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(57) ABSTRACT 

A system is provided for monitoring edema in tissue. Ther 
mal energy is supplied to tissue at a site Where tissue Water 
content is to be monitored to produce in the selected tissue 
a thermal response as a function of an intrinsic thermal 
property of tissue that varies With Water content. Tissue 
Water content is determined from the thermal response, the 
energy supplied and the relationship betWeen tissue Water 

(22) Filed: May 10, 2001 content and the thermal property. 
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SYSTEM FOR QUANTIFYING EDEMA 

BACKGROUND OF THE INVENTION 

[0001] Edema, the abnormal or excessive retention of ?uid 
at a site in the body, can produce damaging stress on the 
body and inhibit proper functioning of organs. Edema inhib 
its blood ?oW in tissue, raises systemic blood pressure and 
otherWise impairs healthy body function. 

[0002] Edema produces sWelling Which often results in a 
constriction of blood ?oW to the affected area. This can place 
stress on the heart, kidneys, brain, muscle tissue and other 
organs. Causes of edema include trauma, burns, hypersen 
sitive reactions, thrombophlebitis and disease. Edema can 
even result from malnutrition, obesity and lack of exercise. 
In the heart, edema can produce heart failure. Cardiac edema 
increases the volume of the heart Wall; the Wall thickens and 
reduces the volume of the chambers of the heart. Cardiac 
output is reduced and the Workload of the heart is increased. 
Head trauma often results in edema. Serious head injury is 
almost alWays associated With excessive ?uid retention in 
brain tissue and brain sWelling. As the brain sWells the 
increase in tissue volume is con?ned by the rigid cranial 
cavity. The resulting pressure increase restricts blood supply 
and, if not relieved, produces brain damage. In muscle tissue 
edema can produce compartment syndrome. Injury can 
cause a volume of tissue to retain excess ?uid and sWell. The 
volume of the sWelling tissue is constrained by surrounding 
tissue so that blood supply to the tissue is restricted. 

[0003] When excessive ?uid collects in tissue there is a 
need to mitigate the condition to avoid related adverse 
physiological effects and as an aid to treatment. Edema is 
often associated With loW blood ?oW and its attendant 
problems and can affect any location or organ of the body. 
As Water content of tissue can change from time-to-time, 
and sometimes rapidly, there is a need for an edema monitor 
Which can detect tissue Water content in any tissue or organ 
of the body and monitor it continuously. 

[0004] Prior devices for measuring edema, such as those 
for measuring pulmonary edema, involve injection of indi 
cator directly into the bloodstream. Catheters introduced 
into the circulatory system deliver the indicator and detect 
the response. One such device is described in US. Pat. No. 
4,676,252 issued to Trautman et al. US. Pat. No. 4,819,648 
to Ko discloses a device for electromagnetically sensing 
impedance changes in the brain to monitor brain ?uid levels. 

SUMMARY OF THE INVENTION 

[0005] It is a purpose of this invention to provide a system 
to quantify the Water content or condition of edema in any 
selected tissue or organ of the body and continuously 
monitor changes therein. 

[0006] It is a further purpose of this invention to quantify 
tissue Water content by modeling the relationship betWeen 
tissue Water content and a thermal property of tissue that 
varies as a function of tissue Water content. 

[0007] It is a purpose of this invention to provide an edema 
monitor in Which a thermal probe is introduced into thermal 
communication With live tissue at a selected site and ener 
giZed to transfer thermal energy to the tissue and tissue Water 
content is determined from a thermal property of tissue 
Which varies as a function of tissue Water content. 
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[0008] It is an objective of this invention to assess tissue 
Water content as a function of the poWer used to heat tissue 
at a selected site and a thermal property of tissue Which 
varies as a function of tissue Water content. 

[0009] It is also an object of this invention to quantify 
edema in tissue as a function of the poWer used to heat tissue 
at a selected site and the thermal conductivity of tissue. 

[0010] In the present invention, the monitoring of Water 
content (edema) in live tissue is provided by detecting the 
thermal response of the subject tissue to the application of 
thermal energy and computing Water content as a function of 
the thermal response and thermal energy or poWer used. 
Certain thermal properties of tissue vary as a function of 
tissue Water content. For example, thermal diffusivity and 
thermal conductivity of the tissue increase as the Water 
content of the tissue increases. Accordingly, the thermal 
response to the introduction of heat in a selected tissue 
sample or organ is a function of these properties. Herein, the 
terms tissue Water content and edema are essentially syn 
onymous, edema being a condition of abnormally high 
tissue Water content. 

[0011] A preferred embodiment, the invention includes a 
thermal probe Which thermally communicates With tissue in 
contact With it and Which electrically communicates With a 
monitor. The probe incorporates an embedded thermistor. In 
a minimally invasive probe, a distal thermistor is embedded 
in the tip of a narroW gage catheter (1-mm diameter). The 
catheter is inserted into tissue at a site to be examined and 
effects thermal contact With surrounding tissue. The ther 
mistor, adapted for thermal contact With the tissue, is heated 
to a small increment above the tissue temperature baseline. 
(For example the temperature of the thermistor surface may 
be elevated to a predetermined temperature approximately 
2° C. above the tissue temperature baseline.) A second or 
proximal thermistor may be embedded in the probe for 
monitoring tissue baseline temperature and compensating 
for baseline temperature ?uctuations. The distal thermistor 
is heated at intervals by poWer source Within a control 
circuit. The poWer used to elevate the temperature in an 
interval is indicative of a value of the selected thermal 
characteristic, for example, thermal conductivity and/or 
thermal diffusivity, in tissue at the location of the thermistor. 
The sensed temperature results in a signal from the poWer 
source functionally related to the thermal response in the 
tissue to the application of heat, Which signal is used to 
calculate a value indicative of tissue Water content. The 
folloWing example is based on thermal conductivity. 

