035] There are tWo basic Ways to determine the average 
transformation, a theoretical approach and an empirical 
approach. In the empirical approach the measurements are 
made in the tissue by taking blood samples and measuring 
the actual proportions of the hemoglobin species and then 
determining the value of NklL'B on the basis of the measured 
proportions. The transformation is then obtained as the 
relationship betWeen the values based on the blood samples 
and the values given by empirical measurements as mea 
sured by the pulse oximeter. The theoretical approach, in 
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turn, is based on a knoWn tissue model, Which takes into 
account the characteristics of the tissue as referred to above, 
Which are ignored in the Lambert-Beer model. A ?rst value 
is determined for in-vivo Nkl by means of the tissue model 
and a second value on the basis of the Lambert-Beer model. 
The tissue parameters of the model are determined so that 
the knoWn 2-Wavelength calibration (so-called R-curve) is 
reproduced. Then using these tissue parameters and the 
Wavelength dependence of the tissue model, the relation of 
the in-vivo Nk1 and the Lambert-Beer Nk1 is extrapolated to 
other Wavelengths in order to obtain the transformations at 
these neW Wavelengths. Thus in the theoretical approach no 
neW empirical measurements are made. 

[0036] In practice the transformation can be a quadratic 
equation yielding a correction of the order of 20 percent to 
the measured Nklin'ViVO value, for example. As discussed 
beloW, the transformation data (i.e. the transformation 
curves) are preferably stored in numeric form in the pulse 
oximeter or the sensor. The number of transformation curves 
stored in the pulse oximeter can vary, depending on the 
number of Wavelengths used, for example. Typically there is 
a transformation curve for each Wavelength pair. 

[0037] As mentioned above, the accuracy of a pulse 
oximeter utiliZing an average transformation is not neces 
sarily suf?cient, especially if analytes Which are Weak 
absorbers are to be measured or if tWo analytes absorb 
similarly, Whereby it is difficult to distinguish the said 
analytes from each other. 

[0038] Further, each patient (i.e. subject of the measure 
ment) has a calibration curve of his or her oWn, Which 
deviates from the average calibration curve calculated on the 
basis of a high number of patients. This is due to the fact that 
for each patient the characteristics of the tissue through 
Which light is transmitted deviate from those of an average 
patient. 

[0039] This causes one draWback of the current pulse 
oximeters; they are incapable of taking this human variabil 
ity into account. Human variability here refers to any and all 
factors causing patient-speci?c variation in the calibration 
curve, including time-dependent changes in the calibration 
curve of a single patient. As discussed in the above-men 
tioned US. Patent, subject-dependent variation can also be 
seen as an effect of a third substance, such as a third 
hemoglobin species in the blood. HoWever, the variation can 
also be interpreted as a subject-dependent change in the 
calibration curve of the pulse oximeter. 

[0040] Without compensation for human variability, the 
accuracy of current pulse oximeters is about 12% SpO2. 
HoWever, in multi-Wavelength applications in general, and 
especially if Weak absorbers, such as COHb, are to be 
measured, the human variability represents a much more 
serious problem. Therefore, techniques of compensation for 
these inaccuracies are called for. 

[0041] It is an objective of the invention to bring about a 
solution by means of Which the effects caused by the tissue 
of the subject can be taken into account When a pulse 
oximeter is calibrated. In other Words, it is an objective of 
the present invention to create a pulse oximeter Which can 
take into account the differences caused by an individual 
subject as compared to the average calibration or transfor 
mation curve Which the current pulse oximeter relies on. 
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[0042] A further objective of the invention is to bring 
about a general-purpose solution for the compensation of 
inaccuracies caused by human variability in pulse oximetry, 
a solution Which is not limited to the particular general 
calibration method employed in the pulse oximeter, but 
Which can be applied to any pulse oximeter regardless of its 
current built-in calibration method. 

