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7) ABSTRACT

There is a need for a non-invasive method of calibrating
medical devices at the point of care, where the calibration is
performed without the removal of blood or bodily fluids.
The invention is directed to an approach for calibrating a
first non-invasive sensor in which the tissue being measured
is modulated in some way so as to after the value of the
parameter being measured by the first optical sensor. A
second sensor detects another parameter that also changes
with the modulation. The second sensor is absolutely cali-
brated. Where there is a known relationship between the first
and second parameters, a calibration may be derived for the
first sensor. Such a technique is applicable to calibrating
non-invasive sensors for monitoring a wide variety of physi-
ologic parameters including, inter alia, glucose, blood gases,
blood electrolytes and blood pH.
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CALIBRATION TECHNIQUE FOR NON-INVASIVE
MEDICAL DEVICES

FIELD OF THE INVENTION

[0001] The present invention is directed generally to medi-
cal devices and more particularly to techniques to calibrate
non-invasive devices.

BACKGROUND

[0002] Optical spectroscopy techniques have been devel-
oped for a wide variety of uses within the medical commu-
nity. For example, pulse oximetry and capnography instru-
ments are in widespread use at hospitals, both in the surgery
suites and the post-op ICU’s. These technologies have
historically been based on absorption-based spectroscopy
techniques and have typically been used as trend monitors in
critical care environments where it is necessary to quickly
determine if a patient’s vital parameters are undergoing large
physiologic changes. Given this operating environment, it
has been acceptable for these devices to have somewhat
relaxed precision and accuracy requirements, given the
clinical need for real-time point-of-care data for patients in
critical care situations.

[0003] Both pulse oximeters and capnography instruments
can be labeled as non-invasive in that neither require pen-
etrating the outer skin or tissue to make a measurement, nor
do they require a blood or serum sample from the patient to
custom calibrate the instrument to each individual patient.
These instruments typically have pre-selected global cali-
bration coefficients that have been determined from clinical
trial results over a large patient population, and the results
represent statistical averages over such variables as patient
age, sex, race, and the like.

[0004] There is, however, a growing desire within the
medical community for non-invasive instruments for use in
such areas as the emergency room, critical care ICU’s, and
trauma centers where fast and accurate data are needed for
patients in potentially life threatening situations. One such
measurement needed in these environments is the blood
and/or tissue pH level, which is a measure of the free
hydrogen ion concentration. This is an important measure of
intracellular metabolism. Biological processes within the
human body require a narrow range of pH for normal
function, and significant changes of pH from this range may
be life threatening.

[0005] In addition to pH, it is also typical for the blood
gases (O, and CO,), blood electrolytes, and other blood
chemistry parameters such as glucose, to be measured and
monitored during critical care treatment. Technologies for
making these measurements have been in place for nearly
fifty years in hospital laboratories. These measurements are
made from blood samples drawn from the patient which are
then sent to a laboratory for analysis. These laboratory
measurements are typically made with electrochemical sen-
SOrS.

[0006] Recent developments in non-invasive optical tech-
nology hold the potential that some of these measurements
may be made at the point of care with sufficient precision
and accuracy to carry out critical care monitoring and
treatment. For ease of use, and for meeting accuracy require-
ments, it is desirable that these non-invasive optical devices
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be custom calibrated to each individual patient at the point
of care. The calibration technique should compensate for
each individual’s body chemistry and tissue make-up,
including such things as collagen, elastin, and skin pigmen-
tation, all of which affect skin and tissue optical properties.
Ideally, the calibration technique for these optical sensors is
quick, accurate, and easy to perform.

SUMMARY OF THE INVENTION

[0007] In view of the above discussion, there is a need to
calibrate medical devices at the point of care, where the
calibration is performed without the removal of blood or
bodily fluids. Such a technique may be applicable to a wide
variety of commonly monitored physiologic parameters
during critical care patient management.

[0008] Generally, the present invention relates to an
approach to calibrating a first non-invasive sensor in which
the tissue being measured is modulated in some way so as
to alter the value of the parameter being measured by the
first sensor. A second sensor detects another parameter that
also changes with the modulation. The second sensor is
absolutely calibrated. Where there is a known relationship
between the first and second parameters, a calibration may
be derived for the first sensor.

[0009] One embodiment of the invention is directed to a
method of calibrating a non-invasive sensor for determining
a value of a first physiologic parameter within living tissue.
The method includes non-invasively measuring first values
of the first physiologic parameter and of a second physi-
ologic parameter in the tissue. A known relationship exists
between the first and second physiologic parameters. The
tissue is acted on so as to change the first and second
physiologic parameters. Second values of the first physi-
ologic parameter and of the second physiologic parameter in
the tissue are then measured. The measurements of the first
and second values of the second physiologic parameter are
absolutely calibrated. A calibrated value is then determined
for at least one of the first and second values of the first
physiologic parameter from the first and second values of
both the first and second physiologic parameters.