[0012] When the thermistor is in thermal contact With live 
tissue at a site Where Water content is to be assessed, the 
poWer dissipated by the heated thermistor (typically Within 
the range of 0.005-001 W) provides a measure of the ability 
of the tissue to carry heat by both conduction in the tissue 
and convection due to tissue blood ?oW. In operation, the 
thermistor is energiZed and a thermal ?eld propagates into 
tissue contacting and surrounding the thermistor. The initial 
propagation of the ?eld is due substantially to inherent tissue 
conductivity (thermal conductance). Subsequent propaga 
tion of the ?eld is affected more by tissue convection (blood 
?oW or perfusion). A monitor or data processor controls the 
probe, records the data and distinguishes betWeen the effect 
of the inherent thermal conductivity characteristic of the 
tissue and convective heat transfer due to tissue blood ?oW. 
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The inherent or intrinsic thermal conductivity of the tissue at 
the site of the thermistor is determined from the initial rate 
of propagation of the thermal ?eld in the tissue, separated 
from the effects of convective heat transfer. 

[0013] A data processing technique by Which the thermal 
conductive and convective effects of the heated thermistor 
are distinguished and separated Will noW be discussed. 
Measurements are made under effectively transient condi 
tions, i.e., at times Which are short relative to the time 
required for the system to reach steady state. Accordingly, 
the temperature change produced in the tissue is permitted to 
vary in any arbitrarily selected manner With time. The poWer 
required to heat the tissue and the resulting temperature 
change are recorded. An intrinsic thermal conductivity value 
is calculated using data obtained at an initial time period. 
The conductivity value is used to assess the ?uid content (or 
edema) of tissue at the site of the probe. The Water content 
of the tissue is computed as a function of the intrinsic 
thermal conductivity of the tissue and data derived by using 
a model of the relationship of intrinsic tissue conductivity 
values to tissue Water content values. 

[0014] As is often the case in monitoring procedures, there 
is some margin of error that must be held Within a range 
deemed appropriate for acceptable or optimum operation. 
When direct computation of conductivity (or other thermal 
property) does not lead to an acceptably accurate calculation 
of Water content, an iterative process may be used to 
optimiZe the accuracy of the Water content calculation. For 
eXample, computation can be based on a thermal model 
requiring a series of heating cycles With measurements at 
tWo or more selected times Within each cycle. These mea 
surements occur during a temperature change cycle in Which 
the temperature of tissue at the selected site is raised from a 
?rst unperturbed value to a second value and relaXed back to 
an unperturbed value. A thermal model and related math 
ematical equations are described in US. Pat. No. 4,852,027 
to BoWman et al. When data used to assess the thermal 
conductivity of tissue includes measurements made at least 
tWo selected time periods in an overall temperature changing 
cycle, data processing occurs in an interactive or iterative 
operation so as to converge relatively rapidly to a ?nal 
solution for conductivity of tissue at the site of the probe. In 
one embodiment, the thermistor is energiZed to heat the 
tissue at the selected site from an unperturbed temperature 
value to a second higher temperature value and then per 
mitted to decay, ie to cool, to an unperturbed value. PoWer 
is applied to energiZe the thermistor in any appropriate 
manner that produces an arbitrarily selected change as a 
function of time in the volume mean temperature of the 
tissue surrounding the thermistor. Measurements are made 
in at least tWo selected time periods during the heating and 
cooling cycle. The effects of the How in the tissue (perfu 
sion) on the measurements involved are least (substantially 
negligible) during the initial stage of the heating cycle and 
greater during the later portion of the cycle. Particularly, the 
effects of How are greater during the cooling portion of the 
cycle than during the heating portion. 

[0015] In the iterative computation, the temperature of the 
thermistor is caused to rise to initiate each heating cycle and 
relaX at the end of each cycle. An initial determination of a 
value for intrinsic thermal conductivity (or thermal diffu 
sivity), is calculated during a ?rst time period in the initial 
and each subsequent heating cycle. This ?rst time period 
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calculation is made at the initial stage of each heating cycle. 
A calculation of the convective heat transfer effect in the 
tissue due to perfusion of the tissue is separately calculated 
at a second time period, later in the heating cycle, using the 
conductivity value obtained in the initial time period and 
perfusion data obtained at the second time period, the effects 
of convective heat transfer during the second time period 
being greater than the convective heat transfer effects during 
the ?rst time period. The perfusion value obtained at the 
second time period is used to recompute a second, more 
accurate value of thermal conductivity in the ?rst time 
period. The process can be repeated as many times as 
necessary. In each calculation of perfusion the value of 
conductivity obtained in the prior calculation is used. Simi 
larly, in each successive computation of thermal conductiv 
ity the prior value of perfusion is used. The iterative process 
Will lead to convergence Wherein the same value of thermal 
conductivity is obtained in successive calculations. This 
value of conductivity can be used to compute the ?uid 
content of tissue at the location of the probe. 

[0016] The calculation of edema in the above described 
embodiment thus takes into account the effective thermal 
conductivity of the subject tissue, that being the convective 
heat transfer effect produced by tissue perfusion plus the 
intrinsic thermal conduction of the tissue, and separates the 
convective heat transfer effect (perfusion) from the intrinsic 
thermal conductivity. (Similarly, effective thermal diffusiv 
ity is the intrinsic thermal diffusivity of the tissue plus the 
perfusion related diffusivity effects.) 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] FIG. 1 is a block diagram of a system according to 
one embodiment of the invention; 

[0018] FIG. 2A illustrates one eXample of a probe useful 
in connection With an embodiment of this invention dia 
grammed in FIG. 1; 

[0019] FIG. 2B illustrates a typical pattern of heat distri 
bution in tissue produced by the heated probe of FIG. 2A; 

[0020] FIG. 3 is a schematic vieW of the invention as 
applied in monitoring brain tissue; 

[0021] FIG. 4 illustrates an empirical Water content model 
as a curve of conductivity versus percent mass Water con 

tent; 

[0022] FIG. 5 illustrates a theoretical Water content 
model; 

[0023] FIG. 6 illustrates an empirical Water content model 
as a curve of thermal diffusivity versus percent mass Water 

content; 

[0024] FIG. 7 depicts curves of thermistor temperature 
and poWer as a function of time in accordance With an 
embodiment of the invention; 

[0025] FIG. 8 shoWs curves of thermistor temperature as 
a function of time in accordance With another embodiment 
of the invention; 

[0026] FIG. 9A is an extrapolated curve of thermal con 
ductivity With reference to the embodiment of the invention 
referred to in connection With FIG. 8; 
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[0027] FIG. 9B is an extrapolated curve of thermal dif 
fusivity With reference to the embodiment of the invention 
referred to in connection With FIG. 8; and 

[0028] FIG. 10 is a How chart illustrating an exemplary 
embodiment of the invention. 