SUMMARY OF THE INVENTION 

[0043] These and other objectives of the invention are 
accomplished in accordance With the principles of the 
present invention by providing a mechanism by means of 
Which the subject-speci?c deviation in the tissue-induced 
effects on the accuracy of the pulse oximeter can be taken 
into account. Thus, the accuracy of the pulse oximeter is 
improved by taking into account the subject-speci?c light 
transmission through the tissue, and changing the values 
input to the ideal model, ie the nominal transformation and 
the nominal extinction coefficients, on the basis of the 
measurement to compensate for the subject-speci?c 
changes. 
[0044] In the method of the invention, the effect of tissue 
is taken into account and the inaccuracies caused by subject 
speci?c variation in that effect are compensated for. This is 
implemented by de?ning a nominal calibration for the 
apparatus and making initial characteriZation measurements 
in order to de?ne the characteristics Which describe the 
conditions under Which the nominal calibration has been 
de?ned. Reference data indicating the characteristics are 
stored for subsequent in-vivo measurements in Which light 
transmission through the actual tissue of the patients is 
measured. (Initial characteriZation measurements here refer 
to the measurements performed before the apparatus is taken 
into use. The term is used to refer to A the characteriZation 
measurements Without tissue, i.e. mainly characteriZation of 
the optical components of the sensor, and B the character 
iZation measurements of the tissues in volunteered or hos 
pitaliZed subjects for Which the nominal calibration of the 
oximeter is established.) Individual subject-speci?c calibra 
tion is then de?ned based on the nominal calibration, and the 
reference data created in connection With the initial charac 
teriZation measurements in the subject group in the nominal 
calibration, the in-vivo measurements in an individual 
patient and the in-vivo characteriZation measurements, 
de?ning the tissue characteristics of the individual patient in 
the in-vivo measurement. (In-vivo characteriZation mea 
surements here refer to the characteriZations performed 
When the apparatus is in actual use.) The in-vivo character 
iZation also includes a step in Which the information from 
the optical properties of the particular sensor, used in the 
in-vivo measurement of the individual patient, is read into 
the oximeter. Thus, the inaccuracies are eliminated by means 
of comparing the optical properties of the sensors and the 
characteristics of the tissues in the calibration measurements 
and the in-vivo measurements in the individual patient. Thus 
the initial characteriZation measurements are used to create 
the reference data so that light transmission measured sub 
sequently through the tissue of a subject can be used to 
correct the nominal calibration for that particular subject. 

[0045] Thus in one aspect the invention provides a method 
for compensating for subject-speci?c variability in an appa 
ratus intended for non-invasively determining the amount of 
at least tWo light absorbing substances in the blood of a 
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subject and being provided With emitter means for emitting 
radiation at a minimum of tWo different Wavelengths and 
With detector means for receiving the radiation emitted, the 
method comprising the steps of 

[0046] carrying out initial characteriZation measure 
ments, said measurements to include the measuring 
of radiation received by the detector, 

[0047] based on the initial characteriZation measure 
ments, establishing nominal characteristics describ 
ing conditions under Which the nominal calibration 
is established, 

[0048] calibrating the apparatus using a nominal cali 
bration, 

[0049] storing reference data indicating the nominal 
characteristics and nominal calibration, 

[0050] performing in-vivo characteriZation measure 
ments on a living tissue, said measurements to 
include the measuring of radiation emitted through 
the tissue and received by the detector means is 
measured, 

[0051] performing simultaneously With the in-vivo 
characteriZation measurement measurements, 
Wherein the pulsative light absorption is measured, 

[0052] based on the in-vivo measurements, establish 
ing characteristics describing conditions under 
Which the in-vivo measurement is done, 

[0053] based on the in-vivo characteristics and the 
reference data stored, determining tissue-induced 
changes in the nominal characteristics, and 

[0054] compensating for subject-speci?c variation in 
the in-vivo measurements by correcting the nominal 
calibration on the basis of the tissue-induced 
changes. 

[0055] In a preferred embodiment of the invention the 
method is divided in tWo steps so that the ?rst step com 
pensates for the inaccuracies caused by tissue-induced and 
sensor-induced Wavelength shift and the second step com 
pensates for the inaccuracies caused by internal effects 
occurring in the tissue. The ?rst step is then used to correct 
the extinction coef?cients of the blood analytes to be mea 
sured, and the second step is used to correct the average 
transformation stored in the pulse oximeter. 