[0010] Another embodiment of the invention is directed to
a system for determining a value of a first physiologic
parameter within tissue. The system includes first measuring
means for non-invasively measuring first and second values
of the first physiologic parameter in the tissue, and also
includes second measuring means for non-invasively mea-
suring first and second values of a sccond physiologic
parameter in the tissue. A known relationship exists between
the first and second physiologic parameters. The second
measuring means is absolutely calibrated, the system also
includes means for acting on the body so as to change the
first and second physiologic parameters, and means for
determining a calibrated value for at least one of the first and
second values of the first physiologic parameter from the
first and second values of both the first and second physi-
ologic parameters.

[0011] Another embodiment of the invention is directed to
an apparatus for determining a value of a first physiologic
parameter within tissue. The apparatus includes an uncali-
brated, first non-invasive sensor for measuring the first
physiologic parameter of the tissue, and a calibrated, second
non-invasive sensor for measuring a second physiologic
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parameter of the tissue. A processor is coupled to receive
first and second signals from each of the first and second
non-invasive sensors. The processor calculates a point-slope
calibration for the first physiologic parameter from the first
and second signals from each of the first and second non-
invasive sensors when a characteristic of the tissue is
modulated between the first and second signals.

[0012] The above summary of the present invention is not
intended to describe each illustrated embodiment or every
implementation of the present invention. The figures and the
detailed description which follow more particularly exem-
plify these embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The invention may be more completely understood
in consideration of the following detailed description of
various embodiments of the invention in connection with the
accompanying drawings, in which:

[0014] FIGS. 1A and 1B illustrate steps of different
embodiments of a protocol to non-invasively calibrate a
physiologic sensor, according to the present invention;

[0015] FIG. 2 illustrates steps of one embodiment of a
protocol to non-invasively calibrate an optical pH physi-
ologic sensor, according to the present invention;

[0016] FIGS. 3A-3D schematically illustrate embodi-
ments of a physiologic sensor module to non-invasively
calibrate a physiologic sensor, according to the present
invention;

[0017] FIG. 4 schematically illustrates another embodi-
ment of a physiologic sensor module to non-invasively
calibrate a sensor, according to the present invention; and

[0018] FIG. 5 schematically illustrates an embodiment of
a physiologic sensor module to non-invasively calibrate an
optical physiologic sensor placed in-situ in a body cavity or
orifice, according to the present invention.

[0019] While the invention is amenable to various modi-
fications and alternative forms, specifics thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that
the intention is not to limit the invention to the particular
embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling
within the spirit and scope of the invention as defined by the
appended claims.

DETAILED DESCRIPTION

[0020] The present invention is applicable to medical
devices and is believed to be particularly useful for calibrat-
ing non-invasive medical devices at the point of care.

[0021] According to one embodiment of the invention, a
set of calibration coefficients is determined using the known
chemical relationship between at least a first physiologic
parameter (P1) and a second physiologic parameter (P2),
where the physiologic parameters P1 and P2 can be mea-
sured non-invasively. For example, P1 and P2 may be
related to optical spectra that be measured directly. Also, the
technique can accommodate a third physiologic parameter
(P3), which may participate in the equilibrium process
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between physiologic parameters P1 and P2. The measurable
signal, S, can be characterized by equation (1), as follows:

S=S(P1, P2, P3) ¢h)

[0022] That is, the measurable signal, S, is a function of
the three physiologic parameters P1, P2, and P3. Given this
dependence, it may require three independent data points to
accurately calibrate such a system. It is however, common-
place in medical instrumentation to perform a two-point
calibration prior to use which, for linear systems, is some-
times referred to as a point-slope calibration technique.

[0023] In one embodiment, the invention is directed to a
technique to calibrate a medical device which has a mea-
surable signal, S, whose dependence is governed by equa-
tion 1, in only two steps, by using a known relationship
among the physiologic parameters P1, P2, and P3. This
technique may be expanded to include more complicated
physiologic systems having a measurable signal, S' of the
form:

=S(P1, P2, P3 - - - , Pn) )

[0024] where, Pn is the n™ physiologic parameter and use
may be made of the relationship between the physiologic
parameters to reduce the number of measurements needed.
In the above case n measurements may be required if no
relationship among the parameters is identified.

[0025] Alist of steps of an embodiment of a protocol 100
to calibrate a non-invasive medical device is depicted in
FIG. 1A. This particular embodiment is directed to a pro-
tocol for calibrating a device used to measure one physi-
ologic parameter, P1, using calibrated measurements of a
second parameter, P2. A known relationship, of the type
listed as expression (1), exists between the first and second
parameters via a third parameter, P3. In this particular case,
the third parameter remains unchanged when a stimulus is
applied to the patient.

[0026] The protocol 100 may yicld quantitative results
when a known chemical equilibrium/stoichiometry expres-
sion is known between the physiologic parameters of inter-
est. In measurement step 102, the first physiologic parameter
is measured with a non-invasive device that has been
pre-calibrated for the first physiologic parameter. The first
non-invasive device may measure the first physiologic
parameter using any type of non-invasive modality, such as
optical, electrochemical, acoustic, magnetic resonance, bio-
chemical or osmotic assist.