[0029] FIG. 11 is a How chart illustrating another exem 
plary embodiment of the invention. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0030] A system such as that shoWn in FIG. 1 and, for 
example, a probe of the type shoWn in FIG. 2A can 
speci?cally implement the techniques of the invention. As 
shoWn, a probe 10 is immersed in tissue 12. A self-heating 
distal thermistor 14 mounted on a catheter 11 is heated by 
poWer from an electrical poWer source and control circuit 
16. In FIG. 1 the heater voltage supplied via the poWer 
source and control circuit 16 is indicated as Vh(t). The 
thermistor 14 is energized to heat a surrounding volume of 
tissue 12. The mean temperature of the thermistor 14 is 
rapidly raised to a predetermined level above its initial 
equilibrium temperature, or above the baseline temperature 
of tissue 12, by the poWer source and control circuit 16. A 
typical heat distribution pattern in tissue 12 is illustrated in 
FIG. 2B. The maximum temperature occurs at the center of 
the thermistor bead and decreases in all directions therefrom 
to the reference temperature; that is, it decreases to the 
baseline temperature of the unperturbed tissue surrounding 
the site of the thermistor. The volume of tissue surrounding 
the thermistor 14 in Which the temperature of the tissue is 
elevated to any substantial extent by the heated thermistor is 
referred to as the measurement ?eld. 

[0031] The rate at Which heat is transferred from the 
thermistor 14 is a function of the effective thermal conduc 
tivity of the tissue 12. The poWer used or dissipated in the 
thermistor to maintain a predetermined elevated temperature 
level thus is also a function of the effective thermal con 
ductivity of the surrounding tissue. The effective thermal 
conductivity of living tissue has tWo principal components, 
intrinsic thermal conductivity of the tissue and tissue per 
fusion (i.e.: the effect of convection in the tissue). Intrinsic 
thermal conductivity of tissue is a function of tissue Water 
content. Therefore the rate of heat transfer from the ther 
mistor 14 and in tissue 12 is also a function of tissue Water 
content. The voltage Vh(t) across the thermistor 14 (an 
electrically resistive thermistor bead Which is heated in an 
active mode and unheated in a sense mode) provides a 
parameter from Which a determination of the effective 
thermal conductivity is made. In the data processor 20 the 
thermal effect of intrinsic thermal conductivity and the 
thermal effect of perfusion are separated and the intrinsic 
thermal conductivity value is used in the calculation of 
tissue Water content 

[0032] The signal Vh(t) from the poWer source and control 
circuit 16 is indicative of the poWer or thermal energy 
supplied by the control circuit 16 to the thermistor 14, the 
value of Which is also a function of the thermal response in 
the tissue resulting from the application of heat. The signal 
Vh(t), functionally related to effective thermal conductivity 
of tissue 12, is supplied in digital form via a suitable 
analog-to-digital converter 15 to a digital data processor 20 
Which computes the intrinsic thermal conductivity. Aproxi 
mal thermistor 18, located on probe 10 to be outside the 
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thermal range or measurement ?eld of thermistor 14, moni 
tors the baseline temperature and provides a signal Vs(t) 
Which adjusts for baseline temperature shifts. The proximal 
thermistor 18 is an option used Where baseline temperature 
shifts are (or are expected to be) substantial enough to 
interfere With effective monitoring. In stable thermal envi 
ronments the compensation provided by thermistor 18 is not 
required. 

[0033] The data processor 20 processes poWer related 
signals from the control circuit 16 and baseline signals from 
the thermistor 18 (if used) and provides to a display device 
22 a signal the value of Which is indicative of tissue Water 
content. A display device then displays the assessment of 
tissue Water content. More particularly, the thermal property 
model 24 (Which may be an algorithm forming part of data 
processor 20) communicates With poWer source 16, Water 
content model 26 (Which also may be an algorithm forming 
part of data processor 20) and probe 10. The thermal 
property model 24 determines the intrinsic thermal conduc 
tivity (k) as a function of the poWer supplied to the ther 
mistor 14 (via the signal Vh(t) provided by control circuit 
16) and, in an embodiment Where baseline adjustment is 
required, a baseline signal from thermistor 18. DraWing on 
the Water content model 26 and the thermal property model 
24, the data processor 20 computes the Water content of 
tissue 12. 

[0034] In the embodiment shoWn in FIG. 1, an intrinsic 
thermal conductivity data signal is provided to the Water 
content model 26 from the thermal property model 24. The 
Water content model 26 relates the conductivity value to a 
corresponding value for tissue Water content. The tissue 
Water content or edema value provided by the model 26 is 
communicated to the display device 22 for appropriate 
display. Tissue Water content or edema is determined by 
Water content model 26 Which correlates the conductivity 
signal provided by the thermal property model 24 With a 
corresponding tissue Water content value. The thermal prop 
erty model 24 and the Water content model 26 Will be 
discussed further beloW. 

[0035] The example given is directed to the use of an 
invasive probe 10 having thereon a thermistor 14 to Which 
poWer is applied to heat the thermistor and, accordingly, to 
heat the tissue surrounding it. HoWever, the invention is not 
so limited. For example, rather than applying heat to the 
tissue in an internal or invasive sense by applying poWer to 
a probe immersed in the tissue, heat can be applied non 
invasively to the tissue from an external heat source. 
Examples of probes that are adapted for non-invasive use are 
shoWn in US. Pat. No. 4,859,078 to BoWman et al. and US. 
Pat. No. 4,841,543 to Dittmar et al. Probes such as these can 
be used on the skin surface or, during surgery, on the surface 
of an internal organ Without penetrating the skin or organ 
With a probe. The volume of tissue Within the measurement 
?eld is that volume of tissue Which is heated above the tissue 
baseline temperature. 

