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SYSTEM FOR QUANTIFYING BLOOD FLOW
IN TISSUE WITH PERIODIC UPDATING OF
TISSUE BASELINE CONDITIONS

DOMESTIC PRIORITY CLAIM

This application claims priority from two commonly
owned, United States Provisional Applications—Ser. No.
60/403,496, filed Aug. 14, 2002, and Ser. No. 60/370,483,
filed Apr. 5, 2002, the disclosures of which are hereby incor-
porated herein by reference.

SUMMARY OF THE INVENTION

The present invention covers technology developed to pro-
vide clinicians with a powerful prognostic tool for quantify-
ing tissue blood flow (i.e., “perfusion”) in continuous, real-
time. The measurements made by the apparatus of the present
invention have long been sought after and represent important
parameters in the understanding and management of many
critical medical situations, and prior to the development of
this technology, the practical capability to get continuous,
real-time, soft tissue perfusion measurements in absolute
units, did not exist. The high clinical value of the technology
behind this invention has been documented in life-saving
neurosurgical and organ transplantation surgery cases,
among others.

Inthe monitoring of perfusion in the tissue of a subject (i.e.:
the flow of blood in a capillary bed) it is useful to have a
continuous or nearly continuous stream of data over time. The
accuracy of measurements is affected by various physiologic
and instrument baseline changes. Thus, it is also useful to
monitor baseline conditions and adjust for baseline shifts over
time. The monitoring system surveys selected baseline fac-
tors that may adversely affect the integrity of the monitored
data and uses the results to make corrections.

The continuous measurement of perfusion over time is
valuable in many clinical settings. Among them are the mea-
surement of perfusion in the brain of patients with traumatic
brain injury to anticipate adverse conditions such as cerebral
ischemia, the monitoring of perfusion in organ transplanta-
tion to assess isehemia caused by thrombotic and reperfusion
injury and the monitoring of perfusion in flaps in reconstruc-
tive plastic surgery to assess tissue viability. The perfusion
value is also an indicator of the presence or absence of shock
and monitoring perfusion over time may permit the clinician
to anticipate and treat shock.

Approximately 370,000 Americans suffer traumatic head
injury annually. By using the apparatus of the present inven-
tion to measure continuous, real-time cerebral tissue blood
flow, clinicians can identify patients at risk for ischemia due
to vasospasm or cerebral edema (brain swelling), and mea-
sure the patient’s tissue blood flow response to therapies
implemented to correct the pathology. In addition, other criti-
cal neurosurgical interventions, such as aneurysm repair,
tumor and arterial-veinous malfunction removal and proce-
dures to relieve patients suffering from subarachnoid hemor-
rhage are among those that will also benefit from the valuable
prognostic data provided by the apparatus of the present
invention.

One embodiment, the Bowman Perfusion Monitor, Model
500, is a device that monitors tissue blood flow continuously
at the capillary level in real-time and in absolute units of
ml/100 g-min. The Model 506 perfusion-monitoring device
utilizes thermal diffusion technology described here through
its minimally invasive, QFlow 500 Probe, which physicians
can implant in cerebral or any other soft tissue.
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The present invention may be used over extended periods
of time in living subjects and provide thermal property and
perfusion data with a high degree of accuracy. This obtains
even when tissue physiology is changing and the physiologi-
cal changes are accompanied by changing thermal properties
in the tissue. Thermal properties of particular interest are the
properties of diffusivity and conductivity which are useful in
the determination of tissue perfusion.

To accommodate physiological or non-physiological
changes over time, the present invention provides methods
and apparatus for determining baseline thermal conditions of
the tissue at a selected location or site and for establishing
baseline criteria to be used for the periodic updating of base-
line tissue conditions (in situ calibration). The baseline tissue
conditions or thermal properties may change with time. Thus,
one or more steps are provided for periodically determining
the need forupdating to new baseline tissue conditions (insitu
recalibration) as tissue conditions change.

Calibration or the establishing of a baseline may also take
into account internal monitoring system parameters (arti-
facts). Recalibration or the establishing of a new baseline may
include one or more steps for periodically determining
parameter changes and, when changes are outside of an
acceptable range, recognizing the need for new or updated
baseline criteria. Accordingly baseline criteria are updated as
the parameters and conditions unintentionally change.

The process of establishing a new or updated baseline may
be manually initiated or the system may automatically self-
adjust (i.e.: self-recalibrate). The instrument may self-adjust
automatically and periodically when physiology changes by
some predetermined amount or when a combination of physi-
ologic conditions and system parameters change by a prede-
termined amount. The system monitors the parameters and
conditions to determine when values have changed to be
outside predetermined limits and recalculates baseline when
limits are exceeded.

One embodiment of the present invention is directed to a
method for the periodic updating of tissue baseline conditions
in order to make perfusion measurements over extended peri-
ods during which tissue baseline conditions change as a con-
sequence of multiple physiologic and non-physiologic fac-
tors. The method may comprise the following steps: (a)
perform in situ calibration of a perfusion sensor in the tissue,
that is, establish baseline tissue conditions; (b) make perfu-
sion measurement in tissue and (c) automatically recognize
conditions under which the in situ calibration is no longer
valid, Examples of such conditions include physiologic con-
ditions such as tissue and vascular damage, tissue edema,
tissue scar formation, influence of a large vessel, change in
vascular status, such as blood volume, vasodilation, and vaso-
constriction; changes in perfusion; changes in blood pressure;
changes in tissue pressure; changes in tissue temperature;
changes in blood temperature; changes in tissue metabolism;
and/or measurement of artifact conditions, such as sensor
motion relative to the tissue, excessive sensor-tissue contact
force inducing capillary collapse, insufficient sensor-tissue
contact force resulting in artifactual transduction of perfu-
sion, sensor cross-talk, ambient temperature changes, electri-
cal interference, instrumentation drift. Following step (¢), (d)
automatically perform a recalibration, selected from one or
more of the following to reestablish baseline conditions;
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probe recalibration and instrumentation recalibration; and (e)
repeat the steps as necessary to maintain optimum operation.

BRIEF DESCRIPTION OF THE DRAWINGS

Certain preferred embodiments are described below with
reference to the accompanying figures in which:

FIG. 1 is a front view depiction of an embodiment of the
invention.

FIG. 2 is a block diagram of an embodiment of a system in
which the disclosed techniques can be used.

FIG. 3 is a flow chart of one embodiment of the present
invention.

FIG. 4 is a flow chart of a system to repeatedly recalibrate
thermal-based perfusion sensors.

FIG. 5 is a high-level general block diagram of a method
for determining properties of a medium.

FIG. 6 is detailed block diagram of a method for determin-
ing properties of a medium.

FIG. 7 is a block diagram of an apparatus for determining
the properties of a medium.

FIG. 8 is a simplified diagram of one embodiment of a
circuit used in a control circuit.

FIG. 9 is a simplified diagram of one embodiment of
another circuit used in a control circuit.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

This invention can be implemented by use of a system such
as shown in FIG. 1 and illustrated schematically in FIG. 2.
FIG. 1 shows the Bowman Perfusion Monitor with a display
screen 52, a keyboard 62, connector 53 for a perfusion probe,
a slot 63 to permit passage of a printed tape and an on/off
switch 51. As explained in the Bowman patents referenced
below and illustrated by FIG. 2, a probe 10 is immersed in a
medium (e.g.: tissue) 11 and can be heated by a heater voltage
V,,(t) supplied via control circuit 13. The sensed voltage V (t)
from probe 10 is supplied to A/D converter 15 for supplying
to a data processor 14 in digital form for suitable processing
thereof in order to determine k (intrinsic thermal conductiv-
ity), a (diffusivity), and o (flow rate or perfusion), the values
of which can be displayed in a display device 16. The values
of probe calibration constants k,, a, and R, can be supplied via
asuitable input unit that may be in the form of a memory chip.
Such operation is essentially described in the aforesaid pat-
ents for a particular mathematical model described therein
and the same system as generally depicted therein can also be
used for a different mathematical model, the processing equa-
tions required to be implemented in data processor 14 being
different depending on the mathematical model selected.