[0027] Measurement step 104 determines the first value of
the second physiologic parameter, the measurement 104
being taken with a non-invasive device which reports pre-
cise, but yet un-calibrated results. Like the first device, the
device used for measuring the second physiologic parameter
may use any suitable non-invasive modality, such as optical,
electrochemical, acoustic, magnetic resonance, biochemical
or osmotic assist. In one embodiment of the invention, the
two measurement devices may be housed within the same
mechanical structure. The measurements of the first and
second physiologic parameters may take place at substan-
tially the same time and at substantially the same physical
location.

[0028] In protocol step 106, a stimulus is applied to the
patient, the stimulus changing both the first and second
physiologic parameters. In one embodiment of the inven-



US 2004/0010186 Al

tion, the stimulus in protocol step 106 is applied to the
patient non-invasively. The stimulus may be applied at the
same physical location that measurements 102 and 104 were
taken.

[0029] Any suitable stimulus that affects the desired physi-
ologic parameters may be used. It is important to understand
that the stimulus applied to the patient may be a systemic
change or a local change. A systemic change is one that is
applied to a large part, or substantially all, of the patient’s
body, as might be expected, for example, with the applica-
tion of one or more drugs.

[0030] A local stimulus is one that is applied to the
patient’s body in substantially only the location of the assay.
For example, the application of localized pressure, localized
induced temperature changes (heating and/or cooling),
directed ultrasonic energy or the like, may result in local
changes to physiologic parameters.

[0031] In protocol step 108, a second measurement of the
first physiologic parameter is recorded with the calibrated
non-invasive device. In protocol step 110, a second value of
the second physiologic parameter is measured with the
precise, but yet un-calibrated, non-invasive device.

[0032] The measurement steps 108 and 110 may be made
at substantially the same time after application of the stimu-
lus in step 106, or may be made while the stimulus is still
being applied. In addition, the measurement steps 108 and
110 may be made at substantially at the same physical
location as the measurements taken at steps 104 and 106.

[0033] At protocol step 112, the known relationship
between the first and second physiologic parameters is used
to eliminate the dependence upon any other physiologic
parameter which may participate in the chemical equilib-
rium between the first and second physiologic parameters.
The third physiologic parameter is substantially unchanged
by the stimulus applied to the patient in step 106.

[0034] Where the known relationship between the first and
second physiologic parameters involves one other physi-
ologic parameter, a third physiologic parameter, then the
third physiologic parameter may be eliminated using the first
and second measurements of the first and second physi-
ologic parameters. If the known relationship involves addi-
tional physiologic parameters, then additional measure-
ments of the first and second physiologic parameters may be
made at different levels of applied stimulus, and the addi-
tional measurements used to eliminate the additional physi-
ologic parameters.

[0035] The calibration coefficients for the second physi-
ologic parameter are calculated at protocol step 114. In the
example case where the relationship between the first and
second physiologic parameters includes only the third physi-
ologic parameter, then the two calibrated data points may be
used to calculate calibration coefficients for the non-invasive
device for the second physiologic parameter.

[0036] The first and/or second parameters may be rela-
tively time-independent, varying slowly with long-term
physiological changes in the body over minutes or longer.
The first and second parameters may also be time-variant.
For example, blood gas and pH level may have pulsatile
characteristics that depend on the pulsatile nature of the
blood flow. On the other hand, physiologic parameters of the
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tissue bed, that are isolated from the pressure variations of
pulsing arterial blood, are less likely to have pulsatile
characteristics and are more likely to take on characteristics
that drift over time.

[0037] Another embodiment of a protocol 120 for cali-
brating a sensor for measuring a physiologic parameter P1
that is related to other parameters through a complex expres-
sion of the type described with reference to expression (2) is
illustrated in FIG. 1B. The signal S is related to n param-
eters, although not all n parameters necessarily change with
application of the stimulus to the patient. Those parameters
that do not change, or whose change is insignificant, under
application of the stimulus to the patient may be treated in
the analysis as constants. Accordingly, N sets of measure-
ments need to be made, where N is the number of parameters
that change with application of the stimulus.

[0038] The protocol 120 commences with a measurement
of the first physiologic parameter using a calibrated sensor,
at step 102. Next, first values of the second physiologic
parameter, and additional physiologic parameters are mea-
sured, at step 124. The second physiologic parameter is the
parameter whose sensor is being calibrated in the protocol,
and is measured using a sensor that is un-calibrated but
precise. The additional parameters may be measured using
un-calibrated but precise sensors, or using calibrated sen-
sors, or a combination of un-calibrated but precise, and
calibrated sensors.

[0039] The stimulus is applied to the patient at step 126,
so that the values of the measured physiologic parameters
change. At step 128, the next value of the first physiologic
parameter is measured using the calibrated sensor. At step
130, the next values of the second parameter and the
additional parameters are measured.

