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{‘fg.}’é'mamma“a“ tissue, " perfusion can be defined as the rate at which the quantity of blood in a
of solvents and polyst jven mass Or volume of tissue is replenished at the lev'el of_ the capillary
Mason and R, N, Thu:: network. The measurement of tissue blood flow (perfusion) is thus only a
2, 1970, part, albeita very significant part, of the larger task of blood flow measurement.
Maque—Dynamic visgo) For convenience this larger task can be divided into flow within the heart

chambers, the arterial system, through the capillary network (perfusion), and
back into the venous system.
The ability to measure perfusion in small volumes of tissue has been
sought for many years, as this fundamental parameter holds the key to
improved understanding of both normal and pathologic physiology as well
the diagnosis and subsequent management of many medical problems. The
ate of tissue perfusion is a primary factor in the local transport of (1) heat,
e regulation of which is important for the clinical application of hyper-
d hypothermia; (2) drugs, the delivery of which are critical throughout
medical practice; and (3) oxygen and nutrients, which are crucial for effective
rgical and medical management.
Indicator dilution methods have been developed and used widely for
imation of organ perfusion."™ The general method follows from the Fick
lation, in which the net transport of indicator into a region of interest is
balanced by the transient buildup or removal of the indicator. Indicators that
have been used for organ blood flow analysis include: injected radioactive
and other diffusible gases,”” locally generated hydrogen ion,'” and injected
or-locally generated heat.'” Trapped indicator methods, in which radio-
labeled microspheres or aggregated albumin are distributed to a capillary bed
in proportion to the local flow rate,® are currently receiving much attention.
The subject of tissue blood flow measurement has recently been reviewed by
Paradise and Fox."”

- The purpose of this chapter is to review those thermal techniques
used in estimation of tissue perfusion which are of historical significance,
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jch should be evaluated s
] continuum formul
d smaller vessels.
be simplified to

emphasizing those which are considered to be most promising. While 5, {whic?
investi h ked on the so-called heat cl - jature in 2
investigators have worked on the so-called nheat clearance methods sine 1 hes an
original work of Gibbs® some 50 years ago, their efforts have prody, pranc emay
inconsistent, largely qualitative indices of perfusion rather than quanti £q. (D

measurements of the important parameter. Attention is given here i :
presentation and evaluation of techniques which derive from solution of.
tissue energy balance known as the bioheat equation. Emphasis will be gl

to those works for which independent validation of tissue b ) :
p ue blood flow . simplified form is we

provided. The advantages and limitations of the various techniques are not hi d to sol

It is acknowledged from the outset that, while much progress has b quation can be use o
made, work in this field is incomplete and more development is requir, orts of conditions, a o
Workers return to heat clearance methods because they are capable of meet important in evalu.atling ‘
certain clinical requirements, where other techniques often have been | considerations whic re:l
satisfactory. A clinical perfusion monitor must be safe for the patient, it m geometry, thermal property

of inhomogeneities in per!
spatial and temporal chara
conditions (deep vs. superfi
‘temperature field, ete. Furt
‘can be best evaluated by a
by treating the tissue as a !
vs. distributed tissue parant
y an analytical or by an
Most applications oft
" assumed that perfusion ap
measurement volume), al_
“numerical solutions may

be applicable to any vascular bed, and it must be simple to operate. T
results must be accurate and available immediately, and it must be possi
to obtain repeated measurements. The attractiveness of the techniques bas
on thermal clearance is that, in principle, each of the above requireme
achievable,

Particular attention is given to the Thermal Diffusion Probe (TD
modular, microprocessor-based system developed over the past decade
facilitate bioheat transfer research by providing local real-time measureme
of temperature, thermal properties, and blood perfusion.

2, THERMAL MODEL—TISSUE HEAT BALANCE

The temperature field in a homogeneous biological medium w.
isotropic thermal properties is deseribed by a governing differential equat_i
which derives from a heat balance among the rate of change in inten
energy, heat conduction, and convection into and out of the tissue mediu
and local heat generation. The heat balance assumes that blood flow with
the tissue is nondirectional at the capillary level; that is, the capillaries
assumed to be randomly oriented with respect to their arteriolar and ve
connections. Convective heat exchange is assumed to occur only in
capillary system, It is further assumed that arteriovenous anastomoses I
no role in heat transport. Local heat generation is also assumed to b
nondirectional property. With these assumptions, the balance between
heat transport mechanisms, in the specified order, is {cf. Chap. 7)
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(which should be evaluated separately), the collective treatment of the vascu-
lature in a continuum tormulation is valid for blood vessels of terminal arterial