The method of determining properties of a medium by
causing a thermal change in the medium and then calculating
it’s properties based on the medium’s response to the thermal
change is described in detail in U.S. Pat. No. 4,059,982 to H.
F. Bowman issued on Nov. 29, 1977; U.S. Pat. No. 4,852,027
to H. F. Bowman and W. H. Newman issued on Jul. 25, 1989
and U.S. Pat. No. 5,035,514 to William H. Newman issued on
Jul. 30, 1991, the disclosures of which are hereby incorpo-
rated herein by reference.

As illustrated in FIGS. 3 and 4, methods and software
apparatus are provided to repeatedly recalibrate thermal-
based perfusion sensors and related instrumentation. The sys-
tem monitors the conditions of the electronic instrument and
conditions affecting the sensor and, via the sensor, also moni-
tors the conditions of tissue, organ and the overall physiology
of the subject to establish a baseline. When the weighted
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4

combination of conditions in the instrument and sensor and in
the physiology of the subject fall outside a preset threshold, a
perfusion measurement less accurate than desired is indicated
and the system determines that a new baseline (recalibration)
is needed. The system may monitor these conditions or use
inputs from other devices that monitor physiologic or instru-
ment conditions. The establishment of a new baseline (reca-
libration) may be initiated manually after the system prompts
the operator or it may be automatically initiated by the sys-
tem. Similarly, the system may also be prompted by an exter-
nal apparatus to automatically perform part or all of the reca-
libration process.

The instrument conditions that are monitored include, but
are not limited to; ambient temperature changes, electrical
interference, and instrumentation drift. The thermal-based
perfusion sensor conditions that are monitored include, but
are not limited to; excessive sensor-tissue contact force that
canresult in capillary collapse, insufficient sensor-tissue con-
tact force that can result in artifactual thermal transduction,
sensor crosstalk, and movement of the sensor relative to the
tissue. The physiologic conditions of the subject that are
monitored include, but are not limited to; tissue and vascular
damage, tissue edema, tissue scar formation, influence of a
large vessel, change in vascular status (i.e.: blood volume,
vasodilation, and vasoconstriction), changes in perfusion,
changes in blood pressure, changes in tissue pressure,
changes in tissue temperature, changes in blood temperature,
and changes in tissue metabolism.

According to certain embodiments of the invention a
method for determining perfusion in living tissue includes the
steps of: (1) establishing baseline tissue criteria by determin-
ing an unperturbed temperature of the tissue, causing the
temperature of the tissue to change from a first unperturbed
temperature to a second temperature different from said first
temperature for a time period, and determining a value or
values for one or more thermal properties of the tissue during
the time period; (2) calculating a perfusion value for the tissue
during the time period using said thermal property value or
values, and (3) evaluating one or more physiological and
artifactual conditions to determine if previously established
baseline criteria are materially affected by said conditions. If
previously established baseline criteria are materially
affected by changed conditions, (4) the first step is repeated to
establish new values for baseline thermal properties. The
thermal properties for which a value or values are determined
may include either or both of thermal conductivity and ther-
mal diffusivity.

Certain embodiments of a method for measuring perfusion
in tissue comprise the steps of: (1) establishing a baseline
criteria for tissue conditions, comprising the steps of: (A)
determining an unperturbed temperature of the tissue, (B)
causing the temperature of said tissue to change from a first
unperturbed temperature to a second temperature different
from said first temperature during a time period the initial
portion of which is affected strongly by conductive factors
and a second portion of which is affected strongly by convec-
tive factors, (C) calculating an intrinsic thermal conductivity
and adiffusivity of said tissue during a first selected portion of
said time period, (2) obtaining measurements of perfusion of
the tissue comprising the steps of: (A) calculating a perfusion
of said tissue at a second selected portion of said time period
using said calculated intrinsic thermal conductivity and dif-
fusivity, (B) re-calculating the intrinsic thermal conductivity
and diffusivity of said tissue during said first selected portion
of said time period using said calculated perfusion, (C) re-
calculating the perfusion of said tissue at said second selected
portion of said time period using said recalculated intrinsic
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thermal conductivity and diffusivity, and (D) repeating steps
2(B)and 2(C) until the recalculated intrinsic thermal conduc-
tivity and diffusivity and the re-calculated perfusion each
converge to a substantially non-changing value; (3) determin-
ing need for new baseline criteria comprising evaluating
physiological conditions that may affect baseline tempera-
ture, conductivity and/or diffusivity values.

1n certain embodiments step (3) further comprises the step
of evaluating measurement artifact conditions that may affect
baseline temperature, conductivity and/or diffusivity values.
Other embodiments further comprise a step (4) when new
baseline criteria are indicated by step (3) for permitting the
temperature of the tissue to relax to an unperturbed state and
then repeating step (1). 1n certain other embodiments step
(D)(B) includes: activating said temperature changing means
when immersed in said tissue to change the temperature of
said tissue. In still other embodiments step (1)(B) includes:
immersing a cooling means in said tissue; and applying power
10 said cooling means to cool said tissue from said first unper-
turbed temperature. The intrinsic thermal conductivity and
diffusivity of step (1)(C) are calculated at the first selected
portion of said time period when convective factors dominate
and step (2)(A) is calculated at the second selected portion of
said time period when conductive factors dominate.

In certain embodiments step (1)(B) includes: applying
power to said heating means while in contact with said tissue
10 heat said tissue from said first unperturbed temperature to
said second temperature. In other embodiments the heating
means has a substantially spherical configuration and is of a
type referenced in the previously mentioned U.S. Pat. Nos.
4,059,981 and 5,035,514. Said intrinsic thermal conductivity
and diffusivity are calculated and recalculated in steps (1)(C)
and (2)(B) and the perfusion is calculated and recalculated in
steps (2)(A) and (2)(C) using the following equation:

L to @

_ 4nak,, AT V7,
O=1T— 1 |M 1o o
St T 5, e
Vy(t) = AT
PG =
{1 = thear) = fO} + (i)
V() afVma, A Vit iy €2
AT~ 1-XaZ . —
= ¢ +1-Aa ! A2a2+1+la INT = lpeqr

wherein P(t) is the power applied, a is the radius of the
spherical heating means, k,, and «,, are, respectively, the
intrinsic thermal conductivity and thermal diffusivity of said
tissue, y is the ratio k,/k,, k, is the intrinsic thermal conduc-
tivity of the spherical heating means, A is equal to ywc, /K,
where w 1s perfusion and ¢, is the specific heat of the perfu-
sate, V, is the bead mean volumetric temperature during
cooling, AT is the volume averaged constant temperature
change during the heating phase, t,,,,,, 1s the length of time for
which heating is applied and {{t) represents the temporal form
of the transient power applied to said heating means as a
function of time.

Other variations, include but are not limited to, where said
heating means has a substantially spherical configuration and
said intrinsic thermal conductivity and diffusivity are calcu-
lated and recalculated in steps (1)(C) and (2)(B) and the
perfusion is calculated and recalculated in steps (2)(A) and
(2)(C) using the following equation:
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wherein P, is the constant power applied during the heating
phase, a is the radius of the spherical heating means, k,, and
a,, are, respectively, the intrinsic thermal conductivity and
thermal diffusivity of said tissue, y is the ratio k,/k ,, k,, is the
intrinsic thermal conductivity of the spherical heating means,
M is equal to Ywc, /K, where w is perfusion and ¢ is the
specific heat of the perfusate, V,, is the bead mean volumetric
temperature during a cool-down period, t,,, is the length of
time for which heating is applicated and f(t) represents the
temporal form of the transient power applied to said heating
means as a function of time.