[0040] At step 132, a determination is made as to whether
a sufficient number of measurements have been made. The
number of measurements made for each parameter should be
at least equal to the number parameters being measured, N.
Each measurement for a parameter is made at a different
level of applied stimulus, so that the parameter takes on a
different value. If it is determined that an insufficient number
of measurements has been taken, then the protocol returns to
step 126 and the stimulus is applied at a new level so that the
measured parameters adopt new values. The protocol con-
tinues to accumulate measurements of the different param-
eters at different levels of stimulus until the number of
measurements reaches N,

[0041] Once it has been determined that a sufficient num-
ber of measurements has been made, the known relationship
among the different measurements is used, at step 134, to
eliminate any dependence on any parameters that do not
significantly change under the stimulus. This permits cali-
bration coefficients to be calculated for those physiologic
parameters that were measured using precise, but yet un-
calibrated sensors.

[0042] FIG. 2 depicts steps of an embodiment of a pro-
tocol 200 to calibrate a non-invasive optical pH sensor. The
protocol 200 may yield quantitative results when utilizing
the relationship between the physiologic parameters given in
equation (3), below:

pH=—log([H']=pK-log([CO,J[HCO, ) ®
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[0043] where pH is the negative logarithm of the hydrogen
ion concentration [H*], pK is the logarithm of the equilib-
rium constant, [CO,] is the carbon dioxide concentration,
and [HCO;™] is the bicarbonate ion concentration.

[0044] Under normal physiologic conditions the pH of
human blood is maintained near 7.4 pH units. If, however,
the pH drops below 6.8 (acidic) or rises above 7.8 (alkaline)
the condition can become life threatening. Fortunately, the
pH of human blood is buffered against such large deviations.
For example, when moderate amounts of hydrogen ions, HY,
are added to blood during normal metabolic processes, the
pH of blood is “buffered” against large swings. The reason
is that the pH is dependent only on the ratio of CO, to
bicarbonate ion (pK remains constant, unless the tempera-
ture changes), and under these conditions the CO, level is
slightly elevated with an almost insignificant change in the
bicarbonate level. The change in bicarbonate level is insig-
nificant because the normal bicarbonate level is quite large,
typically in the range of 23 to 25 milli-equivalents per liter.
The protocol 200 utilizes this physiologic situation to sim-
plify the calibration procedure of the non-invasive optical
pH sensor as is outlined below. Accordingly, the change in
bicarbonate level is taken to be substantially constant under
localized changes of pH. Therefore, only two physiologic
parameters, CO, and pH are measured, and so only two
measurements for each parameter are required.

[0045] In measurement step 202, the first value of the CO,
concentration is measured with a calibrated non-invasive
device. In one embodiment of the invention, the CO,
concentration may be measured indirectly by measuring the
partial pressure of CO, of the tissue (commonly designated
as pCO,) generated in its gaseous form. The relationship
between dissolved CO, and the CO,, partial pressure, pCO,,
is given by equation 4, below:

Total ~ Carbon  Dioxide  dissolved=Solubility

coefficient*pCO, €]
[0046] Approaches for non-invasively measuring the CO,
concentration of tissue include optical methods, such as
near-infrared absorbance measurements. In particular, a
method for measuring the CO, content of tissue using an
optical approach is discussed in U.S. patent application Ser.
No. 10/162,028 titled, “Non-invasive Detection of A Physi-
ologic Parameter Within A Body Tissue of A Patient”, by
inventors Edward J. Anderson et al, which is incorporated
herein by reference.

[0047] Instep 204, the first value of physiologic parameter
pH is measured, the measurement being taken with a non-
invasive pH measuring device which reports precise but yet
un-calibrated results. One approach to non-invasively mea-
sure pH is based around a measurement of the fluorescence
of NADH, whose fluorescence efficiency is dependent on the
local pH. This approach is discussed further in U.S. patent
application Ser. No. titled, “Non-invasive Measure-
ment of pH”, by inventors Victor Kimball, Steven Furlong,
and Irvin Pierskalla, Altera Law Group Docket #
1535.2US01, filed on even date herewith, which is incor-
porated herein by reference.

[0048] In one embodiment of the invention, the CO, and
pH measurement devices may be housed within the same
mechanical structure and the measurements may take place
at substantially the same time and at substantially the same
physical location.
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[0049] 1In protocol step 206, a stimulus is applied to the
patient, the stimulus changing both the CO, and pH physi-
ologic parameters. In one embodiment of the invention, the
stimulus in protocol step 206 to the patient is applied
non-invasively and the stimulus is applied at the same
physical location that measurements 202 and 204 were
taken.

[0050] Any suitable stimulus that affects the desired physi-
ologic parameters may be used. The stimulus may affect the
parameter directly or indirectly. Indirect affects may result,
for example, by stopping blood flow to the tissue being
assayed or by changing the metabolism of the tissue being
assayed. An example of a direct effect is injecting a quantity
of one of the physiologic parameters being measured, for
example, glucose or electrolytes. A systemic change in the
physiologic parameters may be expected, for example, after
the administration of a drug that affects metabolism: the
induced change in the body’s metabolism results in a
systemic change in the CO, and/or pH values of the patient,
which may be measured at the measurement site.

[0051] A local stimulus, such as the application of local-
ized pressure, localized induced temperature changes (heat-
ing and/or cooling), directed ultrasonic energy or the like,
may also produce a change in the physiologic parameters. In
addition, a drug may be administered so that it has a local
effect, for example by being applied topically via a DMSO
solution absorbed into the tissue.