branches and smaller vessels. Neglecting these “thermally significant” vessels,

Eg. (1) may be simplified to

arT @)

e, V2T — preptop{ T — Ta} + @

This simplified form is well known as the bioheat transfer eguation. This
equation can be ased to solve for tissue temperature distributions under all
sorts of conditions, although sound thermal and analytical judgement is
important in evaluating the relevance of each proposed model. Modeling
considerations which require judgement include: an appropriate tissue
geometry, thermal property values, the nature of the vasculature, the presence
of inhomogeneities in perfusion, or in structure such as bone and air, the
spatial and temporal characteristics of any absorbed thermal dose, boundary
conditions (deep vs. superficial tissue), the expected accuracy of the predicted
temperature field, etc. Further, it must be determined if the temperature field

can be best evaluated by assuming the tissue to be finite or infinite in extent,
by treating the tissue as a single or as multiple regions, by assuming lumped
vs. distributed tissue parameters, o1 by solving the governing bioheat equation
by an analytical or by a numerical technigue.

Most applications of this equation for blood flow estimation have further
assumed that perfusion and heating rates are uniform within the medium (or
measurement volume), although this is not a necessary requirement when

numerical solutions may be employed.

5. CLASSIFICATION OF PERFUSION ESTIMATION TECHNIQUES

A wide variety of thermal methods, employing differing probe techniques
and thermal models, have been used to estimate the local value of tissue
perfusion, Others have been suggested which hold promise but which at
present are not fully developed. All thermally based perfusion estimation
technigues can be identified by a six-dimensional classification scheme: invas-
ive vs, noninvasive; external vs. self-heating; steady state vs. transient; single
region vs. coupled multiregional; spherical vs. nonspherical (eylindrical,
planar, disk, ete.); and qualitative vs. quantitative.

In Table 1, the most widely applied, thermally based perfusion estimation
techniques are identified by this classification scheme. The originators of the
techniques are identified by name and their published work is referenced.

Thermal clearance techniques all require an initial temperature perturba-
tion and thus usually involve a transient measurement, Considered broadly,

mated in one of two ways: determination of the value of a
forcing function, which allows the best match of the experimentally observed
temperature distribution (or rate of recovery) with that predicted by a theoreti-
cal model, or consideration of the contribution of perfusion toan intermediate

thermal property, which is measured.

perfusion is esti
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esta bIIIi]s}:}e]g bfor;ner a;l;proach the initial temperature perturbation may be
dilise extem:[ hnutr?l er of me.thods. The so-called “passive probe” methods
bolus of fuid i cating or .COOhng of the tissue specimen by: injecting a cold
oy g id in the arterial supply™*'™; altering the incoming blood flow:
rate,""™ blood temperature,' surface temperature,®® or surface heat flux
Or 4 response to exercise which is modeled as a combined alteration of flo
rate and metabolic heat generation rate.?® A number of heated probe tech
niques hz‘ave also been developed. @25 Regardless of how the temperatur
perturbation is e.stablished in the tissue, the subsequent experimentall_
;?J;?atspred fT(r, ) is th_eﬂ COmpared with a theoretical T(r, ¢} predicted by
ution of a thermal model with appropriate initial and boundary conditions
The t‘hermal model may be based on the full bioheat equation, a simplificatio
of this equation, or either of these, coupled with the governing conduction
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gation in the sensing probe. This estimation problem may be classified as
?1 inverse problem, in that w, is in general an implicit function of the tissue
 nperature, T. The most commonly employed technique is to measuxe the
e surface or volume averaged temperature field in response to the specifie
] perturbation, where it is assumed that the sensing probe does not
e tissue temperature field. The best match of the appropriate solution
heoretical model to the measured temperature is then produced by
ally varying the values of the perfusion rate in the analytical solution
experimental temperature difference is minimized in a
Jeast-squUATEs Sense. When the experimental and theoretical temperatare distri-
' tch over the appropriate period of thermal recovery, itis concluded
perfusion rate has been determined. Depending on the experi-

Is and the nature of the thermal model, tissue metabolic heating
(19,22)
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rate may be determined simultaneously.
Our ability to quantify perfusion with this first approach is not very

prbmising, particularly when the tissue is not uniformly perfused in space
______ and time.2® The second approach of direct or indirect extraction of perfusion
from intermediate thermal property (conductivity/diffusivity) measurements
is much more promising, and thus is the focus of this chapter.