In accordance with certain embodiments, a method for
determining thermal properties of a medium comprises the
steps of: (A) establishing reference parameters for measur-
ing, comprising determining unperturbed temperature of
medium; (B) obtaining measurements of medium comprising
the steps of: (1) causing the temperature of said medium to
change from a first unperturbed temperature to a second tem-
perature different from said first temperature during an over-
all time period, (2) calculating effective thermal conductivity
and diffusivity values of said medium during a plurality of
time periods within said overall time period, (3) extrapolating
the effective thermal conductivity and diffusivity values cal-
culated in step (2) to the thermal conductivity and diffusivity
values at a selected time t, when the temperature of said
medium is first caused to change so as to determine the
extrapolated values of the intrinsic thermal conductivity and
diffusivity of said medium, (4) calculating a perfusion of said
medium during a selected time period of said overall time
period using said extrapolated intrinsic thermal conductivity
and diffusivity, (5) recalculating the effective thermal con-
ductivity and diffusivity values of said medium during said
plurality of time periods; using said calculated perfusion, (6)
re-extrapolating the thermal conductivity and diffusivity val-
ues recalculated in step (5) to the intrinsic thermal conduc-
tivity and diffusivity values at said selected time t,, (7) recal-
culating the perfusion of said medium during said selected
time period using the intrinsic thermal conductivity and dif-
fusivity values reextrapolated in step (6); and (8) repeating
steps (5) through (7) until the recalculated intrinsic thermal
conductivity and diffusivity values and the recalculated per-
fusion value converge to substantially non-changing values;
(C) determining the need for new reference parameters for
medium.

In certain preferred embodiments the temperature change
produced in said medium is constant and further wherein in
steps (2) and (5) the thermal conductivity and diffusivity are
calculated in accordance with the following equation:
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In other embodiments the temperature change produced in
said medium is constant and further wherein in steps (4) and
(7) the perfusion is calculated in accordance with the follow-
ing equation:

3
drak AT Vra, fo
PO=7—7 1-2a2
5 + o T +1+2a

In still other embodiments the temperature change pro-
duced in said medium is constant and further wherein in step
(4) and (7) the perfusion is calculated in accordance with the
following equation, for a time period which is subsequent to
the deactivation of the temperature changing means:

{f([_[hear) - f([)} +

Vo) @ / Vra, a /*/nam Vinear &2
AT ~ 1-22a2 a2
t1-da] LM VI e

Other embodiments have the temperature change in said
medium produced by activating a power source so as to pro-
duce a change in power which is constant and further wherein
in steps (2) and (5) the thermal conductivity and diffusivity
are calculated in accordance with the following equation:

o= P [ L, ! a/Vna, 0
0= —+t—-———fl
sl VR PR L

The temperature change in said medium may also be pro-
duced by activating a power source so as to produce a change
in power which is constant and further wherein in steps (4)
and (7) the perfusion is calculated in accordance with the
following equation:

P, |1 1 a/szm

W= |5yt e T Toa

f@

Other embodiments have the temperature change in said
medium produced by activating a power source so as to pro-
duce a change in power which is constant and further wherein
in steps (4) and (7) the perfusion is calculated in accordance
with the following equation, for a time period which is sub-
sequent to the deactivation of the power source:

P

1
Vo) = ————= —=[f(
dmak N7a, 1- Aa?

- thear) - f”)]
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FIG. 2 depicts a block diagram of showing the basic steps
of the above mentioned methods.

Inthe embodiment illustrated by FIG. 5, step (1) consists of
determining baseline conditions in the medium and establish-
ing baseline criteria based thereon. This step can involve
numerous steps but the basic purpose is to establish a refer-
ence for the medium that all following measurements will be
compared against. The criteria can come from the probe of the
measuring device, can be user inputted, or obtained from
other instrumentation. This step may also include the step of
calibrating the instrumentation used; that is, establishing
baseline criteria for the instrumentation.

Step (2) comprises of obtaining measurements of the
medium, for example, live tissue. In a preferred embodiment
this comprises raising the temperature of the medium and
monitoring the time, and power required to raise and then
maintain the new temperature. In some cases this step may
also include ceasing to heat the medium and monitoring the
cool down rate. From this process properties of the medium
such as thermal conductivity and rate of flow can be calcu-
lated. These measurements and calculations may be per-
formed multiple times.

Step (3) comprises determining if new baseline criteria
need to be established. In a preferred embodiment the base-
line conditions on which baseline criteria are based are moni-
tored thru-out the method. If there is a change indicating that
conditions of the medium or other conditions on which base-
line criteria are based have changed, calculations and mea-
surements based on the original baseline conditions may no
longer be valid. Therefore it may be necessary to obtain a new
baseline. In certain embodiments step (3) comprises the steps
of: comparing measurements taken and calculated to estab-
lished baseline criteria to existing measurements and deter-
mining if there has been a change in conditions. In other
embodiments step (3) comprises the steps of comparing mea-
surements received from other instrumentation to baseline
criteria, and determining if there has been a change in condi-
tions.

In certain embodiments the methods have an additional
step (4) consisting of repeating the process again if new
baseline criteria are required. This includes establishing new
baseline criteria and obtaining new measurements based on
the new baseline criteria.

In accordance with certain embodiments, a method for
determining properties of a medium comprises the steps of:
determining baseline conditions and establishing baseline
criteria for the medium; inducing a temperature change in the
medium during a predetermined interval; calculating at least
one selected intrinsic thermal property of said medium using
data obtained at a first time period; calculating separately a
perfusion rate of said medium using data obtained at a second
time period and said at least one calculated intrinsic thermal
property, the effects of the perfusion of said medium at said
second time period being greater than the effects of the per-
fusion of said medium at said first time period; and determin-
ing the need for new baseline criteria for the medium. The
invention may further comprise repeating the previous steps
to obtain another perfusion rate of the medium when need for
anew baseline is indicated.

In accordance with certain other embodiments, a method
for determining properties of a medium with automatic reca-
libration comprises the steps: 1) measuring the temperature of
the medium at a first and second location; 2) determining if
the temperatures at the first and second location are stable,
wherein if the temperature at either the first or second location
are not stable then repeating step 1;3) raising the temperature
of the medium at the second location a predetermined
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amount; 4) measuring the temperature at the first location and
calculating the power required to raise the temperature at the
second location; 5) repeating step 4 for a set period of time; 6)
calculating the intrinsic thermal conductivity of the medium;
7) calculating the rate of flow of the medium; 8) determining
if the temperature of the medium at the first location is stable,
wherein if the temperature at the first location is not stable,
then repeating step 1; 9) determining if the change in power
over time is less than an established maximum value, wherein
if the change in power over time is not less than the estab-
lished maximum, then repeating step 1; 10) determining if the
total time the measurements have been taken over is less than
an established maximum, wherein if the total is not less than
the established maximum, then repeating step 1; 11) repeat-
ing step 4.