[0052] Following application of the stimulus in step 206,
a second measurement of the physiologic parameter CO, is
recorded with the calibrated non-invasive device, at step
208. A measurement is also made, at step 210, to record a
second value of the physiologic parameter pH with the
precise but yet uncalibrated non-invasive device. In one
embodiment of the invention, the measurement steps 208
and 210 may be made at substantially the same time after the
stimulus in protocol step 206, and substantially at the same
physical location as measurement steps 204 and 206. The
measurements in steps 208 and 210 may be made while the
stimulus is being applied or after the application of the
stimulus has ceased.

[0053] At step 212, the known relationship between the
physiologic parameters CO, and pH, as given by equation
(3) is used to eliminate the dependence upon the bicarbonate
ion concentration, [HCO37], the bicarbonate ion concentra-
tion being substantially unchanged by the stimulus in pro-
tocol step 206 to the patient. This is described further below.

[0054] At protocol step 214, the two, or more, calibrated
data points are used to calculate calibration coefficients for
the non-invasive pH device.

[0055] One algebraic approach useful for calibrating the
non-invasive pH device, according to the protocol 200, is
outlined below. A short hand notation is employed to ease in
following the calculations. Recall that the known relation-
ship between pH and CO, concentration is given by the
following expression:

PH=pK-log([CO,J[HCO;7]) ©)

[0056] or, utilizing pH=-log[H*] and pK=log (K), equa-
tion (3) may be written as:

~log[H"-log(K)-log([CO, ] [HCO;7]) O]
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[0057] Eliminating the logarithmic dependence, yields the
expression:

-[H"]=K-[CO,J[HCO;7] Q)

[0058] Here we employ the following shorthand notation:

[0059] H_=the n™ measurement of the Hydrogen ion
concentration, [H*]

[0060] C,=the n™ measurement of the Carbon diox-
ide concentration, [CO,]

[0061] B, =the n'* measurement of the Bicarbonate
ion concentration, [HCO,™]

[0062] We can write the result of correlating the results of
measurement steps 202 and 204 as:

-H,=K-(C,/B,) (6)

[0063] Similarly, after applying the stimulus to the patient
in protocol step 206, the result of correlating the measure-
ments in steps 208 and 210 yields

—H,=K-(C,/B,) ™

[0064] Where we have utilized the fact that the pK
remains constant, i.e., K;=K,, and the bicarbonate level
remains substantially unchanged by the stimulus, B,=B,.
Given this, we can solve for the bicarbonate concentration
by subtracting equation 6 from equation 7, which yields

B1=(C2‘C1)/(H2‘H1) (8)

[0065] Equation (8) highlights an important aspect of the
present invention. The precise, but yet uncalibrated non-
invasive pH measuring device utilized in measurement steps
204 and 210, yields accurate differential pH data (H,~H,),
thereby giving an accurate value for the bicarbonate level as
given by equation (8). The accurate result for the bicarbon-
ate level can be substituted back into equations (6) and (7)

‘H1=K‘(C1/B1) (6)
-H,=K-(C,/B,) ™
[0066] Therefore, all terms on the right-hand side of

equations (6) and (7) are now accurately known and a
two-point calibration of the pH measurement device can be
calculated directly from these results.

[0067] It will be appreciated that the protocols described
above with reference to FIGS. 14, 1B and 2 may be used
also for quality assurance following calibration. To illus-
trate, consider the specific example discussed above with
reference to FIG. 2 concerning a pH sensor. Once the pH
sensor has been calibrated, it may be used over a prolonged
period, for example for many minutes, or some hours, taking
measurements of pH at regular intervals. It is useful to
perform periodic quality assurance checks to ensure that the
sensor has not drifted out of calibration. This may be done,
after taking a measurement of pH and CO,, by applying the
stimulus to the patient and re-measuring the levels of pH and
CO, under the stimulus. The calibration coefficients for the
pH sensor may be recalculated and compared to those
currently in use. If the newly calculated calibration coeffi-
cients are within an acceptable error range of the current
coefficients, then use of the current coefficients may con-
tinue, or the coefficients may be automatically updated with
the new coefficients. If the newly calculated calibration
coefficients are outside the acceptable error range, then the
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coefficients are typically updated with the new values. The
user may also be notified that the coefficients have been
changed.

[0068] One particular embodiment of a non-invasive
physiologic monitoring device 300 is schematically depicted
in FIG. 3A. A processor/controller module 302 may contain
various sub-systems and a central processing unit to control
the timing, delivery, routing and post processing of signals
for the monitoring device 300. An interface 304 connects the
controller module 302 to a first non-invasive physiologic
sensor 312, which may be housed in a patient interface
module 310. The first non-invasive sensor may be based on
any type of non-invasive sensor including, but not restricted
to, optical, electro-chemical, acoustic, magnetic resonance,
biochemical or osmotic assist. In the case of an optical
sensor, the interface 304 is an optical interface, and may
include a fiber optic waveguide or a fiber optic bundle, or
discrete bulk optical components such as a condensing lens
or a serics of condensing lenses. The patient interface
module 310 may provide protection from such unwanted
outside influences as stray light, fluid spills, and the like. The
first non-invasive physiologic sensor 312 may be in direct
physical contact with the patient’s tissue surface 318. The
tissue may be organ tissue, epithelial tissue, skin or any other
type of tissue that is being assayed non-invasively.