[0036] Arepresentation of the system of this invention for 
monitoring edema in the brain is illustrated schematically in 
FIG. 3. In some cases of head trauma and some surgeries, 
one or more openings or burr holes 32 are formed in the skull 
30 and ?tted With holloW bolts 34 to provide access to the 
brain cavity. The holloW bolts can serve as an access to the 
brain for introduction of the probe 10. The probe 10 is 
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passed through the hollow bolt 34 to imbed the distal 
thermistor 14 in brain tissue. In embodiments With a baseline 
monitoring proximal thermistor 18, the probe 10 is posi 
tioned so the thermistor 18 is also imbedded in brain tissue. 
Brain edema is monitored during surgery and can be moni 
tored folloWing surgery. One use for the tissue Water content 
data is to identify a condition of edema associated With 
sWelling of the brain sufficient to cause constriction of blood 
?oW, so appropriate treatments or surgical interventions can 
be made. In other surgeries, such as heart surgery, the probe 
10 or a non-invasive probe may be applied to the heart or to 
surrounding tissue to assess tissue ?uid retention at those 
locations. 

[0037] The tissue Water content model 26 Will noW be 
described. The tissue Water content model may be formu 
lated to model a thermal property of tissue that varies in a 
knoWn Way With tissue Water content. For example, values 
for rates at Which heat may be transferred in tissue can be 
related by the model With corresponding tissue Water content 
values. The relationship established by the model and the 
poWer supplied to heat a volume of tissue at a selected site 
can be used to quantify Water content of tissue at the site. 
One such model based on the thermal conductivity of tissue 
is an empirical model that correlates possible or probable 
intrinsic thermal conductivity values With corresponding 
values of tissue Water content. This model is based upon the 
conductivity of the three major components constituting 
tissue, Water, fat and protein. The thermal conductivity of 
Water is 6.23 mW/cm-° C. and the thermal conductivity of 
both fat and protein approximate 2.00 mW/cm-° C. The 
values for fat and protein are sufficiently close to each other 
and sufficiently distinct from that of Water that an effective 
model can be based either on an assumed approximate value 
(for example 2.0) for both fat and protein or on individual 
values for fat and protein. An empirical model of tissue 
conductivity at various percentages of Water content can be 
formulated using a Water-glycerol mixture With the glycerol 
(having a thermal conductivity of 2.85 mW/cm-° C. at 37° 
C.) being the model for fat and protein. Measurements taken 
using a Water-glycerol mixture yielded the curve illustrated 
by FIG. 4. In the range of 60% to 100% Water content, 
Which is the range in Which most applications of the inven 
tion fall, the data points fall substantially in a straight line 
indicating Water content to have substantially a linear rela 
tionship With conductivity. Aline that ?ts the data points can 
be expressed as: 

y=3.802x+2.445 (1) 

[0038] Where “y” represents thermal conductivity and “x” 
represents percent mass Water content. BeloW 60% Water 
content, the data points measured in the Water-glycerol 
mixture Were not linear. A curve that ?ts the data over the 
full 0%-100% range of Water content can be expressed as: 

y=—0.852x3+1.993x2+2.2436x+2.854 (2) 

[0039] Where “y” represents thermal conductivity and “x” 
represents percent mass Water content. 

[0040] An empirical model can also be based on actual 
tissue measurements When there is independent con?rma 
tion of the Water, fat and protein content of the tissue 
samples in Which thermal conductivity data are taken. 

[0041] Additionally, the model can be based on theoretical 
values for thermal conductivity of fat, protein and Water. An 
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example is shoWn by FIG. 5, Where there is essentially a 
straight-line relationship betWeen thermal conductivity and 
percent mass Water content. The relationship can be 
expressed as: 

[0042] Where y represents thermal conductivity, “x” 
represents percent mass Water content and a, b, c, and d are 
constants. This expression is similar in form to Expression 
No. 2, above. 

[0043] The above referenced models for intrinsic thermal 
conductivity of tissue are based on the principle that the 
conductivity of a volume of tissue is a function of the 
conductivity of each constituent component, Weighted by its 
mass fraction. That is: 

m‘=mh+mf+mp. (4) 

[0044] Where: mt is the mass of the tissue; mh is the mass 
of the Water component; mf is the mass of the fat component 
and mp is the mass of the protein component. 

[0045] Dividing Equation (4) by the mass of tissue (rm) to 
obtain the mass fraction, the result is: 

[0046] Where: y=mh/mt=the mass fraction of Water in the 
tissue; 

[0047] [3=mf/mt=the mass fraction of fat in the tissue; 
and 

[0048] 0=mp/mt=the mass fraction of protein in the 
tissue. 

[0049] Therefore the conductivity of tissue can be 
expressed in terms of mass fractions as: 

[0050] Where: kt is the conductivity of tissue; kh is the 
conductivity of Water in the tissue, kf is the conductivity of 
fat in the tissue and kp is the conductivity of protein in the 
tissue. 

[0051] Similarly, other thermal properties of tissue (such 
as diffusivity) can be expressed in terms of mass fractions as: 

[0052] Where ott is the thermal property (such as diffu 
sivity) of tissue, (Xh is the thermal property of Water in the 
tissue, of is the thermal property of fat in the tissue and (Xp 
is the thermal property of protein in the tissue. 

[0053] In addition, one tissue Water content model may be 
formulated from another When the relationship betWeen 
them is knoWn. For example, in the case of thermal diffu 
sivity, the relationship betWeen conductivity (k) and diffu 
sivity (0t) is expressed as: 

[0054] Where p and c are, respectively, density and heat 
capacity. Accordingly a Water content model for diffusivity 
can be calculated readily from the conductivity model. 