In accordance with one embodiment, in amethod for deter-
mining properties of a medium comprising the steps of: (1)
causing the temperature of said medium to change from a first
unperturbed temperature to a second temperature different
from said first temperature during a first time period; (2)
causing the temperature of said medium to relax to a final
unperturbed temperature during a second time period; (3)
calculating an intrinsic thermal conductivity and a diffusivity
of said medium during a first selected portion of said first and
second time periods; (4) calculating a perfusion of said
medium at, at least a second selected portion of said first and
second time periods, using said calculated intrinsic thermal
conductivity and diffusivity; (5) recalculating the intrinsic
thermal conductivity and diffusivity of said medium during
said first selected portion of said first and second time periods
using said calculated perfusion; (6) recalculating the perfu-
sion of said medium at least at said second selected portion of
said first and second time periods using said recalculated
intrinsic thermal conductivity and diffusivity: and (7) repeat-
ing steps (5) and (6) until the recalculated intrinsic thermal
conductivity and diffusivity and the recalculated perfusion
each converge to a substantially non-changing value; an
improvement comprises the steps of: (a) prior to step (1),
establishing baseline criteria that correspond to properties of
the medium; and (b) periodically determining the need for
and establishing new baseline criteria.

In accordance with certain embodiments, represented by
the block diagram of F1G. 5, a method for determining prop-
erties of a medium comprises the steps of: (1) establishing
baseline criteria for medium conditions or properties, com-
prising: determining the thermal conductivity of a heating
means, said heating means having a predetermined resistance
versus temperature relationship, and determining the refer-
ence temperature of said medium when said heating means is
immersed in said medium and said medium is unheated; (2)
obtaining measurements of medium comprising the steps of’
applying power to said heating means sufficiently rapidly to
heat said means to a volume mean temperature above said
reference temperature so that the power necessary to maintain
said volume mean temperature varies as a function of time,
determining the time varying relationship between the power
required to maintain said heating means at said volume mean
temperature after said temperature has been reached and the
time during which said power is being applied thereto, deter-
mining the temperature difference between said volume mean
temperature and said reference temperature and determining
the resistance of said heating means at said volume mean
temperature, determining the thermal conductivity of said
medium as a function of said temperature difference, of the
resistance of said heating means at said volume mean tem-
perature, of said applied power in accordance with said time
varying power and time relationship, of said predetermined
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thermal conductivity of said heating means, and of at least one
characteristic dimension of said heating means in accordance
with a thermal model of said heating means and said medium
in which it is immersed wherein said heating means is treated
as a distributed thermal mass and wherein heat conduction
occurs in a coupled thermal system which comprises both the
heating means and the adjacent region of said medium which
surrounds said heating means; and (3) determining need for
new baseline criteria comprising evaluating physiological
conditions that may materially affect the baseline criteria.
Examples of physiological conditions include but are not
limited to tissue and vascular damage, tissue edema, tissue
scar formation, influence of a large vessel, change in vascular
status such as blood volume, vasodilation, and vasoconstric-
tion; changes in perfusion, changes in blood pressure,
changes in tissue pressure, changes in tissue temperature,
changes in blood temperature, and changes in tissue metabo-
lism.

In certain preferred embodiments step (3) further com-
prises the step of evaluating measurement artifact conditions
that may materially affect the baseline criteria. Examples of
measurement artifact conditions include butare not limited to
sensor motion relative to the tissue, excessive sensor such as
tissue contact force or capillary collapse, insufficient sensor-
tissue contact force such as artifactual transduction of perfu-
sion, sensor cross-talk, ambient temperature changes, electri-
cal interference, instrumentation drift, automatically perform
arecalibration, probe recalibration, and instrumentation reca-
libration. In other embodiments the method further comprises
step (4): repeating steps (1) and (2) when indicated by step
3.

In a certain preferred embodiment, in step (1), said refer-
ence temperature is determined over a relatively short time
period over which it remains substantially constant and step
(2) further including the steps of: maintaining said volume
mean temperature at a fixed, predetermined value above said
reference temperature, said time varying power and time
relationship being determined in terms of the relationship
between the square of the voltage applied to said heating
means and the inverse square root of the time during which
said voltage is being applied; determining a first characteris-
tic I" of said relationship representing the value of the power
per unit volume generated by the heating means at a time t
effectively equivalent to an infinite time period following the
application of said power to said heating means; and further
wherein said thermal conductivity of said medium is deter-
mined in accordance with the expression:

_ 5
T 15AT

k 1.0
ra

ky

where k is the thermal conductivity of said medium, AT is the
said fixed volume mean temperature difference, a is the radius
of a spherical heating means having a volume equivalent to
the actual volume of said heating means, and k, is said pre-
determined thermal conductivity of said heating means.

In still other embodiments, in step (1), the step of deter-
mining said reference temperature includes the steps of: mea-
suring the voltage at said heating means in its unheated state;
determining the current through said heating means in its
unheated state; determining the resistance of said heating
means in its unheated state; and determining said reference
temperature in accordance with the said predetermined resis-
tance versus temperature relationship of said heating means.



US 7,758,511 B2

11

In another embodiment according to step (2), the step of
maintaining said volume mean temperature at said fixed value
further includes the steps of: preselecting a fixed value for
said temperature difference; determining said volume mean
temperature from said reference temperature and said prese-
lected fixed temperature difference; determining the resis-
tance of said heating means at said volume mean temperature
in accordance with said predetermined resistance versus tem-
perature relationship; and maintaining the resistance of said
heating means at a substantially constant value equal to said
determined resistance whereby said volume mean tempera-
ture remains at a substantially constant value.

In another embodiment wherein the time varying relation-
ship between the square of the voltage V,> and the inverse
square root of the time ™" is a substantially linear relation-
ship of the form V,*(t)=m, +m,t~"*; and further wherein said
first characteristic I is determined in accordance with the
expression:

m
.

4 3
Ry57(@)

Other embodiments further include the steps of: predeter-
mining the thermal diffusivity of said heating means; deter-
mining a second characteristic [} representing the slope of the
time varying relationship between the square of the voltage
v,2 and the inverse square root of the time t™2 at a time
relatively shortly after the timeat which said power is applied,
predetermining the non-dimensional relationship between
the expression a,/Tawherein ., is the predetermined ther-
mal diffusivity of said heating means; the expression k,/k,,
wherein k,, is the thermal conductivity of said medium with
no fluid flowing therein; and the expression ¢.,/at,,, where o,
is thermal diffusivity of any medium which is to be deter-
mined; determining the actual value of fya,/I'a and k, /k, at
said volume mean temperature and further determining the
value of a,/a,, in accordance with said predetermined non-
dimensional relationship; and determining the thermal diffu-
sivity o, of said medium in accordance with the determined
value of o, /c,.

In certain preferred embodiments time varying relation-
ship between the square of the voltage V,* and the inverse
square root of time t~'? is a substantially linear relationship of
the form V,*(t)=m, +m,t*"%; and further wherein said first
characteristic I' is determined in accordance with the expres-
sion:

= il

7 ; and
Ryzx(@)’

said second characteristic 3 is determined in accordance with
the expression:

my

B=

7
Ryzn(@?
J

In other embodiments the reference temperature varies
with time over a relatively long time period and further
including the steps of: determining said reference tempera-
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ture value over said time period; maintaining said volume
mean temperature at a fixed, predetermined value, said fixed
value being greater than said reference temperature over said
time period; determining the time-varying temperature dif-
ference between said fixed volume mean temperature and
said time-varying reference temperature; determining the
fixed value of the resistance of said heating means at said
volume mean temperature; and determining the thermal con-
ductivity of said medium over said time period in accordance
with the expression:

5
= ATOR20ra

k(1) 0
Vi

ky

where k(1) is the thermal conductivity of said medium, AT is
said temperature difference, R, is the said fixed resistance of
said heating means at said volume mean temperature, a is the
radius of a spherical heating means having a volume equiva-
lent to the actual volume of said heating means, V,(t) is the
voltage at said heating means where said power is applied,
and k, is said predetermined thermal conductivity of said
heating means.