[0069] Aninterconnect device 306 connects the controller
module 302 with an optional stimulus transducer 314, which
may also be housed in the patient interface module 310. The
stimulus transducer 314 is advantageously included in the
patient interface module 310 when the stimulus applied to
the patient is a local stimulus, although it may also be
included when the applied stimulus is systemic.

[0070] An interface 308 connects the controller module
302 with a second non-invasive physiologic sensor 316,
which may also be housed in the patient interface module
310. In this configuration, the stimulus transducer 314 and
the non-invasive sensors 312 and 316 may be mounted
sufficiently close so that the same location of the tissue 318
is both stimulated and measured. Where the second non-
invasive sensor 316 is an optical sensor, the interface 308 is
typically an optical interface.

[0071] An example of an end-on view of the interface
module 310 is schematically represented in FIG. 3B, show-
ing the non-invasive physiologic sensors 3125 and 3165 and
the stimulus transducer 314b. Another example of an end-on
view of the interface module 310 is schematically repre-
sented in FIG. 3C, showing the relative locations of the
non-invasive physiologic sensors 312¢ and 316¢ relative to
the stimulus transducer 314c¢. It will be appreciated that
other configurations may be used in addition to those
illustrated in FIGS. 3A-3C. The spacing between the first
physiologic sensor and the stimulus transducer may be the
same as the distance between the second physiologic sensor
and the stimulus transducer. In such a case, the tissue
assayed by the first sensor is advantageously subject to the
same magnitude of stimulus as the tissue assayed by second
sensor.

[0072] Another embodiment of an interface module 310 is
schematically illustrated in FIG. 3D, in which a large
portion 314d of the face represents the stimulus transducer.
The physiologic sensors 312d and 316d are surrounded by
the stimulus transducer 314d. Such an embodiment advan-
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tageously ensures that the level of stimulus applied to the
site assayed for the first physiologic parameter is similar to
that applied to the site assayed for the second physiologic
parameter.

[0073] FIG. 4 schematically depicts another embodiment
of the invention. Elements that are the same as shown in
FIG. 3A arc labeled with the same reference number. In this
embodiment, the stimulus transducer 414 is not integrated
within the patient interface module 310, and external con-
troller unit 420 is a stand-alone unit separate from the main
controller/processor unit 302. In this embodiment, the stimu-
lus transducer 414 may be removed from the patient when
the device is not being calibrated, or may be left in place.
The stimulus transducer may also be used for occasional
quality assurance checks while the device is in use. The
stimulus transducer 414 may also be replaced by alternative
devices which stimulate the patient’s tissue 318 by pressure,
temperature, acoustic or other such appropriate stimulating
techniques.

[0074] A particular embodiment of an optically based,
non-invasive physiologic monitoring device 500 is depicted
in FIG. 5. This embodiment may be particularly useful for
conducting assays in a lumen, such as the esophagus. A
processor/controller module 502 may contain the electro-
optic sub-systems and a central processing unit to control the
timing, delivery, routing and post processing of signals for
the monitoring device 500. An optical interface 504 con-
nects the controller module 502 to a first non-invasive
optical physiologic sensor 512, which may be housed in a
patient interface module 510. The optical interface 504 may
be a fiber optic waveguide or a fiber optic bundle, or discrete
bulk optical components such as a condensing lens or a
series of condensing lenses. The patient interface module
510 may provide protection from such unwanted outside
influences as stray light, fluid spills, and the like. The first
non-invasive optical physiologic sensor 512 may be in direct
physical contact with the patient’s tissue surface 518. The
interconnect device 506 connects the controller module 502
with the stimulus transducer 514, which may also be housed
in the patient interface module 510. The optical interface
508 connects the controller module 502 with a second
non-invasive optical physiologic sensor 516, which may
also be housed in the patient interface module 510. In this
configuration, the stimulus transducer 514 and the non-
invasive optical sensors 512 and 516 may be mounted
sufficiently close so as to stimulate and measure the tissue
response at substantially the same physical location.

[0075] An inflatable bladder 520 may be incorporated into
the patient interface module 510 for those applications
where the sensor is inserted into a body cavity or orifice.
This embodiment is advantageous in applications where it is
desirable to apply pressure from the back surface 518 of the
patient’s epithelial tissue surface 518b to either mechani-
cally secure the sensor against slippage during measurement
or to apply additional pressure stimulus to aid in the cali-
bration process. Other patient interface geometries and alter-
native sensor configurations are described in U.S. patent
application Ser. No. 10/162,028 titled, “Non-invasive Detec-
tion of A Physiologic Parameter Within A Body Tissue of A
Patient”, by inventors Edward J. Anderson et al, which is
incorporated herein by reference.