[0055] A model for diffusivity can also be empirically 
derived, for example, With the same Water-glycerol mixture 
described in connection With empirical development of the 
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conductivity model. One such model is illustrated by FIG. 
6. Acurve that ?ts the data points of FIG. 6 can be expressed 
as: 

[0056] Where “y” represents thermal conductivity and “x” 
represents percent mass Water content. 

[0057] Since the Water content of tissue changes, this 
change is re?ected in a corresponding change in the intrinsic 
value of the thermal property such as conductivity and 
diffusivity. During injury to tissue, for example, Water 
content Will typically increase resulting in the condition of 
edema. According to this invention, a measure of at least one 
of the Water-dependent thermal properties of tissue, for 
example, intrinsic thermal conductivity, in an area of injury 
is made and used to quantify the tissue Water content (i.e.: 
to quantify edema). The data processor 20 is programmed 
With a model of the relationship of conductivity and tissue 
Water content, such as one of those referenced above. The 
system processes thermal conductivity data in accordance 
With a tissue Water content model as described above to 
quantify the percent mass Water content of tissue (or edema) 
and provide an appropriate display. 

[0058] The Water content model 26 may function as a 
look-up reference Wherein for any knoWn value of a tissue 
thermal property such as conductivity or diffusivity, a cor 
responding or related value for tissue Water content is 
provided. 

[0059] It Will be appreciated that, in alternate data pro 
cessing techniques, tissue Water content can be computed 
directly from the primary data, Without actually computing 
a value signal for conductivity. For example, the data 
processor 20 can be caused to compute Water content in 
response to data supplied via circuit 16, input from a model 
of tissue Water content (as illustrated by alternate Water 
content model 26‘ in FIG. 1) and data from the probe 10. 
Alternate model 26‘ acts as a look-up reference that corre 
lates tissue thermal property values, such as conductivity 
and diffusivity, to Water content. The alternate model 26‘ 
provides to the data processor 20 an input of the correlated 
Water content values and the data processor calculates the 
Water content of the subject tissue as a function of the three 
inputs: correlated data input from the alternate model 26‘; 
the signal from the control circuit 16 functionally related to 
the poWer required to heat the thermistor 14; and the 
baseline signal from probe 10. 

[0060] The above-described techniques calculate tissue 
Water content based on measurements of a thermal property 
variable With Water content (eg; thermal conductivity or 
thermal diffusivity) in the selected tissue. To monitor con 
tinuously, the values for edema calculated as described are 
recalculated in rapid succession. The thermistor 14 is cycli 
cally energiZed and deenergiZed to produce repetitive heat 
ing cycles and edema is recalculated in each energiZing 
cycle, during each rise and fall of the temperature of the 
thermistor. By the described techniques of this invention, an 
updated edema value can be obtained, for example, every 
three to six minutes. 

[0061] A description of thermal property model 24 and 
mathematics for a method for determining effective thermal 
conductivity, thermal diffusivity and intrinsic thermal con 
ductivity are described in the above referenced U.S. Pat. 
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Nos. to BoWman et al. 4,059,982 and 4,852,027. As taught 
there, various heating protocols can be used to heat the 
thermistor. The thermistor 14 can be heated to a constant or 
predetermined temperature or thermistor temperature can be 
measured during heating at a constant or predetermined 
poWer or other heating protocols can be used. In all proto 
cols, procedures using the same principles are used to 
analyZe data. PoWer used to heat the thermistor and the 
temperature rise of the thermistor are functional inputs to the 
calculation of tissue Water content and, in calculating Water 
content, one of the values is predetermined. TWo heating 
protocols Will be described, one in connection With FIG. 7 
and a second in connection With FIGS. 8, 9A and 9B. 

[0062] In FIG. 7, graphical representations are presented 
of the mean bead temperature Vb and of the heating poWer 
P, both as functions of time. In the particular procedure 
illustrated, poWer P is applied at to in a manner such that the 
thermistor bead temperature Vb rapidly rises to a selected 
level Vb2 to heat a volume of tissue and is maintained at that 
level for a selected time period (until time ti, for example) 
at Which time the poWer is reduced to Zero (shut-off) and the 
temperature Vb falls to baseline temperature in a general 
manner as shoWn, completing one energiZing and deener 
giZing cycle. 
[0063] Approximation algorithms, as discussed beloW, can 
be used With data derived from measurements taken at 
different times during the overall heating/cooling cycle as, 
for example, early in the heating portion thereof at the time 
range or time WindoW, illustrated by “A” in FIG. 7 and later 
in the heating portion at “B”. 

[0064] Data taken during time WindoW “A” are dominated 
by tissue conduction (i.e.: conductivity) and the effects of the 
How (perfusion) in the tissue are relatively loW. Data taken 
during the time WindoW “B”, occurring later in time as 
heating continues, are in?uenced to a greater extent by 
perfusion, (i.e.; the effects of How in the tissue are greater 
than at time WindoW “A”.) 

[0065] One exemplary data analysis algorithm usable at 
time WindoWs “A” and “B” is illustrated by the How chart of 
FIG. 10. As stated, the effects of the How of the medium 
during the time WindoW “B” are greater than during time 
WindoW “A” (FIG. 7). Calculations With respect to time 
WindoWs “A”, and “B” can be made as folloWs: (1) Cause 
the temperature of the thermistor to change from a ?rst 
temperature (T1) to a second temperature (T2) to initiate a 
thermal cycle While controlling in a predetermined manner 
either the temperature or the poWer required to effect the 
temperature change; (2) cause the temperature to relax from 
the second temperature to a ?nal temperature (Tf) at the end 
of a heating cycle; (3) measure temperature and poWer; (4) 
calculate a value of the intrinsic thermal conductivity and/or 
diffusivity during time WindoW “A”; (5) assuming a value of 
Zero for perfusion; calculate a tissue Water content (edema) 
using the values(s) from step (4) and the Water content 
model; and (6) display the calculated tissue Water content 
value. 