In some embodiments the step of determining said refer-
ence temperature includes the steps of: immersing a tempera-
ture sensing means in said medium at a region sufficiently
remote from the immersed heating means so that the tempera-
ture sensed by said sensing element is not materially affected
by the raised temperature of said heating means, said sensing
means having a predetermined resistance versus temperature
relationship; determining over said time period the voltage at
said sensing means and the current through said sensing
means; determining the reference temperature sensed by said
sensing means over said time period in accordance with the
said predetermined resistance versus temperature relation-
ship thereof.

In another embodiment, the steps thereof are first per-
formed when no fluid is flowing in said medium to determine
the intrinsic thermal conductivity k,, of said medium and said
steps are further performed over said time period when a fluid
having a predetermined heat capacity is flowing in said
medium to determine the effective thermal conductivity k, {t)
of said medium; and further including the steps of: predeter-
mining the heat capacity C, of said fluid; determining the
ratio of k_,(t)k,, over said time period; and determining the
rate of flow w(t) of said fluid in said medium in accordance
with the expression:

2k
—1 m
] Cy(@”

korr (1
w(t):( /Cfm‘)

where o(t) is measured in terms of the mass of fluid per unit
volume of the medium per unit time.

In another embodiment the reference temperature varies
with time over a relatively long time period and further
including the steps of: determining said reference tempera-
ture over said time period; determining the said volume mean
temperature over said time period as a function of said refer-
ence temperature and a preselected fixed value of said tem-
perature difference; maintaining the resistance of said heating
means over said time period at a value such as to maintain the
temperature difference between said volume mean tempera-
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ture and said reference temperature at said preselected fixed
value, said resistance varying as a function of time; determin-
ing the thermal conductivity k(t) of said medium over said
time period in accordance with the expression:

‘ 5
M0 = SroR20m 10
VD) ky

where AT is said temperature difference, R, (t) is said resis-
tance of said heating means at said volume mean temperature,
a is the radius of a spherical heating means having a volume
equivalent to the actual volume of said heating means, V ,(t) is
the voltage at said heating means when said power is applied
and k,, is the predetermined thermal conductivity of said heat-
ing means.

In another embodiment, the step of determining said ref-
erence temperature includes the steps of: immersing a tem-
perature sensing means in said medium at a region suffi-
ciently remote from the immersed heating means so that the
temperature sensed by said sensing element is not materially
affected by the raised temperature of said heating means
(referred to as sensor cross-talk), said sensing means having a
predetermined resistance versus temperature relationship;
determining over said time period the voltage at said sensing
means and the current through said sensing means; determin-
ing the reference temperature sensed by said sensing means
over said time period in accordance with the said predeter-
mined resistance versus temperature relationship thereof.

In still other embodiments the steps thereof are first per-
formed when no fluid is flowing in said medium to determine
the intrinsic thermal conductivity k _ of said medium and said
steps are further performed over said time period when a fluid
having a predetermined heat capacity is flowing in said
medium to determine the effective thermal conductivity k1)
of said medium; and further including the steps of: predeter-
mining the heat capacity C, of said fluid; determining the
ratio of k,(t)/km over said time period; and determining the
rate of flow w(1) of said fluid in said medium in accordance
with the expression:

_1]2

km
Cpl@?

kerr (£
w(t):( Z()

where w(t) is measured in terms of the mass of the fluid per
unit volume of the medium per unit time.

In another embodiment, the reference temperature varies
with time over a relatively long time period and further
including the steps of: immersing a temperature sensing
means in said medium at a region sufficiently remote from the
immersed heating means so that the temperature sensed by
said sensing element is not affected by the raised temperature
of said heating means, said sensing means having a predeter-
mined resistance versus temperature relationship; determin-
ing the resistance of said sensing means over said time period,
determining the reference temperature of said sensing means
over said time period; determining the desired resistance of
said heating means over said time period as a function of the
resistance of said sensing means and of a preselected fixed
value of the resistance difference between the resistances of
said sensing means and said heating means; maintaining the
resistance of said heating means at said desired resistance
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value over said time period so that said resistance difference
remains at said preselected fixed value, the resistance of said
heating means varying as a function of time; determining the
mean temperature of said heating means over said time period
at the said desired resistance value of said heating means, said
mean temperature varying as a function of time; determining
the temperature difference between said mean temperature
and said reference temperature over said time period, said
temperature difference varying as a function of time; deter-
mining the thermal conductivity k(t) of said medium over said
time period in accordance with the expression:

5
T AT(OR.20ma 1.0
1740] kp

k(1)

where AT(t) is said temperature difference, R, (1) is said resis-
tance of said heating means at said mean temperature, a is the
radius of a spherical heating means having a volume equiva-
lent to the actual volume of said heating means, V,(t) is the
voltage at said heating means when said power is applied and
k, is the predetermined thermal conductivity of said heating
means.

In another embodiment, the step of determining said ref-
erence temperature includes the steps of: immersing a tem-
perature sensing means in said medium at a region suffi-
ciently remote from the immersed heating means to that the
temperature sensed by said sensing element is not affected by
the raised temperature of said heating means (i.e.: no sensor
cross-talk), said sensing means having a predetermined resis-
tance versus temperature relationship; determining over said
time period the voltage at said sensing means and the current
through said sensing means; determining the reference tem-
perature sensed by said sensing means over said time period
in accordance with the said predetermined resistance versus
temperature relationship thereof.

In other embodiments, the steps thereof are first performed
when no fluid is flowing in said medium to determine the
intrinsic thermal conductivity k,, of said medium and said
steps are further performed over said time period when a fluid
having a predetermined heat capacity is flowing in said
medium to determine the effective thermal conductivity k, {t)
of said medium; and further including the steps of: predeter-
mining the heat capacity C, of said fluid; determining the
ratio of k_4(t)/k,, over said time period; and determining the
rate of flow of said fluid in said medium in accordance with
the expression:

2k
—1 m
] Cy(@”

korr (1
w(t):( /Cfm‘)

where w(t) is measured in terms of the mass of the fluid per
unit volume of medium per unit time.

A more specific preferred embodiment can be seen in the
block diagram of F1G. 6 wherein the method comprises the
steps of: 1) measuring T1 and T2, the temperatures at a first
and second location; 2) determining if T1 and T2, the tem-
peratures at the first and second locations are stable; 3) if T1
and T2 are not stable, then repeating step 1;4) if T1and T2 are
stable, then setting T2 to a different temperature, T2 +DT; 5)
measuring T1 and calculating P2 , the power required to
change the temperature at the second location; 6) determining
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1f P2 data has been acquired for a selected time period (i.e.: 10
seconds); 7) if 10 seconds of P2 data not acquired, then repeat
step 5; 8) if 10 seconds of P2 data has been acquired, then
calculating intrinsic thermal conductivity of the medium, K ;
9) calculating perfusion, w; 10) determining if T1 is stable;
11)if T1 isnot stable, then repeating step 1; 12) if T1 is stable,
then determining if dP2/dt is less than dP/dt(max); 13) if
dP2/dt is not less than dP/dt(max), then repeating step 1; 14)
if dP2/dt is less than dP/dt(max), then determining if time, t,
is less than established maximum time, t(max); 15)ift is not
less than t(max), then repeating step 1; 16) if t is less than
t(max), then repeating step 3.