[0076] The present invention should not be considered
limited to the particular examples described above, but
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rather should be understood to cover all aspects of the
invention as fairly set out in the attached claims. Various
modifications, equivalent processes, as well as numerous
structures to which the present invention may be applicable
will be readily apparent to those of skill in the art to which
the present invention is directed upon review of the present
specification. The claims are intended to cover such modi-
fications and devices.

[0077] For example, a patient monitor that includes sen-
sors for measuring pH and CO, may be combined with other
sensors for measuring other physiologic parameters, such as
0, sat, O,, hematocrit, and the like.

I claim:

1. Amethod of calibrating a non-invasive sensor for a first
physiologic parameter in tissue, comprising:

(2) non-invasively measuring first values of the first
physiologic parameter and of a second physiologic
parameter in the tissue, a known relationship existing
between the first and second physiologic parameters;

(b) acting on the tissue so as to change the first and second
physiologic parameters;

(c) non-invasively measuring second values of the first
physiologic parameter and of the second physiologic
parameter in the tissue, the measurements of the first
and second values of the second physiologic parameter
being absolutely calibrated; and

(d) determining a calibrated value for at least one of the
first and second values of the first physiologic param-
eter from the first and second values of both the first
and second physiologic parameters.

2. A method as recited in claim 1, wherein non-invasively
measuring the first and second values of the first parameter
include measuring light received from the tissue.

3. A method as recited in claim 1, wherein non-invasively
measuring the first and second values of the second param-
eter include measuring light received from the tissue.

4. A method as recited in claim 1, wherein the values for
the first and second physiologic parameters are measured in
the same region of the tissue.

5. A method as recited in claim 1, wherein non-invasively
measuring the first values of the first physiologic parameter
includes exciting the tissue with excitation light and detect-
ing a resulting fluorescent signal.

6. A method as recited in claim 1, wherein acting on the
tissue includes applying a systemic stimulus the tissue.

7. A method as recited in claim 1, wherein acting on the
tissue includes applying a stimulus to the tissue localized to
a region of the tissue where the first and second physiologic
parameters are non-invasively measured.

8. A method as recited in claim 1, wherein acting on the
tissue includes administering a drug to the patient whose
tissue is being examined.

9. A method as recited in claim 1, wherein applying a
systemic stimulus to the tissue includes changing a meta-
bolic rate of the tissue.

10. A method as recited in claim 1, wherein acting on the
tissue includes applying pressure to a region of the tissue
where the first and second physiologic parameters are mea-
sured.
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11. A method as recited in claim 1, wherein acting on the
body includes changing temperature of a region of the body
where the first and second physiologic parameters are mea-
sured.

12. A method as recited in claim 1, wherein non-inva-
sively measuring the second values of the first physiologic
parameter and of the second physiologic parameter includes
measuring the second values of the first physiologic param-
eter and of the second physiologic parameter simulta-
neously.

13. A method as recited in claim 1, wherein the first
physiologic parameter is pH.

14. A method as recited in claim 13, wherein measuring
the pH includes making a fluorescence measurement of
NADH in the region of the tissue being measured.

15. A method as recited in claim 13, wherein the second
physiologic parameter is concentration of CO,.

16. A method as recited in claim 1, wherein the known
relationship between the first and second physiologic param-
eters includes a third physiologic parameter.

17. A method as recited in claim 16, wherein the third
physiologic parameter is substantially unaffected by the
acting on the body.

18. A method as recited in claim 16, wherein determining
the calibrated value for at least one of the first and second
values of the first physiologic parameter includes determin-
ing a value of the third physiologic parameter from a ratio
of i) the difference between the first and second values of the
second physiologic parameter over ii) the difference
between the first and second values of the first physiologic
parameter.

19. Amethod as recited in claim 18, wherein determining
the calibrated value for at least one of the first and second
values of the first physiologic parameter further includes
calculating the calibrated value using the value of the third
physiologic parameter and at least the respective calibrated
first or second value of the second physiologic parameter.

20. A method as recited in claim 1, wherein the known
relationship between the first and second physiologic param-
eters is

pH=pK-log([CO,}[HCO; )

where pH is the first physiologic parameter and [CO,] is

the second physiologic parameter.

21. A method as recited in claim 1, wherein the known
relationship relates N physiologic parameters that change
upon acting on the tissue so as to change the first and second
physiologic parameters, and acting on the tissue N-1 times
so as to take N measurements of each of the N physiologic
parameters at different levels of stimulus arising from the
acting on the tissue.

22. A method as recited in claim 1, further comprising
non-invasively measuring the second values of the first
physiologic parameter and of the second physiologic param-
eter in the tissue while acting on the tissue.

23. A method as recited in claim 1, wherein the tissue is
epithelial tissue.

24. A method as recited in claim 1, wherein the tissue is
selected from skin tissue, muscle tissue and organ tissue.

25. A method as recited in claim 1, further comprising
performing successive non-invasive measurements of the
first physiologic parameter of the tissue and determining
respective absolute calibrated values of the first physiologic
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parameter from the first and second values of both the first
and second physiologic parameters.

26. A method as recited in claim 25, further comprising
repeating steps (a)-(c) after performing the successive non-
invasive measurements and determining whether a calibra-
tion of an instrument for non-invasively measuring the first
physiologic parameter has changed.