" We start our discussion of the perfusion estimation techniques based on
measurement of thermal properties with the qualitative, indirect approach
originally introduced by Gibbs® and subsequently improved by Hensel, Betz,
Benzing, and Muller-Schauenburg,®” a technique which is widely employed
 Europe today. This method embodies the concept of effective thermal
onductivity, which has been recently developed to a higher degree. This
______ general technigue will be discussed in some detail. Further development of
this approach is described by Bowman et al®® whose analysis of the self- .
ated thermistor probe has led to explicit solutions for the tissue perfusion
rm, also based on measurements of effective thermal conductivity and
: iermal diffusivity. A detailed exposition of Bowman’s approaches and their
________ verification is given in Sections 5-13. Other promising, though still largely
unexploited, variants of the intermediate thermal property measurement
methods have recently been proposed. These include the pulse-decay method
of Chen and Holmes,® the periodic excitation methods of Patera ef al®”
and Eden and Bowman,®" and the noninvasive method of Bowman and

alsh, 949
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e The principle of this method is based on the measurement of the tem-
erature difference which is established between a heated and an unheated
robe. Mathematically the analysis is performed in accordance with Fourier’s
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The slug heating approac
the temperature pert
etz et al®® show

peratureé curves derived fr1
bed by slug heating in accor

The reciprocal temperature difference between the heated and unheated tise
sites is proportional to the thermal conductivity when the applied po.,.:ss =
constant. When used in living tissue, the augmentation of heat digs; a?"ls
from the heated probe due to the perfusion is observed as a decreaseg t"l'(.)
perature difference, reflecting an increase (perfusion dependent) in effecf"
or apparent thermal conduectivity. -

Hensel’s measurements®® were made with needle-shaped probes contai;
ing a heated thermojunction in their tips or shafts, and with linear pml}
made from thin, flexible, copper-constantan wires that were freely pulle
through the tissue of interest. Such probes have been used to measure bloggd
flow in muscle® and in myocardium.®® A typical probe configuration ; .
this approach is shown in Fig. 1. Hensel'also developed a disk-shaped devi,
that has been placed on the tissue surface for superficial measurements
blood flow in skin and brain.®” .

While probe configurations have taken many forms, the operating pri
ciple has remained the same. Local blood flow measurements are carried o
in one of two modes of operation: (1) “‘slug heating,” in which a thermistor.
is heated for a very short time and the temperature change is subsequentl
recorded; or (2) the sudden introduction of heat to the heated probe {b
switching “on and off” a heating coil surrounding a micro-thermistor) an
recording the subsequent tissue temperature history.

i

etz defines Usug s the t
vhich is a function of locat‘
OﬂfﬁCiEHt A= [(PC)nssue/('PC
fused fissue, respective
lying the tested
zero perfusion. The temper.
thus, as a method to quantit
assessment of flow from api
the original work for furthe_
" The second method of
tively turned on and off is
perfusion in various tissue:
Fig. 2. The cooling curve

FIGURE 1
Sectional drawing of a heat clearance device for
measurement of local blood flow in the interi
of the brain. (a) Transverse sectional view throug
socket and needles (N); (b} longitudinal section.
The needles are implanted through narrow burr:
holes in the skull, The socket is fixed with 4.
screws {Sc) in the bone of the skull. 1t is made ok
Plexiglas (P). Into the socket 8 tubes made of sibver:
(S) are cast with Araldit {A}. A plug with 8 pin%
which fit into the silver tubes, connects the measu
ing device with the recording instrument. The PlUE_-
is not seen in this drawing. Leads for heating th
needle tip (HL) and measuring leads (ML) for tem®.
perature are placed within the needles {0.7-1 m
diam). Diameter of the insulated copper place
within the needle is 0.05 mm. In the Araldit-cover® T'_imﬁ course of thermistor te
tip of the needle the thermistors (TH) with surround &r_nperature. Solid line: Meast
ing heating coils (H) are soldered to the leads. ThE change after turning on the h
measuring leads and the heating leads are soldered the living animal. The referer
to the silver tubes 1-8 in the socket in such 2 wa the basic tissue temperatur
that every thermistor can be heated. G = grou” Om these carves, (Reprodue

(Reproduced from Ref. 27, with permission.)
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ar to the passive probe methods (Table

is introduced with the invasive heated
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ied to l‘ﬂeasurepb};zd Betz‘su) defines Uaug 88 the temperature field increment of the heated tissue

' which is 2 function of location, time, perfusion &, (mlmnud/mlmsue min) and
A= [(pc)ms“e/(pc)m.md]. Subscripts ¢ and 0 refer to perfused and