1n another embodiment, a method for determining proper-
ties of a medium comprises the steps of: (1) establishing
baseline criteria corresponding to baseline conditions of the
medium, comprising: determining the thermal conductivity
of a heating means as a function of temperature, said heating
means having a predetermined resistance versus temperature
relationship; contacting said medium with said heating
means; and determining the reference temperature of said
medium when said medium is unheated; (2) obtaining mea-
surements of medium comprising the steps of: applying
power to said heating means sufficiently rapidly to heat said
means to a temperature above said reference temperature so
that the power necessary to maintain said temperature varies
as a function of time; determining the time varying power and
time relationship between the power required to maintain said
temperature and the time during which said power is applied
to said heating means; determining the temperature differ-
ence between said temperature and said reference; determin-
ing the thermal conductivity of said medium as a function of
said temperature difference, and of said applied power in
accordance with said time varying power and time relation-
ship; and (3) determining need for new baseline criteria com-
prising evaluating physiological conditions and/or artifact
conditions changes which may affect the baseline conditions
of the medium.

Referring to F1G. 7, a method for determining properties of
a medium with automatic recalibration comprises the steps
of: 1) providing an apparatus for determining properties of a
medium, comprising: a computer 50, a display 52 in electrical
communication with the computer, a detector circuit 54 in
electrical communication with the computer 50, a printer 56
in electrical communication with the detector circuit 54, a
first power supply 58 in electrical communication with the
detector circuit 54, a second power supply 60 in electrical
communication with the computer 50, display 52, detector
circuit 54, and printer 56; a keypad 62 in electrical commu-
nication with the detector circuit 54, and a probe 64 in elec-
trical communication with the detector circuit 54; 2) inserting
the probe into the medium; 3) having/operating the device
perform the following steps: A) measuring the temperature of
the medium at a first and second location; B) determining if
the temperatures at the first and second location are stable,
wherein ifthe temperature at either the first or second location
are not stable then repeating step 1; C) raising the temperature
of the medium at the second location a predetermined
amount; D) measuring the temperature at the first location
and calculating the perfusion at the second location; E)
repeating step D for a set period of time; F) calculating the
intrinsic thermal conductivity of the medium; G) calculating
the rate of flow of the medium; H) determining if the tem-
perature of the medium at the first location is stable, wherein
if the temperature at the first location is not stable, then
repeating step 1; 1) determining if the rate of perfusion is less
than an established maximum value, wherein if rate of perfu-
sion is not less than the established maximum, then repeating
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step A; J) determining if the total time the measurements have
beentaken over is less than an established maximum, wherein
if the total is not less than the established maximum, then
repeating step A; K) repeating step D.

In accordance with further embodiments, an apparatus for
determining physical characteristics of a medium is provided.
One such apparatus comprises: temperature sensing means
immersed in or contacting the medium for sensing the refer-
ence temperature of the medium when the medium is
unheated; heating means immersed in the medium for heating
the medium, the heating means having a predetermined ther-
mal conductivity, a predetermined thermal diffusivity and a
predetermined characteristic dimension; means for applying
power to the heating means sufficiently rapidly to raise the
temperature of the heating means to a volume mean tempera-
ture above the reference temperature so that the power nec-
essary to maintain the volume mean temperature varies as a
function of time; data processing means for determining the
temperature difference between the volume mean tempera-
ture and the reference temperature, for determining the resis-
tance of the heating means at the volume mean temperature
and for determining the time varying relationship between the
power required to maintain the heating means at the volume
mean temperature after the temperature has been reached and
the time during which the power is being applied thereto; the
data processing means further being responsive to the tem-
perature difference, the heating means resistance, the applied
power in accordance with the time varying power and time
relationship, the predetermined thermal conductivity of the
heating means, a change in reference parameters, and the
predetermined characteristic dimension of the heating means
for determining the thermal conductivity of the medium in
accordance with athermal model ofthe heating means and the
medium wherein the heating means is treated as a distributed
thermal mass and wherein heat conduction occurs in a
coupled thermal system which comprises both the heating
means and the adjacent region of the medium which sur-
rounds the heating means.

In certain embodiments the sensing means and the heating
means comprises a single element capable of sensing the
temperature of the medium and of heating the medium. An
example of such a single element is a thermistor bead ele-
ment, for example, of the type having characteristics refer-
enced in above-mentioned U.S. Pat. Nos. 4,059,982 and
4,852,027. 1n other embodiments the apparatus further
includes volume means for maintaining the mean tempera-
ture at a fixed, predetermined value above the reference tem-
perature, the reference temperature being determined and the
volume mean temperature being maintained over a relatively
short time interval during which the reference temperature
remains substantially constant whereby the temperature dif-
ference and the resistance of the heating means also remain
substantially constant. Variations of such an embodiment fur-
ther include: means for determining the time varying power
and time relationship in terms of the relationship between the
square of the voltage applied to the heating means and the
inverse square root of the time during which the voltage is
being applied; means for determining a first characteristic I
ofthe relationship representing the value of the power perunit
volume generated by the heating means at a time t effectively
equivalent to an infinite time period following the application
ofthe power to the heating means; and means for determining
the thermal conductivity of the medium in accordance with
the expression:
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where k is the thermal conductivity of the medium, AT is the
mean temperature difference, a is the radius of a spherical
heating means having a volume equivalent to the actual vol-
ume of the heating means and k, is the predetermined thermal
conductivity of the heating means.

In still other embodiments, the time varying relationship
between the square of the voltage V,* and the inverse square
root of the time t.5up.—Y2 is a substantially linear relationship
of the form V,2()=m,+m, t"*'%; and the first characteristic
determining means includes means for determining the first
characteristic I in accordance with the expression:

m
= !

4
B3 (@)

where R, is the resistance of the heating means at the volume
mean temperature.

Variations of these embodiments further include: means
for determining a second characteristic p in accordance with
the expression:

my

L=

7
Ruzz@?
J

memory storage means for storing the non-dimensional pre-
determinable relationship between the expression B\/a_b/FE
wherein o, is the predetermined thermal diffusivity of the
heating means; the expression k, /k,, wherein k , is the ther-
mal conductivity ofthe medium with no fluid flowing therein,
and the expression a,/o., is the thermal diffusivity of any
medium which is to be determined; and means for determin-
ing the actual value of the expression fy'o,/Ta and k  /k, and
for determining the actual value of a,/ct,, from the memory
storage means; and means responsive to the value of a,/ct,,,
for determining the thermal diffusivity o, of the medium,

In other embodiments the sensing means and the heating
means comprise: a first heating element immersed at a first
region of the medium; and a second element immersed at a
second region of the medium sufficiently remote from the first
region as to be not affected or minimally affected by the
heating of the first element. In certain embodiments the first
and second elements are thermistor bead elements.

Other variations for use over a relatively long time period
during which the reference temperature varies with time and
wherein the second element determines the reference tem-
perature over the time period; further include: means for
maintaining the volume mean temperature and the resistance
ofthe heating means at the volume mean temperature at fixed
predetermined values over the time period during which the
reference temperature varies whereby the temperature differ-
ence there between varies over the time period.

Variations of such embodiments have the data processing
means determine the thermal conductivity of the medium
over the time period in accordance with the expression:
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5
AT(OR20ma 1.0
V2(0) K

k()=

where k(1) is the thermal conductivity, AT(t) is the tempera-
ture difference, R, is the resistance of the heating means at the
mean temperature, V,,(t) is the voltage at the heating means as
power is applied thereto, a is the radius of a spherical heating
means having a volume equivalent to the actual volume of the
heating means and k, is the predetermined thermal conduc-
tivity of the heating means. The data processing system may
also include means for determining the intrinsic thermal con-
ductivity k  of the medium when no fluid is flowing therein;
means for determining the effective thermal conductivity k.,
(t) of the medium when a fluid having a predetermined heat
capacity is flowing therein; means for determining the ratio of
k_At)/km over the time period; and means for determining the
rate of flow w(t) of the fluid in the medium in accordance with
the expression:

(kg Y
ot ‘( . '1]

where C,, is the predetermined heat capacity.