[0056] In a further preferred embodiment of the invention 
the effect of the temperature is also compensated for in 
connection With the ?rst step. 

[0057] The method is not limited to pulse oximeters 
explicitly using the transformations, but can be applied to 
any pulse oximeter. HoWever, the method is preferably 
applied to a pulse oximeter based on a transformation, since 
in a preferred embodiment the method is implemented by 
carrying out changes separately in the transformation and in 
the extinction coef?cients. 

[0058] In another aspect, the invention provides an appa 
ratus for non-invasively determining the amount of at least 
tWo light absorbing substances in the blood of a subject, the 
apparatus comprising 
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[0059] emitter means for emitting radiation at a mini 
mum of tWo different Wavelengths, 

[0060] detector means for receiving said radiation at 
each of said Wavelengths and producing at least tWo 
electrical output signals, 

[0061] ?rst signal processing means for processing 
said output signals and producing a modulation 
signal for each Wavelength, Whereby each modula 
tion signal represents the pulsating absorption 
caused by the arterialiZed blood of the subject, 

[0062] second signal processing means for applying a 
predetermined calibration on said modulation sig 
nals, Whereby transformed modulation signals appli 
cable in the Lambert-Beer model are obtained, 

[0063] memory means for storing and reading refer 
ence data indicating nominal characteristics under 
Which said predetermined calibration has been 
applied, 

[0064] ?rst compensation means, operatively con 
nected to the memory means, for determining tissue 
induced changes in the nominal characteristics, 

[0065] second compensation means, operatively con 
nected to the ?rst compensation means, for de?ning 
a subject-speci?c calibration by correcting the pre 
determined calibration on the basis of the tissue 
induced changes, and 

[0066] calculation means, responsive to the second 
compensation means, for determining said amounts, 
and 

[0067] display means. 

[0068] In a still further aspect, the invention provides a 
sensor for collecting measurement data for a pulse oXimeter 
intended for non-invasively determining the amount of at 
least tWo light absorbing substances in the blood of a 
subject, the sensor comprising 

[0069] emitter means for emitting radiation at a mini 
mum of tWo different Wavelengths, 

[0070] detector means for receiving said radiation at 
each of said Wavelengths and for producing at least 
tWo electrical output signals, 

[0071] storage means including nominal calibration 
and reference data indicating nominal characteristics 
describing calibration conditions of the pulse oXime 
ter, said data alloWing apparatus connected to the 
sensor to determine tissue-induced changes in the 
nominal characteristics When radiation is emitted 
through said tissue. 

[0072] Preferred embodiments of the invention are dis 
cussed in more detail beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0073] In the folloWing, the invention and its preferred 
embodiments are described more closely by referring to the 
appended draWings, Wherein: 

[0074] FIG. 1 illustrates the basic embodiment of a pulse 
oXimeter according to the present invention; 
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[0075] FIG. 2 illustrates the signals utiliZed in the pulse 
oXimeter of FIG. 1; 

[0076] FIG. 3 shoWs the extinction coef?cients of tWo 
different species of hemoglobin as a function of Wavelength; 

[0077] FIG. 4a to 4f illustrate the average transformation 
curves for tWo different pulse oXimeters; 

[0078] FIG. 5 is a How diagram illustrating the prior art 
calibration method; 

[0079] FIG. 6 illustrates an eXample of the transmission 
curve of human tissue, the curve being employed in the 
compensation of the inaccuracies caused by tissue-induced 
Wavelength shift; 
[0080] FIG. 7 is a How diagram illustrating the general 
principle according to the present invention; 

[0081] FIG. 8 is a How diagram illustrating steps of initial 
characteriZation measurement phase; 

[0082] FIG. 9 depicts stages of the phase of establishing 
nominal characteristics; 

[0083] FIG. 10 is a block diagram depicting different steps 
of the ?rst stage in FIG. 9; 

[0084] FIG. 11 is a block diagram depicting different steps 
of the second stage in FIG. 9; 

[0085] FIG. 12 shoWs compensation of human variability 
in the in-vivo measurement; 

[0086] FIG. 13 depicts received intensity as a function of 
Wavelength; 

[0087] FIG. 14 depicts frequency baseline ?uctuations of 
a plethysmographic Wave signal; 

[0088] FIG. 15 illustrates an embodiment of a sensor 
according to the invention; 

[0089] FIG. 16 illustrates main frame blocks of a pulse 
oXimeter, and 

[0090] FIG. 17 illustrates main blocks of a sensor. 