_nperfused fissue, respectively. This technigue requires an occlusion of blood

essels supplying the tested region to estimate the temperature history for

' n. The ternperature history for perfused tissue is uncalibrated;

to quantitate flow, the technigue recuires an independent

f flow from application to application. The reader is referred to

work for further details on this metho R

The second method of Betz et 21@7 in which the heated probe is alterna-
tively turned on and off is used routinely to evaluate relative levels of blood
pér_fusion in various tissues. A typical time-temperature profile is shown in
lig. 2. The cooling curve (heater off) is the inverse mirror image 0
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le coutse of thermistor temperaturé (
:ﬁ;:l;lfl:e. Solid line: Measurement in 2 living animal.
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- basic tissue temperature Tas to be taken into account when the biood flow is evaluated
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warming curve {heater on). Their data reduction protocol is as follows. Ty
temperature difference between the tissue site {temperature sensing prop
and the reference temperature {tissue baseline} is determined as '

U(t) = To(t) — Teelt)

The rate of change of the temperature difference at the tissue sensing si
then forms the basis of their evaluation: :
dU(t) . .
BT { Ut = |Usgl = tan o

The slope, tan a, is graphically determined at different times, typically
between 15 and 45 s. Perfusion is estimated as shown in Fig. 3 from the

following expression:

(b)
Ay lgliged

(tan o )gow . ( wbt)
A0 Blfow o | — 2
(tan o )no flow P A

where ¢ is defined as w;, and the partition coefficient A is defined as p,c./ py

As shown in Fig. 3b, a linear least-squares curve fit yields the slo
{¢$/X)}10'°¢*, Blood flow, wy, is then calculated by multiplying the slope b
A/0.434. The value of A is determined from the “death curve” and the speci
heat of blood.®” :

Perl and Hirsch®? provided a more detailed analysis of the simpl
washout model based on a simplification of Eq. (2) where the conduction
term is neglected. They also included a comparison with an independen
perfusion rate measurement technigue. Their method was apparentl'
prompted by an empirical technique reported by Stow and Scheive.®™ Th
probe employed in this study consisted of a hypodermic needle (No. 20) witl
a thermistor placed near the tip; along the outside of the needle was mounteg
a hairpin loop of fine insulated wire which served as a heat source. With th:_
needle inserted into the renal cortex, four transient temperature responsé
were produced and recorded. With heater power regulated to elevate need!
temperature by 0.5-1°C, blood flow was suddenly stopped by simultaneousl
clamping off the renal artery and vein. Eight seconds later the clamps wWer
released and the temperature recovery was recorded. Heater power was ti}"f-
turned off, and 2-3 min later the clamp-release maneuver was repeated. Notins
that a sudden change in the rate of perfusion would elicit a discontinuol
change in the temporal derivative of temperature, which would serve 1
approximate conducted heat flux, Perl and Hirsch produced a relation betwes
blood perfusion rate and the rate of change of internal energy:

(T, ~ T) = "{(%)1 - (%)z]

Subscripts 1 and 2 denote conditions prior to and imm
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otocol is as follows
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FIGURE 3

luation of local bloed Aow in the myocardium of the left ventricle in a dog and comparison
heat clearance in nonperfused heart {(after the death of the animal) with a heat clearance
casurement in gelatin. The heat conduetivity of gelatin (K =12.5% 10 catem ' 57 *C1Y is
milar to that of muscle tissue. (a) The logarithm of the slope of heat clearance curves shows
ifferent slopes, depending on the blood flow. Steep slopes are obtained in high flow conditions,
g., in hypoxia (9% O,). Low flow values were obtained within infarcted areas which were
roduced by veclusion of a coronary artery. (b) Differences of (a) obtained by subtracting the
nperfusion curve. By definition the nonperfusion curve now corresponds to the x axis. The
ght scale gives the flow values in ml blood/ml tissue min. Since the heat partition coefficient
A {tissue/blood) in the myocardium is 0.9 instead of 1 the fiow values obtained {right scale) have
‘to be multiplied by 0.9. (Reproduced from Ref. 27, with permission.}

‘occlusion, respectively. With introduction of heat into the tissue to produce
an elevated tissue ternperature, and assuming that the temperature elevation
s sufficiently small that local perfusion is unaltered, the authors derived a
relation for the heated condition exactly as for the untheated condition, Eq.
8). Defining u, the temperature difference for heater on-heater off conditions,
e authors related the local perfusion w; to the temperature difference
easured prior to occlusion and immediately following occlusion:

rnmediately follo . wy = A [(%!_;)2 — (%)1] [u(t) _ ua(t)}ﬁl (9)
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Perl and Hirsch also modeled the discrete heat-sink effect of large blood
vessels in the vicinity of the temperature probe. The authors compared the
perfusion estimate, Eq. (9), with an independent estimation of renal flow by
para-aminohippurate (PAH) clearance and found that it underestimated the
PAH clearance result by a factor of 2. The transient heat clearance method
provided reproducible results, but was subject to errors due to tissue displace.
ment, needle heat conduction, and the presence of large vessels. From the
discrete heat-sink effect of large blood vessels, Perl and Hirsch calculated a
relation between the center-to-center distance between the large vessels angd
their diameter that agreed with the dimensions and spacing of afferent renal
arterioles.®” The importance of Perl and Hirsch’s work lies not only in its
originality, but also in the demonstrated ability to estimate the effects of large
vessels in the proximity of the temperature probe on the prediction of the
tissue perfusion rate, Difficulties in providing a total occlusion of the blood
supply and other errors inherent in approximating heat diffusion by the
clamping maneuvers may limit the successful extension of this method, :

FIGURE 4
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5, MODELING FOR THERMAL PROPERTY AND steady state condition.

PERFUSION MEASUREMENTS

Bowman, Balasubramanian, and Woods®® developed a method for
estimating perfusion rate, following a suggestion by Chato."*” The metho
was first applied for the measurement of thermal conductivity,"*" and then
extended to the measurement of effective thermal conductivity.®® It differs
from the previously considered effective thermal conductivity techniques,
since wy, is calculated explicitly. Refinements of this original technique have .
been made recently, which may qualify the technique for the rigorous clinical
requirements listed previously. In all of the methods of Bowman et al
discussed herein, one starts with a small, self-heated thermal probe. 3

The essence of the thermal probe is an electrically resistive thermistor..
bead mounted at the tip of either an insulating needle or catheter. The:
ellipsoidal thermistor bead (modeled as a sphere) is first used passively to
sense the temperature of the tissue and is then heated. Electrical energy is.-
dissipated in the bead at a rate sufficient to maintain the temperature of the
bead at some predetermined fixed increment above the initial equilibrium’
temperature of the bead and the surrounding tissue T, The electrical power
required to maintain this temperature increment depends upon the heat__._
transfer characteristics of the surrounding tissue. The presence of blood flow.
augments heat transfer both in the steady and nonsteady states. As is shown
schematically in Fig. 4, the presence of flow requires more steady‘ state
electrical power to maintain a given temperature step. The concept of ’ ?ff'ec-.
tive” thermal conductivity, k.q, lumps together the intrinsic conductivity:
k.., of the tissue with the contribution of blood flow to the steady state heat
transfer. The concept of “effective” thermal diffusivity, a.q, lumps together
the intrinsic diffusivity, @,,, of the tissue with the contribution of blood ﬂo“l’.
to the transient heat transfer. The presence of perfusion increases the tempord
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6. ANALYTICAL MODEL

Accurate measurement of thermal properties and perfusion using this
" thermally based technique requires a model which accounts for the thermal
interactions between the measurement device and the medium (tissue) being
~:measured. The temperature field in a continnous, homogeneous, perfused
* tissue is described by the bicheat equation [Eq. (2)] developed earlier, written
" here as |

L oT,

V2Tm+—gl’3~£%&(Tm—Ta)=;— - (10)
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where the subscripts m and a refer to the tissue medium and the arterial
blood, respectively; wy, is the local perfusion, ¢, is heat capacity of blood,
and a,, is the thermal diffusivity of the tissue defined as «,, = k../pc. Fora -
spherical thermistor bead of radius @ immersed in a tissue medium m, the
time-dependent, spherically symmetric temperature field in the medium sur-
rounding the bead is given by

19 28 Ve G PuCu10% 1 (aTm)
e m) I PRk ) = (R
2 (" ) ko Ry T =0 )

where V,, = T, — Ty, and Ty is the initial temperature of the tissue. Since
the bead itself is a medium of finite thermal conductivity, the dissipation of
electrical power within the bead results in a temperature distribution in the

bead,
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If the bead, which in reality is a composite, prolate spheroid, is taken ag

a sphere of radius a, the temperature feld generated by the thermal probe
within perfused tissue is described by the coupled tissue~thermal probe
equations in spherical coordinates, r, as

L (1) g1 (o1

__<_
rZar ar k, o, \ Jt r=a (12)
1a 2av,,,) ¥ — eV, 1 0V,
r"*ar(r o7 k. a, ot ¢ (13)

where V,, = T, — T, is the reduced temperature field within the probe (bead),
I'+ Bf(t} is the time-dependent volumetric heat generation rate {assumed
uniform throughout the bead) required to maintain the bead at a constant
temperature increment above the tissue baseline temperature, Ty, and

VY = g, + ppwpey( T, — Tp) (14)