Other embodiments for use over a relatively long time
period during which the reference temperature varies with
time wherein the second element determines the reference
temperature over the time period; and may further include
means for determining the volume mean temperature over the
time period as a function of the reference temperature and a
preselected fixed value of the temperature difference; means
for maintaining the resistance of the first element over the
time period at a value such as to maintain the temperature
difference between the volume mean temperature and the
reference temperature at the preselected fixed value, the resis-
tance varying as a function of time; and means for determin-
ing the thermal conductivity of the medium over the time
period in accordance with the expression:

5
T AT(OR20ra 1.0
) ky

k(1)

where AT is the temperature difference, R, (t) is the resistance
of the heating means at the volume mean temperature, a is the
radius of a spherical heating means having a volume equiva-
lent to the actual volume of the first element, V,(t) is the
voltage at the first element when power is applied thereto, and
k,, is the predetermined thermal conductivity of the first ele-
ment. The data processing system may include means for
determining the intrinsic thermal conductivity k,, of the
medium when no fluid is flowing therein; means for deter-
mining the effective thermal conductivity k (1) of the
medium when a fluid having a predetermined heat capacity is
flowing therein; means for determining the ratio of k ,(t)’k,,
over the time period; and means for determining the rate of
flow w(t) of the fluid in the medium in accordance with the
expression:
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where C, is the predetermined heat capacity.

Still other embodiments for use over a relatively long time
period during which the reference temperature varies with
time wherein the second element determines the reference
temperature over the time period; further include means for
determining the resistance of the second element over the
time period; means for determining the desired resistance of
the first element over the time period as a function of the
resistance of the second element and of a preselected fixed
value of the resistance difference between the resistances of
the second and the first elements; means for maintaining the
resistance of the first element at the desired resistance so that
the resistance difference is maintained at the predetermined
fixed value, the resistance of the first element varying as a
function of time; means for determining the volume mean
temperature of the first element over the time period at the
desired resistance of the first element, the volume mean tem-
perature varying as a function of time; means for determining
the temperature difference between the volume mean tem-
perature and the reference temperature over the time period,
the temperature difference varying as a function of time;
means for determining the thermal conductivity of the
medium over the time period in accordance with the expres-
sion:

5
T ATOR207a 10
1740]

k()
Ky

where AT(t) is the temperature difference, R, (1) is the resis-
tance of the heating means at the volume mean temperature,
a is the radius, of a spherical heating means having a volume
equivalent to the actual volume of the first element, V,(t) is
the voltage at the first element when power is applied thereto,
and k, is the predetermined thermal conductivity of the first
element. The data processing system may include means for
determining the intrinsic thermal conductivity k,, of the
medium when no fluid is flowing therein; means for deter-
mining the effective thermal conductivity k /(1) of the
medium when a fluid having a predetermined heat capacity is
flowing therein; means for determining the ratio of k_j(t)/k,,
over the time period; and means for determining the rate of
flow w(t) of the fluid in the medium in accordance with the
expression:

K
Gy@?

kg (1)
W) = ( n

_1]2

where C, is the predetermined heat capacity.

Referring again to FIG. 7, apparatus for determining ther-
mal properties of living tissue in accordance with certain
preferred embodiments will be described. An apparatus for
determining properties of a medium, comprises: a computer
50; a display 52 in electrical communication with the com-
puter 50; a detector circuit 54 in electrical communication
with the computer 50; a printer 56 communicating with
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printed tape slot 63 (FIG. 1) and in electrical communication
with the detector circuit 54; a first power supply 58 in elec-
trical communication with the detector circuit 54; a second
power supply 60 in electrical communication with the com-
puter 50, display 52, detector circuit 54, and printer 56; a
keypad 62 in electrical communication with the detector cir-
cuit 54; and a probe 64 in electrical communication with the
detector circuit 54. In certain embodiments the apparatus
further comprises an external serial port 66 in electrical com-
munication with the detector circuit 54. In other embodiments
the apparatus further comprises an external output. This out-
put may be either digital or analog.

The computer 50 may be any number of suitable micro-
processor types, which may include optional peripheral
devices for input and output of data. The computer illustrated
is a single board microprocessor. The preferred computer
may also comprise a first and second serial port. The display
52 may be any number of types, for example, a flat panel
display. The first power supply 58 is an isolated power supply
and the second power supply 60 is an un-isolated power
supply.

In a preferred embodiment, the probe 64 comprises first
and second thermistors 106 and 176, respectively, (FIGS. 8
and 9) in communication with a control circuit 72. One
example of thermistors that can be used with this embodiment
are B35 and BR11 manufactured by Thermometrics, Inc.
(Edison, N.I.). One example of a probe including such ther-
mistors is shown in the above referenced U.S. Pat. No. 5,035,
514. The detector circuit 54 comprises: an isolated compo-
nent 68 comprising: a processor 70, the control circuit 72 in
electrical communication with the processor 70, and at least
one analog to digital converter 74; and an un-isolated com-
ponent 76, in electrical communication with the processor 70
of the isolated component, comprising: a keyboard controller
78, a serial port 80, a serial port multiplexor 82, and a digital
to analog converter 84.

The control circuit 72 will bereferenced in connection with
FIGS. 7 and 8. The control circuit serves to selectively mea-
sure temperature on or raise the temperature of the first or heat
thermistor 106 of the probe 64.

A circuit for a Heat Thermistor Control Circuit 72 shown in
FIG. 7, is also shown schematically in FIG. 8. The current
source circuit 100 measures temperature using the thermistor
106 located in the probe 64. The circuitry of box 105 is the
interface of the heat thermistor control circuit 72 with the
thermistor 106. The functionality of the control circuit is
controlled using switches A through F. The control circuit
further comprises first 140 and second 145 op-amps in con-
nection with a scaling network 110, an integrator 115, control
resistor 150, and a current source 125. The probe 64 and
thermistor 106 are connected to control circuit 72 through the
probe interface 105, switch C and the connector 53 shown in
FIG. 1.

In a passive temperature monitoring or sense mode, refer-
ring to FIG. 8, the thermistor 106 is connected to the sense
current source 100 and to ground 102. Two precision resistors
150 and the 2.5 KOhm resistor shown between the current
source and switch D are connected in series as well. The
position of each switch for the sense (or unheated) mode is
described in Table 1-1.
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TABLE 1-1

Switch Positions for Sense Mode

Switch Position

right, connecting fixed resistor to thermistor
left, selecting thermistor

right, connecting thermistor to ground

left, connecting fixed resistor to current source
up, disconnecting feedback loop

closed, opamp as amplifier net integrator

mmg 0w e

In the self-heating or heat mode, the resistor 150 and the
thermistor 106 are connected to the current source 125 and,
once the scaling network 110 is set for the desired level of
amplification, the rest of the control loop is closed using the
switches as described in Table 1-2.

TABLE 1-2

Switch Position for Heat Mode

Switch Position

right, connecting fixed resistor to thermistor
left, selecting thermistor

left, connecting thermistor to current sink
right, connecting fixed resistor to 5V
down, closing feedback loop

open, opamp as integrator

N R w i @Rivell

Element 103, unused in both the sense and heat modes as
described, is a simulator for circuit testing purposes. Switch A
1s moved to the left position only for testing purposes.