[0066] Alternately, if a smaller margin of error is required 
than that obtained above in step (5), iterative calculations are 
performed folloWing step (4) as folloWs: (7) using the 
calculated values of intrinsic thermal conductivity and/or 
diffusivity from step (4), calculate a value for perfusion 
during time WindoW “B”; (8) using the calculations of the 
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thermal conductivity and/or diffusivity as calculated during 
time WindoW “A” and the perfusion value as calculated 
during time WindoW “B” recalculate the thermal conductiv 
ity and/or diffusivity during time WindoW “A” (9) using such 
recalculations for intrinsic thermal conductivity and/or dif 
fusivity, recalculate the value for perfusion during time 
WindoW “B”; (10) using such recalculated perfusion and 
recalculated values for intrinsic thermal conductivity and/or 
diffusivity recalculate again thermal conductivity and/or 
diffusivity; (11) repeat steps (9) and (10) until convergence 
to substantially non-changing thermal conductivity and/or 
diffusivity value(s) is achieved; (12) calculate to quantify 
tissue Water content (edema) using the values(s) from step 
(11) and the Water content model; and (13) display the 
calculated tissue Water content. 

[0067] FIG. 11 illustrates a further embodiment in Which 
Water content is determined from various parameters 
affected by the conductivity or other thermal property of 
tissue Without a calculation of the thermal property value. 
Temperature, poWer and a model that relates them both 
(P/AT) to tissue Water content (% H20) are used in the direct 
calculation of Water content. The model may be empirically 
or theoretically based. The steps are: (1) cause the tempera 
ture of the thermistor to change from a ?rst temperature (T1) 
to a second temperature (T2) to initiate a thermal cycle While 
controlling either the temperature or the poWer required to 
effect the temperature change; (2) cause the temperature to 
relax from the second temperature to a ?nal temperature (Tf) 
at the end of a heating cycle; (3) measure temperature (T) 
and poWer (P); (4) Determine the ratio of poWer to the 
change in temperature (P/AT); (5) using the combined model 
determine a Water content value corresponding to the value 
of P/AT resulting from step (4); and (6) display the Water 
content value. 

[0068] Another exemplary alternative algorithm Will be 
described in connection With FIGS. 8, 9A and 9B. FIG. 8 
illustrates an energiZing cycle similar to that shoWn in FIG. 
7. FIGS. 9A and 9B illustrate, respectively, data extrapo 
lations for thermal conductivity and thermal diffusivity. The 
calculation of edema consists of the folloWing steps: (1) 
calculate a plurality of effective thermal conductivity and/or 
thermal diffusivity values during a plurality of time WindoWs 
X1 Where X1 is X, X1, X11, etc, With an assumed perfusion 
value of Zero; and (2) extrapolate the thermal conductivity 
and diffusivity values obtained in step (1), above to time to, 
i.e., to the instant of time at Which heating begins, to obtain 
values for intrinsic thermal conductivity and/or intrinsic 
thermal diffusivity. (See FIGS. 9A and 9B.) (The points X, 
X1, X11, etc. are selected at the same normaliZed position 
Within each WindoW, eg the middle or the end of each 
WindoW). The extrapolated values Will be the nonperfused, 
intrinsic thermal conductivity (k) value and the nonperfused, 
intrinsic thermal diffusivity (0t) value; (3) calculate a tissue 
Water content (edema) using the values(s) from step (2); and 
(4) display the calculated tissue Water content value. Avalue 
for tissue Water content (edema) With no substantial margin 
of error can be obtained by continuing the calculation 
process according to the folloWing steps: (5) use extrapo 
lated values of intrinsic thermal conductivity and diffusivity 
from step (2) above to calculate the perfusion at a selected 
time during Which a perfusion effect occurs, e.g. time 
WindoW “Y” (FIG. 8); (6) recalculate the intrinsic thermal 
conductivity and diffusivity at said plurality of time Win 
doWs X1 using the calculated perfusion value for the selected 
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time WindoW “Y”; (7) extrapolate the thermal conductivity 
and diffusivity values obtained in step (6) to time to; and (8) 
repeat steps (6) and (7) until intrinsic thermal conductivity 
and thermal diffusivity values converge to substantially 
non-changing values; (9) calculate tissue Water content 
(edema) using the values(s) from step (8); and (10) display 
the calculated tissue Water content value. 

[0069] While the above illustrative embodiments discuss 
procedures in Which the temperature is raised to and main 
tained at a higher level for a ?nite time period, this analysis 
technique may also be applied to measurements obtained 
When the temperature is raised to an appropriate level and 
immediately alloWed to relax to an unperturbed value, the 
most crucial time for the thermal property measurements 
being the time or instant When the heating cycle is begun. 

[0070] The invention is not to be deemed as limited to the 
particular embodiments described above, except as de?ned 
by the appended claims. 

What is claimed is: 
1. A method for quantifying Water content of living tissue 

comprising the steps of: 

contacting tissue With a thermistor at a site Where tissue 
Water content is to be quanti?ed; 

energiZing the thermistor to cause the temperature of a 
volume of tissue to rise; and 

calculating tissue Water content of said volume of tissue 
as a function of the poWer used to heat said thermistor 
and the temperature rise of said thermistor, at least one 
of Which is controlled in a predetermined manner, and 
a value obtained from a model relating tissue conduc 
tivity to tissue Water content. 

2. A method according to claim 1 Wherein: 

said energiZing step comprises the step of energiZing the 
thermistor cyclically to cause the temperature of a 
volume of tissue to rise and fall cyclically; and 

said calculating step comprises the step of calculating 
tissue Water content of said volume of tissue in each 
energiZing cycle as a function of the poWer used to heat 
said thermistor in each energiZing cycle and the tem 
perature rise of said thermistor in each energiZing 
cycle, at least one of Which is predetermined, and a 
value obtained from a look-up reference relating tissue 
conductivity to tissue Water content. 