This coupled set of second-order, partial differential equations represents
the general governing equations for the probe and tissue and requires two
initial and four boundary conditions for solution, The four boundary condi-
tions assumed are symmetry at the origin, continuity of flux and temperature
at the probe-tissue interface, and negligible temperature perturbation at large

distances from the probe. Initially both the probe and tissue are at the tissue
base-line temperature:

V=0 att=0 (15)
V, = att =0 (16}
d
—EB:O atr=0 (17
ar
av ]
_kpm_l’:_km Vyﬂ atr=a (18)
ar ar
V,=V, atr=a (19)
Vin = 0 asr - (20)

7. SOLUTION METHODS

7.1. Partial Solutions of the Governing Equations

The original technique for measurement of thermal conductivity land
diffusivity is based on the solution of the time-dependent, coupled equations
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hout consideration of metabolic heat generation or tissue perfusion.*®

hasically the solution of Egs. (12)-(20) with the perfusion and meta-
rms set equal to zero, or

wit
- This is
polic te

sheroid, is taken 5
the therma) probS
sue-thermal prob:

¥ - PJ;chwam -0 (21)

M
o

(12)

and f(£) set equal to 4% The technique can be applied in vitro and in vfvo,
giving effective thermal conductivity values with accuracies of the order of
+1%. “gample” volumes of less than 0.05 to greater than 1.5 ml are readily
rieved by varying the measurement time from as short as 5§ to as long as

acl
Sample volumes are defined as the volume thermally perturbed

one minute.
by the heated probe within the measurement period. The method requires a

separate determination of the effective probe radius, a, and probe thermal
conductivity, k. These calibrations are made, based on reference values of
known materials such as agar gel, glycerol, and castor oil, as shown in Fig. 5.
Expanding this technique to solve the coupled steady state equations,
 including metabolic heat generation and tissue perfusion, jed to the develop-
- ment of the modified method of Bowman and Balasubramaniam to quantify
perfusion from in vivo measurements of thermal conductivity.‘%’ The thermal
model allowed the isolation of the perfusion term, by, from measurements of
intrinsic tissue thermal conductivity in the absence of flow and effective

thermal conductivity in the presence of flow. For the steady state problem

Egs. (12) and (13) reduce to, respectively,

W
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soupled equations from Ref. 28, with permission.)
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" which shows that the 1
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i (r2 %) " Tt AT, is derived from Eg

2 ar ar k., =0 r=a (23)

AT, =

S R

Solving the coupled steady-state diffusion equations (22) and (23) together
with the boundary conditions of symmetry at r = 0, continuity of temperature
and heat flux at r = a and zero temperature rise as r-» 0, the resulting
temperature distributions within the probe and surrounding tissue are,
respectively,

Bowman et al.®® show
the intrinsic tissue cond
lumped together to for
above. For this situatio

r 2 2 ‘I’ I‘
Vp(r) = Tp(r) B TU - 6: (l - (IL-) * [RCptly, + 3ka
» m
1
ini . {29
X [(pbcbwb/km)llz + l/a:} (24) COIﬂblnlng EqS ( )

explicitly as

_Ta® explpscrwn/knla—nl ¥
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Vialr) = Tolr) = To
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conductivity are in pc

The property of the thermistor bead actually measured is its electrical resist-
ance rather than its temperature, that is, the electrical resistance averaged
over the volume of the bead. Since the bead resistivity is a direct function of
temperature, its electrical resistance, R, is an indirect measurement of the
volume averaged temperature increment Vp, where

3
47a

Vo="1"3 L 4wV, (r) dr = AT, (26)
which shows that the
perfusion and intrinsi
of the probe bead. T}
one must know the e
the effective thermal

the intrinsic thermal ¢
thermal conductivity
mental parameters in

In practice, AT, is calculated as the difference of the spatially averaged
bead temperature and the initial tissue temperature, as

Ta® [k, [(pbcbwbaz)”z - W
w2 @ B PrCullpa ot + (27)
AT, 3k, {km k. +1 +0.2 aCatls

When the probe is unheated, I' = 0 and the bead assumes the initial tissue
temperature:

AT, = =0 (98a)
Pulptip
 where R is the resis
or from Eq. (14), steady-state voltage 1
increment above the
T =Ty=T, + q (28b) tion of the bead’s ra

PrCutip substantial source of
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* which shows that the metabolic heat generation, g, serves to establish the
initial or base-line temperature. When Ty is defined according to Eq. (28b),

AT, is derived from Eq. (27) as

“I‘az —&E[(pbcbwaZ)i/z ]_1 }
T, = 3k, {km Mk,n +1| +02 (29)

Bowman et al®® show that AT, can be rederived for the situation in which
the intrinsic tissue conductivity and convective heat flux due to perfusion are
lumped together to form an effective thermal conductivity, Kes, as described
~ ahove. For this situation, Eg. (29) reduces to

(23)

%2) and (23) togethe,
inuity of temperatyye
r - 00, the resulting
ounding tissue are

’ m Ta®{ k
AT, =——|77+0.