27. Asystem for determining a value of a first physiologic
parameter within tissue, comprising:

first measuring means for non-invasively measuring first
and second values of the first physiologic parameter in
the tissue;

second measuring means for non-invasively measuring
first and second values of a second physiologic param-
eter in the tissue, a known relationship existing
between the first and second physiologic parameters,
the second measuring means being absolutely cali-
brated;

means for acting on the body so as to change the first and
second physiologic parameters; and

means for determining a calibrated value for at least one
of the first and second values of the first physiologic
parameter from the first and second values of both the
first and second physiologic parameters.
28. An apparatus for determining a value of a first
physiologic parameter within tissue, comprising:

an uncalibrated, first non-invasive sensor for measuring
the first physiologic parameter of the tissue;

a calibrated, second non-invasive sensor for measuring a
second physiologic parameter of the tissue; and

a processor coupled to receive first and second signals
from each of the first and second non-invasive sensors,
and to calculate calibrated values for the first physi-
ologic parameter from the first and second signals from
each of the first and second non-invasive sensors when
a characteristic of the tissue 1s modulated between the
first and second signals.

29. An apparatus as recited in claim 28, wherein the first

non-invasive sensor is an optically based sensor.

30. An apparatus as recited in claim 28, wherein the
second non-invasive sensor is an optically based sensor.

31. An apparatus as recited in claim 28, wherein the first
non-invasive sensor is a pH sensor.

32. An apparatus as recited in claim 28, wherein the
second non-invasive sensor is a calibrated, non-invasive
CO, sensor.

33. An apparatus as recited in claim 33, wherein the pH
sensor emits excitation light in the wavelength range 300
nm-400 nm.

34. An apparatus as recited in claim 33, wherein the pH
sensor detects light emitted for the tissue in a wavelength
range of 400-600 nm.

35. An apparatus as recited in claim 33, wherein the pH
sensor detects fluorescence from NADH in the tissue.

36. An apparatus as recited in claim 28, further compris-
ing a patient interface module to house the first and second
non-invasive sensors.

37. An apparatus as recited in claim 28, further compris-
ing a modulator to modulate the characteristic of the tissue
at the region of the tissue where the first and second
physiologic parameters are measured.



US 2004/0010186 Al

38. An apparatus as recited in claim 37, wherein the
modulator includes an extensible member to apply pressure
of the region of the tissue where the first and second
physiologic parameters are measured.

39. An apparatus as recited in claim 37, wherein the
modulator includes a thermally responsive member to
change temperature of the region of the tissue where the first
and second physiologic parameters are measured.

40. An apparatus as recited in claim 37, further compris-
ing a patient interface module, the first and second non-
invasive sensors and the modulator being housed within the
patient interface module.

41. An apparatus as recited in claim 40, wherein the
modulator is removable from the patient interface module,
the first and second non-invasive sensors being enabled to
perform measurements on the first and second physiologic
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parameters respectfully after the modulator is removed from
the patient interface.

42. An apparatus as recited in claim 28, wherein the
processor calculates calibration constants for the first physi-
ologic parameter from the first and second signals from each
of the first and second non-invasive sensors.

43. An apparatus as recited in claim 42, wherein the
processor produces calibrated values for the first physiologic
parameter from measurement signals received from the first
non-invasive sensor and the calibration constants.

44. An apparatus as recited in claim 43, wherein the
processor performs a check on the calibration constants by
measuring the first and second physiologic parameters
before and after application of a stimulus to the tissue.

® 0k Ok kK



patsnap

TREMOF) FRAMEETRENBRERAR
[F(RE)E US20040010186A1 K (aH)A 2004-01-15
BRiES US10/195120 % A 2002-07-11

RE(EFR)AGE) FFfRRE | INC.
HATRBE(ERR)AR) KFERER , INC.

FRIRBAA KIMBALL VICTOR E
FURLONG STEVEN C
PIERSKALLA IRVIN

RBAAN KIMBALL, VICTOR E.
FURLONG, STEVEN C.
PIERSKALLA, IRVIN

IPCo %S G01N21/64 A61B5/00 A61B5/145 A61B5/1455 GO1N21/27 GO1N21/35
CPCH %S A61B5/02133 A61B5/1495 A61B5/14539
H AN FF Sk US6865407

SNERaE Espacenet USPTO

S ) o
BE—HEPRAREETEENFEALSE | HAERARIER " M
EROER TR TR, RASR—HATRAE—HRAR DS /////

W EREEGAASH SRS | BT —HE
BNBHBHHEZE, H-MEBERNE N ERBHTE LS
B, BoMEBERENBEN. EB-NE-SR2AFECAXR // :
A PP R LA e e b0 . P\ S I SO An— -

& pHo / /
314

RS ATHENSHAEESY  AHSEEER 05, RERR ]

316

318


https://share-analytics.zhihuiya.com/view/6868c99d-9333-4898-a554-40f5ed51efef
https://worldwide.espacenet.com/patent/search/family/030114906/publication/US2004010186A1?q=US2004010186A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220040010186%22.PGNR.&OS=DN/20040010186&RS=DN/20040010186