3. A method for quantifying Water content in living tissue 
comprising the steps of: 

supplying thermal energy to tissue to produce a thermal 
response therein functionally related to at least one 
intrinsic thermal property of the tissue, Which thermal 
property varies as a function of tissue Water content; 

producing a signal functionally related to said thermal 
response and the thermal energy supplied in said sup 
plying step; and 

calculating the Water content of said tissue using said 
signal and a model that relates tissue Water content and 
said intrinsic thermal property. 
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4. A method for quantifying Water content in living tissue 
comprising the steps of: 

heating a volume of tissue to produce therein a thermal 
response functionally related to the thermal conductiv 
ity of the tissue; 

producing a signal functionally related to said thermal 
response and the thermal energy supplied in said heat 
ing step; 

calculating the intrinsic thermal conductivity of the vol 
ume of tissue in a ?rst time interval during said heating 
step; 

calculating the perfusion of the volume of tissue in a 
subsequent time interval during said heating step using 
the calculated value of intrinsic thermal conductivity; 

recalculating intrinsic thermal conductivity in said ?rst 
time interval using the calculated value of perfusion; 

recalculating values for perfusion and intrinsic thermal 
conductivity, in alternating fashion, until the recalcu 
lated values of intrinsic thermal conductivity converge 
to a substantially unchanging value, using in each 
recalculation of perfusion the previously calculated 
value of intrinsic thermal conductivity and in each 
recalculation of intrinsic thermal conductivity the pre 
viously calculated value of perfusion; 

relating intrinsic thermal conductivity values for tissue 
With corresponding tissue Water content values; and 

computing the Water content of the volume of tissue as a 
function of said substantially unchanging value of 
intrinsic thermal conductivity and a substantially 
equivalent value of intrinsic thermal conductivity taken 
from the relationship of thermal conductivity values 
With tissue Water content values. 

5. A method for quantifying the Water content of living 
tissue comprising the steps of: 

placing a thermistor in contact With tissue at a site Where 
Water content is to be quanti?ed; 

energiZing during a time interval the thermistor to elevate 
the temperature of the thermistor and heat tissue at the 
site above the baseline temperature of tissue at the site; 

relating the rate at Which heat is transferred in tissue With 
tissue Water content; and 

quantifying the Water content of tissue at the site as a 
function of the poWer supplied to the thermistor during 
the time interval, the rate at Which heat from the 
thermistor is transferred in tissue at the site and the 
relationship established in said relating step. 

6. A method for monitoring the Water content of living 
tissue at a selected site comprising the steps of: 

causing the temperature of tissue at the site to rise and fall 
cyclically; 

producing a signal during each temperature cycle func 
tionally related to the poWer used in said causing step 
and a thermal property of the tissue at the site, Which 
thermal property varies as a function of tissue Water 

content; and 

using a model of the relationship of the thermal property 
of tissue to tissue Water content, computing the Water 
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content of tissue at the site during each temperature 
cycle as a function of the signal resulting from said 
signal producing step and the modeled relationship. 

7. A method for monitoring the Water content of living 
tissue comprising the steps of: 

introducing into tissue an energiZable thermistor adapted 
for thermal contact With tissue surrounding said ther 
mistor; 

energiZing and deenergiZing said thermistor cyclically to 
cause the temperature of the surrounding tissue to rise 
and fall cyclically; 

producing a signal during each energiZing and deenergiZ 
ing cycle functionally related to the poWer used to 
energiZe said thermistor and the thermal conductivity 
of the surrounding tissue; 

modeling the relationship of tissue Water content and the 
thermal conductivity of tissue; 

calculating the value of the intrinsic thermal conductivity 
of the surrounding tissue in a ?rst time interval during 
each energiZing and deenergiZing cycle; 

calculating perfusion in a subsequent time interval during 
each energiZing and deenergiZing cycle using the cal 
culated value of intrinsic thermal conductivity; 

recalculating intrinsic thermal conductivity in said ?rst 
time interval using the calculated value of perfusion; 

recalculating values for perfusion and intrinsic thermal 
conductivity, in alternating fashion, until the recalcu 
lated values of intrinsic thermal conductivity converge 
to a substantially unchanging value, using in each 
recalculation of perfusion the previously calculated 
value of intrinsic thermal conductivity and in each 
recalculation of intrinsic thermal conductivity the pre 
viously calculated value of perfusion; and 

computing the Water content of the surrounding tissue 
during each energiZing and deenergiZing cycle as a 
function of said substantially 

unchanging value of intrinsic thermal conductivity and 
the relationship resulting from said modeling step. 

8. A method for assessing Water content of living tissue 
comprising the steps of: 

supplying thermal energy to tissue to cause the tempera 
ture of tissue at a selected site to rise; and 

calculating a value indicative of tissue Water content of 
tissue at the selected site as a function of the poWer 
used in said heating step and the temperature rise of 
tissue at the selected site, at least one of Which is 
predetermined, and a value provided by a model relat 
ing tissue conductivity or tissue diffusivity to tissue 
Water content. 

9. A method for assessing the Water content in living 
tissue at a site in the body comprising the steps of: 

introducing a thermistor into contact With tissue at a site 
Where Water content is to be assessed; 

energiZing the thermistor to elevate the temperature of the 
thermistor above the baseline temperature of tissue at 
the site; 
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producing a signal as a function of the energy supplied to 
the thermistor in said energiZing step and the rate at 
Which heat from the thermistor is transferred in tissue 
at the site; and 

using a knoWn relationship Which correlates the rate at 
Which heat is transferred in tissue With tissue Water 
content and the signal resulting from said producing 
step, producing a signal indicative of the Water content 
of tissue at the site. 

10. A system for quantifying Water content of living tissue 
comprising: 

a thermistor for heating a volume of tissue; 

means for energiZing said thermistor to cause the tem 
perature of the volume of tissue to rise; 

means for relating tissue conductivity to tissue Water 
content; and means communicating With said energiZ 
ing means and said relating means for calculating tissue 
Water content of said volume of tissue as a function of 
the poWer used to heat said thermistor and the tem 
perature rise of said thermistor, at least one of Which is 
controlled in a predetermined manner, and a Water 
content value obtained from said relating means. 