] T, ka(kEﬂr 02) (30)

/a (24) Combining Egs. (29) and (30), the perfusion term may be obtained
explicitly as N

N, v w =(kef*—1) K (31)
2o b
1 PeCptiy (25) km Pbcbﬂz ]

" This is the fundamental relation for the steady state thermal property method,
* and also for the transient method to be described later. Note that the square
of the effective bead radius, a?, appears in the denominator of Eq. (31). This
situation derives from the fact that perfusion is a convective augmentation
~ phenomenon with units of power/unit length squared, whereas units of
conductivity are in power/unit length. Equation (31) can be rearranged as

oy 1/2
kop = km[(ﬁﬁl’(—wﬂ—) + 1] (32)

m

s its electrical resist-
resistance averaged
a direct function of
neasurement of the

(26)

which shows that the effective thermal conductivity of tissue, with a given
perfusion and intrinsic conductivity, k., is a linear function of the radius, 4,
of the probe bead. Thus, in order to quantify perfusion using this approach,
one must know the effective dimensions of the probe bead used to measure
the effective thermal conductivity of the tissue. As discussed in Ref. 28, both
the intrinsic thermal conductivity in the absence of perfusion and the effective
. thermal conductivity in the presence of perfusion are calculated from experi-
. mental parameters in accordance with the following expression:

4maAT,R 0.2\
= (**"‘72“"” - -,;_) (33)
58 v

2 spatially averaged

W

PuCulty

* (27)

3s the initial tissue

{28a)

m

where R is the resistance of the heated bead and V2 is the square of the
?teady-state voltage required to maintain the bead at the predetermined fixed
© increment above the initial tissue temperature. The experimental determina-
 tion of the bead’s radius, a, discussed in an earlier paper! may introduce a
- substantial source of error in practice, unless care is taken in the measurement.

(28b)
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Generally, a measurement under no blood flow conditions is necessary to
obtain the intrinsic tissue conductivity, k... However, it is theoretically poss.
ible to determine the intrinsic tissue conductivity by measurements using two
probes of different bead size, located sufficiently close together that they are
exposed to the same level of perfusion. Eliminating w; [Eq. {31)], we obtain

23 )""_1“_(&@ )ﬁ
G- - (G-1) (34)

where k,, is the only unknown quantity.

Considerable effort has been expended in investigating the accuracy of
perfusion measured by Eq.(31). The isolated canine hind limb, isolated canine
gracilis muscle, and isolated rat liver have been used in controlled perfusion
model systems. Bowman el al®® first correlated the total blood flow rate of
an isolated canine hind limb with the square of the bracketed conductivity
term, [(kes/kn) — 11 A linear relation was obtained over a tenfold range of
blood flow values. No direct experimental-analytical perfusion comparison
was made, owing to the difficulty of quantifying the fraction of total flow -
through the bone, skeletal muscle, and skin. However, the linear relationship
found between total limb flow and [(k.s/kn) — 1I° suggested the analytical -
model was valid, and thus seemed to justify the use of the bioheat equation. -

Typical early results of this method in model experiments are presented
in Fig. 6 for two situations: the probe positioned (a) “far” from a large blood
vessel, and (b) “close” to a large blood vessel. The data are presented as probe
power dissipation vs. the inverse of the square root of time, t™Y% Recall that
this first method is based on a steady state solution of the governing equations,
(12)-(20). However, this method derives from the prior transient conductivity
measurement technique of Balasubramaniam and Bowman,"" and the data
are presented in the format of that formulation. Probe power is monitored
for approximately 30s; the data are extrapolated to the ordinate intercept,
which represents probe power I" at the steady state condition. With increasing
perfusion, the steady state probe power increases, owing to the increase in
effective conductivity.