DESCRIPTION OF THE INVENTION 

[0091] 
[0092] The method of the present invention is imple 
mented in the control unit of the pulse oXimeter on the basis 
of the four modulation signals described above, i.e. the 
novelty of the system resides Within the control unit itself. 
HoWever, to be able to perform the self-calibration in 
conjunction With each patient, the control unit requires some 
pre-calculated data, Which is stored in the memory of the 
pulse oXimeter. Instead of being stored in conjunction With 
the control unit, this data, or at least part of it, can also be 
stored in the sensor part of the pulse oXimeter. The sensor 
part, including at least the LEDs and the photo detector, is 
connected to the signal processing part, Which includes the 
control unit. Consequently, depending on the overall con 
?guration, the novelty can also reside partly in the sensor. 

Guidelines for Implementing the Invention 

[0093] Human tissue can in?uence the accuracy of a pulse 
oXimeter by tWo different mechanisms. First a direct Wave 
length shift is caused in the LED emission due to the ?ltering 
effect of the tissue. Namely, on one side of the LED center 
Wavelength the absorption may be larger than on the other, 
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whereby the center Wavelength of the transmitted or 
re?ected light is effectively shifted towards the region With 
smaller absorption. The second mechanism is a subtle one. 
It arises from the fact that the arterial blood is in interaction 
With the surrounding tissue, Which can either increase or 
decrease the effective path length through the arterial blood 
layer. The ?rst mechanism is in this context termed the 
external mechanism, since it affects factors external to the 
tissue (Wavelength). The second mechanism is called the 
internal mechanism, as it is caused by internal factors in the 
tissue itself. 

[0094] Therefore, adding tWo compensating processes to 
the prior art mechanism preferably compensates for the 
subject-speci?c variations in the in?uence of tissue. In other 
Words, prior art nominal calibration is corrected With tWo 
compensating process. The ?rst process attends to the sub 
ject-speci?c variation in the external mechanism, and the 
second process attends to the subject-speci?c variation in the 
internal mechanism. The ?rst process preferably controls the 
extinction coef?cients to be input to the Lambert-Beer 
model, While the second process preferably controls the 
value of the transformation used to transform the modulation 
ratios Nklin'ViVO to the Lambert-Beer model Nkll’B. The 
linear equations With the unknoWn analyte concentrations 
are then solved in the Lambert-Beer model, as in the prior 
art method. The degree of these compensations is deter 
mined by DC light transmission through the tissue (the 
measured DC signal), measured both in the initial charac 
teriZation and in-vivo characteriZation conditions. 

[0095] a) Compensating for Tissue Filter Effect to Nomi 
nal Extinction Coef?cient Values 

[0096] Nominal extinction coefficients determined With 
out tissue must be corrected by measuring DC light trans 
mission through tissue and determining the optical charac 
teristics of the particular sensor Without tissue. Based on the 
Without-tissue sensor characteristics neW nominal extinction 
coef?cients Without tissue for the particular in-vivo sensor 
are calculated. Then in the actual in-vivo measurement, 
subject-speci?c extinction coef?cients, i.e. individual 
extinction coef?cients of a patient, are calculated for each 
patient and for each time moment at Which a change of tissue 
properties in-vivo has been observed. Finally, based on the 
Without-tissue optical properties and the in-vivo tissue prop 
erties, the ?nal extinction coef?cient values are found con 
tinuously in real-time, Whereupon said values are input to 
the Lambert-Beer model. 