FIG. 9 shows a schematic of an embodiment of a thermal
sensor and safety circuit that comprises another part of the
control circuit of the Detector Circuit 54 as shown in FIG. 7.
The thermal sensor and safety circuit consist of a current
source 170 for measuring the temperature with the second or
sense thermistor 176 of the probe 64 (FIG. 7); a set of cali-
bration resistors 185, 190; and a safety circuit 195 that gives
a signal or terminates operation if the voltage applied to
thermistor 176 is outside of a preset range. The second ther-
mistor 176 connects through the connector 53 shown in FIG.
1.

As perfusion measurements are being taken and time
passes, physiological, sensor and instrument conditions
change and recalibration is necessary. Referring again to
FIGS. 3 and 4, the physiological or sensor and instrument
artifact conditions are examples of conditions that may
change and affect established baseline conditions. One or
more such conditions are monitored and recalibration is ini-
tiated when a value or values associated with these monitored
conditions fall outside of a predetermined range.

In the mode of FIG. 3, physiologic conditions are moni-
tored and when the resulting value or a weighted combination
of values fall within a predetermined range, that is when the
monitored conditions do not materially affect or degrade
accuracy, recalibration is not thereby indicated. One or more
measurement artifact conditions are also monitored and when
the resulting value or weighted combination of these values
are within a preset acceptable range, that is when perfusion
measurement accuracy is not materially affected or degraded
by artifact conditions, recalibration is again not indicated.
Perfusion measurements are deemed reliable.

When either or both of the values resulting from measure-
ment of one or more physiologic conditions and the values
resulting from measurement of artifact conditions fall outside
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of the preset ranges, indicating a degradation of accuracy of
the perfusion measurements, recalibration is indicated. The
perfusion sensor is calibrated in response to a degradation of
accuracy due to physiologic conditions and the instrument is
calibrated in response to a degradation of accuracy due to
sensor or instrument artifact conditions that adversely affect
perfusion measurement. Calibration and recalibration may be
initiated manually in response to a signal provided by the
system or initiated automatically by the system.

In the mode of FIG. 4, one or more physiologic, sensor and
instrument conditions are monitored. When the resulting
value or values are within an acceptable range, indicating
reliability of perfusion measurements, perfusion measure-
ments are made. When the resulting value or values are out-
side of the acceptable range additional inquiry is indicated.
The system determines if instrument conditions contribute a
substantial component to the degradation. If not, recalibration
in situ of the perfusion sensor is indicated. If so, recalibration
of the instrumentation is indicated. Calibration and recalibra-
tion of the sensor and/or the instrumentation may be initiated
manually in response to a signal provided by the system or
initiated automatically by the system.

The present invention is described above in terms of spe-
cific embodiments. It is anticipated that other uses alterations
and modifications will be apparent to those skilled in the art
given the benefit of this disclosure. It is intended that the
following claims be read as covering such other uses alter-
ations and modifications as fall within the true spirit and
scope of the invention.

The invention claimed is:

1. A method for monitoring perfusion in living tissue com-
prising:

determining baseline thermal conditions for a capillary bed

and establishing baseline criteria for the thermal condi-
tions in the capillary bed;

raising the temperature in the capillary bed to a value above

said thermal baseline by a heated probe immersed in the
capillary bed;

computing, using a computing unit, values associated with

one or more selected thermal properties of the capillary
bed;

computing, using a computing unit, perfusion in the capil-

lary bed using a value that is a function of the power
required by said raising step and one or more of the
selected thermal property values;

evaluating, using a computing unit, one or more conditions

that may significantly change one or more of the thermal

baseline and the selected thermal property values; and
determining, using a computing unit, the need for new

baseline criteria using data from said evaluating step.

2. A method according to claim 1 further comprising the
steps of:

repeating the second said computing step until the second

said determining step indicates a need for new baseline
criteria;

when a need for new baseline criteria is indicated discon-

tinuing said raising step until said tissue location returns
to an unperturbed state; and

repeating the first said determining step.

3. A method according to claim 1 wherein said evaluating
step comprises evaluating selected artifact conditions for rec-
ognizing artifact conditions under which the established ther-
mal baseline is no longer valid.

4. A method according to claim 3 wherein artifact condi-
tions include one or more of:

ambient temperature changes,

electrical interference,
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instrumentation drift,

excessive sensor-tissue contact force that can induce cap-

illary collapse,

insufficient sensor-tissue contact force that can result in

artifactual transduction of perfusion,

cross-talk between sensors, and

motion of the sensor relative to the tissue.

5. The method of claim 1 wherein said evaluating step
comprises evaluating selected physiological conditions for
recognizing conditions under which the established thermal
baseline is no longer valid.

6. A method according to claim 5 wherein said evaluating
step comprises evaluating selected artifact conditions for rec-
ognizing artifact conditions under which the established ther-
mal baseline is no longer valid.

7. A method according to claim 5 wherein physiological
conditions include one or more of:

tissue and vascular damage,

tissue edema,

tissue scar formation,

influence of a large vessel,

change in vascular status (e.g.: blood volume, vasodilation,

and vasoconstriction),

changes in perfusion,

changes in blood pressure,

changes in tissue pressure,

changes in tissue temperature,

changes in blood temperature, and

changes in tissue metabolism.

8. A method according to any one of claims 2, 3, 4,5, 6, or
7 further comprising the step of automatically recalibrating
baseline criteria for one or more of the probe and the instru-
mentation based on the results of the second said determining
step.

9. A method for monitoring perfusion in living tissue com-
prising:

determining baseline thermal conditions for a capillary bed

and establishing baseline criteria for the thermal condi-
tions in the capillary bed;

raising the temperature in the capillary bed to a value above

said thermal baseline;

computing, using a computing unit, values associated with

one or more of an intrinsic thermal conductivity and a
thermal diffusivity of the capillary bed;

computing, using a computing unit, perfusion in the capil-

lary bed using a value that is a function of the power
required by said raising step and one or more of the
conductivity and diffusivity values;

evaluating, using a computing unit, one or more conditions

that may significantly change the thermal baseline and
one or more of the conductivity and diffusivity values;
and
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determining, using a computing unit, the need for new

baseline criteria using data from said evaluating step.

10. A method according to claim 9 further comprising the
steps of:

repeating the second said computing step until the second

said determining step indicates a need for new baseline
criteria;

when a need for new baseline criteria is indicated discon-

tinuing said raising step until the capillary bed returns to
an unperturbed state; and

repeating the first said determining step.

11. A method according to claim 9 wherein said evaluating
step comprises evaluating selected artifact conditions for rec-
ognizing artifact conditions under which the established ther-
mal baseline is no longer valid.

12. A method according to claim 11 wherein artifact con-
ditions include one or more of:

ambient temperature changes,

electrical interference,

instrumentation drift,

excessive sensor-tissue contact force that can induce cap-

illary collapse,

insufficient sensor-tissue contact force that can result in

artifactual transduction of perfusion,

cross-talk between sensors, and

motion of the sensor relative to the tissue.

13. The method of claim 9 wherein said evaluating step
comprises evaluating selected physiological conditions for
recognizing conditions under which the established thermal
baseline is no longer valid.

14. A method according to claim 13 wherein said evaluat-
ing step comprises evaluating selected artifact conditions for
recognizing artifact conditions under which the established
thermal baseline is no longer valid.

15. A method according to claim 13 wherein physiological
conditions include one or more of

tissue and vascular damage,

tissue edema,

tissue scar formation,

influence of a large vessel,

change in vascular status (e.g.: blood volume, vasodilation,

and vasoconstriction),

changes in perfusion,

changes in blood pressure,

changes in tissue pressure,

changes in tissue temperature,

changes in blood temperature, and

changes in tissue metabolism.

16. A method according to any one of claim 10, 11, 12, 13,
14, or 15 further comprising the step of automatically recali-
brating baseline criteria based on the results of the second said
determining step.
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