11. A system according to claim 10 Wherein: 

said energiZing means comprises means for energiZing 
said thermistor cyclically to cause the temperature of 
the volume of tissue to rise and fall cyclically; 

said relating means comprises a look-up reference; and 

said calculating means comprises means for calculating 
the tissue Water content of said volume of tissue in each 
energiZing cycle as a function of the poWer used to heat 
said thermistor in each energiZing cycle and the tem 
perature rise of said thermistor in each energiZing 
cycle, at least one of Which is predetermined, and a 
Water content value obtained from said look-up refer 
ence relating tissue conductivity to tissue Water con 
tent. 

12. A system for assessing Water content in living tissue 
comprising: 

thermistor means for thermally contacting tissue at a site 
Where tissue Water content is to be assessed; 

means for energiZing and deenergiZing said thermistor 
means to cause the temperature of tissue at the site to 
rise and fall; 

means for producing a signal during the energiZing and 
deenergiZing cycle as a function of the poWer used to 
energiZe said thermistor means and at least one thermal 
property of tissue at the site, Which thermal property 
varies as a function of tissue Water content; 

means for modeling the relationship of tissue Water con 
tent to the at least one thermal property of tissue; and 

means for assessing the Water content of tissue at the site 
during the energiZing and deenergiZing cycle as a 
function of the signal resulting from said signal pro 
ducing means and the relationship modeled by said 
modeling means. 
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13. A system according to claim 12 Wherein: 

said energiZing means comprises means for cyclically 
energiZing and deenergiZing said thermistor means to 
cause the temperature of tissue at the site to rise and fall 
cyclically; 

said signal producing means comprises means for pro 
ducing during each energiZing and deenergiZing cycle 
a signal as a function of the poWer used to energiZe said 
thermistor means during each energiZing and deener 
giZing cycle and at least one thermal property of tissue 
at the site; and 

said means for assessing tissue Water content comprises 
means for assessing the Water content of tissue at the 
site in each energiZing and deenergiZing cycle as a 
function of the signal resulting from said signal pro 
ducing means in each energiZing and deenergiZing 
cycle and the relationship modeled by said modeling 
means. 

14. A system according to claim 12 or 13 Wherein said 
signal producing means comprises means for producing a 
signal as a function of the thermal conductivity of tissue at 
the site and the poWer used to energiZe said thermistor 
means. 

15. A system according to claim 12 or 13 Wherein said 
signal producing means comprises means for producing a 
signal as a function of the thermal diffusivity of tissue at the 
site and the poWer used to energiZe said thermistor 

16. A system according to claim 12 or 13 Wherein said 
thermistor means comprises a probe adapted to be intro 
duced invasively into tissue at a site Where tissue Water 
content is to be assessed and at least one thermistor mounted 
on said probe for contact With tissue at the site. 

17. A system according to claim 12 or 13 Wherein said 
thermistor means comprises a noninvasive probe adapted for 
thermal contact With the surface of tissue at a site Where 
tissue Water content is to be assessed and at least one 
thermistor mounted on said probe for contact With tissue at 
the site. 

18. A system for monitoring Water content in living tissue 
comprising: 

a probe adapted for contact With the surface of tissue at a 
site Where tissue Water content is to be quanti?ed; 

a thermistor on said probe adapted for thermal contact 
With the tissue surface; 

means for energiZing and deenergiZing said thermistor 
cyclically When said thermistor is in contact With the 
tissue surface to cause the temperature of tissue at the 
site to rise and fall cyclically; 

means for producing a signal during each energiZing and 
deenergiZing cycle as a function of the poWer used to 
energiZe said thermistor; 

means for correlating Water content of tissue to tissue 
conductivity; and 

means for quantifying the Water content of tissue at the 
site in each energiZing and deenergiZing cycle as a 
function of the signal produced by said producing 
means in each energiZing and deenergiZing cycle and 
the correlation established by said correlating means. 
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19. A system for assessing the Water content of tissue 
comprising: 

means for thermally energizing tissue at a selected site; 

means for relating tissue Water content to a thermal 
property of tissue, Which thermal property of tissue 
varies as a function of tissue Water content; 

means indicative of the thermal response produced in 
tissue at the site, Which thermal response is a function 
of said thermal property of tissue at the site; and 

means for indicating the Water content of tissue at the site 
as a function of the relationship established by said 
relating means, the energy used to energiZe tissue at the 
site and the thermal response produced in the tissue at 
the site. 

20. A system for assessing the Water content of tissue 
comprising: 

means for heating tissue to be assessed; 

modeling means for relating tissue Water content to an 
intrinsic thermal property of tissue Which varies as a 
function of tissue Water content; 

means for producing a signal as a function of the poWer 
used by said heating means to heat the tissue to be 
assessed and the thermal response produced in the 
tissue to be assessed, Which thermal response is a 
function of said intrinsic thermal property of the tissue 
to be assessed; and 

means communicating With said producing means and 
said modeling means for producing a signal indicative 
of the tissue Water content of tissue to be assessed as a 
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function of the signal produced by said producing 
means and the relationship established in said modeling 
means. 

21. A system for assessing the Water content of tissue 
comprising: 

a thermistor adapted for thermal communication With 
tissue to be assessed; 

control means for heating said thermistor and producing 
a signal functionally related to the poWer used to heat 
said thermistor and the temperature rise of said ther 
mistor; 

means for relating tissue thermal conductivity to tissue 
Water content; and 

means communicating With said control means and said 
relating means for producing a signal indicative of the 
Water content of tissue to be assessed as a function of 
the signal produced by said control means and the 
relationship established by said relating means. 

22. A system for assessing the Water content of tissue 
comprising: 

a thermistor adapted for thermal communication With 
tissue to be assessed; 

energiZing means for heating said thermistor; 
means for relating tissue thermal conductivity to tissue 

Water content; and 

means for indicating of the Water content of tissue to be 
assessed as a function of the relationship established by 
said relating means, the energy used to heat said 
thermistor and the temperature rise of said thermistor 

* * * * * 