[0097] We next discuss the mechanisms by Which tissue 
changes the extinction coef?cients (external mechanism) 
and the transformation functions (internal mechanism). We 
introduce a parameter called the Functional Light Transmis 
sion (FLT)i at a Wavelength i, since it is used beloW in order 
to make all DCi values (measured at varying LED emission 
poWers at the four discrete Wavelengths i) comparable to 
each other. Using DC values comparable to each other is in 
practice a prerequisite for unveiling the real effect of the 
tissue on the measurements and the characteristics of the 
tissue. In order to obtain the comparable units, the DC light 
transmission for each LED channel (Wavelength) is ?rst 
measured at a certain emitter drive current, and the measured 
DC value is then reduced in the preampli?er to a detector 
current, Which is normaliZed to an emitter current value of 
1 mA. When measured Without the tissue in the probe, this 
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result is called the Current Transfer Ratio (CTR) of the 
probe. CTR characteriZes the sensor design and the ef? 
ciency of the light transmission from the emitters to the 
detector. It is usually of the order of a feW microAmps (of 
detector current) per one milliAmp (of LED current). NoW 
the tissue (eg a ?nger) is inserted into the probe and the 
CTR is again measured. This result is noW called the 
Functional Current Transfer Ratio (FCTR) because it is the 
CTR measured under conditions of the function of the pulse 
oximeter, ie when the tissue is in place in the probe. The 
FLTi is then calculated for each emitter (Wavelength) as 
folloWs: 

FLT (emitter#k)=F CTR(1 mA—emitter—current)/CTR(1 
mA-emitter-current) 

[0098] Next the CTR and the FCTR concepts Will be 
linked to the Lambert-Beer absorption model and to the 
actual measured intensities in the pulse oximeter. The CTR 
obviously describes hoW the external probe design factors, 
such as the color and geometry of the probe, affect the light 
transmission to the detector. On the other hand, the FLT can 
be associated With the true transmission through the tissue in 
units Which are normaliZed to the emitter efficiency. There 
fore, Eq. 1 can be Written in a slightly different form, as it 
is often Written in transport theory: 

[0099] Where d is the tissue thickness and a is an 
effective absorption coef?cient. The above equation 
has been divided into tWo components. The attenu 
ation factor With oqnt accounts for all internal absorp 
tion effects, such as blood and can be associated to 
the FLT-value as the FLT equals one When no tissue 

(no internal attenuation) is in the probe, and the 
factor With oteXt accounts for all external attenua 
tions, such as geometrical factors and multiple sur 
face re?ections Without light penetration into the 
tissue, and can be associated With the CTR of the 
probe. (The term d‘ denotes the ‘phantom’ absorption 
thickness parameter for the external effects.) The 
term (XeXt is mainly a SpO2 probe design issue Which 
does not in?uence the measurement accuracy as 

such, and thus it need not to be compensated for by 
any means. The FLT at Wavelength k can noW be 
de?ned as: 

1 (5) 

[0100] The FLT thus describes light attenuation caused by 
the tissue, and it can be related to the DC light transmission 
in the pulse oximeter. 

[0101] In the folloWing the compensations are discussed in 
more detail. The compensation of subject-variability causing 
Wavelength shift type interference (i.e. external mechanism) 
is discussed ?rst. 

[0102] In the Lambert-Beer model (see Eq. 2) the effective 
extinctions dje?femve for broadband emitters, such as LEDs, 
can be calculated as folloWs: 
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[0103] Where the integration is over the LED emission 
spectrum LEDi(7»(T)), DET(7») represents the spectral sen 
sitivity of the detector, tissue(7») is the spectral transmission 
of light through the tissue, ej(7») is the spectral extinction of 
the analyte in question, T is the temperature, and 
W=]LED*DET*tissue*67» represents a normaliZation factor. 

[0104] In a preferred embodiment of the invention, the 
radiation emitting means are Light Emitting Diodes (LED), 
but lasers emitting at one single Wavelength are also pos 
sible. For lasers the effective extinction values are the 
extinction values at the laser Wavelength, Which can depend, 
hoWever, on the temperature of the emitter component. In 
the case of a laser, Eg. 6 is thus not needed to calculate the 
effective extinction value. In the preferred embodiment of 
the invention the emitter and detector means are located at 
the tissue site at Which the radiation is transmitted through 
the tissue, but the radiation can also be conducted to and 
from the tissue site in a light conducting ?ber or in equiva 
lent conduction means. In this case Eg. 6 shall also include 
a term for the spectral transmission of the radiation conduc 
tor. A sensor utiliZing light conducting ?bers can be as 
shoWn in FIG. 5 of the above-mentioned US. Pat. No. 
6,104,938. 

[0105] The extinction coefficients can thus be calculated 
according to this equation by determining all the above 
factors, Which depend on the actual Wavelength values, i.e. 
the optical properties of the sensor components and the 
tissue term. HoWever, as the task of determining the exact 
spectral value of Eg. 6 is not possible in connection With a 
real-time pulse oximeter measurement using only a feW 
discrete Wavelength bands, in practice the result of Eg. 6 has 
to be approximated. The compensation is based on deter 
mining nominal extinction coef?cients and approximating 
their Wavelength dependence in advance at the factory and 
using this information in the real measurement situation to 
approximate the ?nal subject-speci?c extinction coef?cients. 

[0106] The compensation algorithm Will noW be presented 
for a 4-Wavelength pulse oximeter according to FIG. 1, 
having four LEDs at nominal Wavelengths of 627 nm, 645 
nm, 670 nm, and 870 nm. The extinction matrix for RHb 

(?rst column), HbO2, HbCO, and metHb (last column) and 
for the above four Wavelengths (627 nm on top) is then 
nominally in L/(mmol*cm). 

1.132 0.1799 0.2734 3.575 (7) 

0.9182 0.1124 0.1337 2.411 

0.7353 0.0885 0.0550 0.5796 

0.2071 0.2772 0.010 0.5754 

E21: 

[0107] This equation (7) describes the nominal extinction 
matrix for the particular sensor used in the in-vivo measure 
ment. Thus the changes of the optical properties of the 
sensor components With respect to the sensor components in 
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the nominal calibration can thus be directly incorporated 
into this extinction matrix, a neW nominal extinction matrix 
for the particular sensor. 

[0108] The above extinction coef?cients have been calcu 
lated applying Eg. 6 at nominal LED drive temperature 
Without the tissue ?ltering term tissue(7»). It then represents 
a nominal extinction matrix for a SpO2 sensor before its 
attachment on the tissue site. This extinction matrix is then 
altered on the basis of the measured ?ltering effect caused by 
tissue, When the sensor is attached on the site. 

[0109] It is noW assumed that the spectral tissue transmis 
sion is as presented in FIG. 6, Which shoWs spectral char 
acteristics of tissue in the same units for each Wavelength, 
i.e. FLT as a function of the Wavelength, based on an 
empirical measurement. In a continuous real-time SpO2 
measurement, the transmission is knoWn at 4 distinct Wave 
length values (the FLT values derived from the DC values in 
the pulse oximeter) marked in the ?gure. At each Wavelength 
the slope of the tissue transmission curve can be determined 
or approximated using the four transmission values. The 
slope then determines the change in the tissue transmission 
in a band of a predetermined Width (100 nm in this example) 
around the center of the LED band. We denote the slopes 
betWeen 627 to 645 nm and 645 to 670 nm by A and B, 
respectively. This de?nition of the slopes is expressed as: 

and 

[0110] Where FLT(7»i) is the measured FLT value deter 
mined at Wavelength M. The estimation of these slopes can 
be improved by calculating the curvature at the center LED 
(645 nm). This curvature (change of the slope/nm) is 

[0111] Finally the expressions are obtained for the slopes 
s at the three red Wavelengths using A and B as parameters: 

[0112] Where the slope at the IR Wavelength has been 
estimated to be constant as it cannot be determined by the 
other LEDs. If We had had another LED, at about 800-1000 
nm range, for example, it could have been used for the 
estimation of the IR slope. Because the extinction curves are 
very ?at at 870 nm and the transmission is usually rather 
high, the tissue pre?lter cannot alter the effective extinction 
coef?cient from its nominal value signi?cantly. The approxi 
mation of a constant transmission slope is thus considered 
suf?cient. 






