Figure 6b demonstrates that, with sufficiently short measurement periods,
it is possible to extrapolate the characteristic line to the steady state power
density and thus to obtain, accurately, the effective thermal conductivity even
with excess heat transfer caused by the proximity of large blood vessels. Based
on these results, it was speculated that probe-vessel spacing and vessel size
may be estimated from the time dependence and the magnitude of the
deviation of the data from the characteristic, diffusion-controlled, power-vs.-
time curve. By substituting the time that the deviation from the characteristic
diffusion-controlled curve occurs into the time-dependent medium solution
V,(r, t}, the probe center to vessel (surface} distance, r, may be
determined.®> At any subsequent time the magnitude of the deviation is
a measure of the heat-carrying capacity of the “thermally significant” vesse
and thus a measure of its size. Although the methodology has not been
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, man' - showed the validit i
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7.2. Complete Solution of the Governing Equations for the
Temperature Field

tionSAfg;)mVplstZ S(;n}ut}on to Eqgs. (12)-{20), involving higher-order approxima-
- 1’(117) . in terms of f(£), has recently been obtained by Valvan

and Bowman."” The second-order system of partial differential equati .
can be converted into a second-order system of ordinary differential equatfons
by 1ntrloducing the unilateral Laplace transform. The key to findin tl'(nle al sod
form, inverse Laplace transform is to express the Laplace domaingsolutgt et
a Frobenius series and then perform a term-by-term inverse transfcnrmlo’rll‘}?5
final closed form approximation of the two-region temperature field is éive:

by

Vp(f,f)=£EF+Bft)][——-Ii”———: l( Jj)}
k, ,( Sk,n(1+Jz)+6 1=

43
___ Ta’fy)
akm(amw)”?‘(l - z)

ra® -
Vm(,t~——_—{ [ mi] (a — n)f(2)
T, t) PP exp | V7 (1 a) + ()2

B Ta*f(t) pa’f(t)
3k {71 - z) i 3k, r{l— \/;) (36)

(35)

where z = pyeptw,u®/k,. Note that the internal heat generation within the
prgbe, I+ Bf(t), can be separated into steady state and transient parts, where
T is the steady state volume average power and Bf(t) is the transient ;olume
average power, both in W/ml. One further assumes that f(t) tends to zero for
large time. For this condition, the fact that the volume average tr;msient
temperature terms must add to zero can be used to derive an explicit expression
for f(t) in the presence of perfusion: ’

. exp E - (pbcbwbam/km)t] P Cptb, 12 12
£t 7 -‘( ¥ bk bamw) erfc(gﬁélzﬁ"—t) (37)

8. SIGNIFICANCE OF EXPANDED f(t)

I‘n the absence of flow, Eq. (37) reveals that the transient power responseé
does Lr}deed follow 712, The #7'/% assumption originated with the Jumped
analysis of Chato,""” where the transient heat flux for a fixed probe surface
temperature was shown to follow ¢ %/* The transient nonperfused coupled
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.- dependence for the probe volumetric heat genera
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In principle, the shape of the transient response itself could be used as

ca third measure of perfusion. However, the shape of the transient response
~ due to high perfusion and that due to proximity of a thermally significant
vessel are similar, In addition, a time-varying tissue temperature also affects
the shape of the transient power response. It thus would be necessary to
discriminate between these effects in order to use the shape of the transient
response as a third measure of flow, or to quantify the location and heat

transfer capacity of a nearby vessel.

from Eq. (37), the difference between the expanded f(8)
I time and perfusion rate. 1f one assumes that the
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9. APPLICATION OF THE TRANSIENT THERMAL MODEL T0

bamt 1/2
)" o
DERIVE PERFUSION

1)

Balasubramanian and Bowman®® integrated V,(r, t) from 0 to a, to find
the volume average temperature increment, AT, This steady state solution
1t power response can be used to calculate the effective thermal conductivity from measured
with the lumped values of applied and imposed temperature increment. Rearranging Eq. (30),
«ed probe surface

perfused coupled

1
fo = A T A T
= (3AT,/Ta*) — 0.2/ky (38)
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In the absence of flow, k. equals k... The bead is supplied with electrica]
power at a rate, (['+ Bt™"/%), sufficient to maintain the bead at a constant
temperature increment above the tissue baseline temperature Ty, The transient
power response plotted vs. t /2 is a straight line for diffusion-controlleg
processes. A linear regression is performed to find T, and thus to caleulate
k.q. This is the same method to obtain perfusion as was previously describeq,

Consideration of the transient solution for the temperature field in tissue, -
Eqgs. (35) and (36), leads to an alternative method to extract the perfusion

- parameter. As mentioned, the volume-averaged temperature within the bead
is held constant by the instrument, Thus, the volume-averaged temperature
within the bead due to the transient terms from I are equal and opposite of

those due to Bf(f), and their sum must add to zero at all times.@14¥ Thus, it
can be shown that54®
]2
)

aeff=[

In the absence of flow, a.z equals a,, and B/T can be caleulated by least
squares regression of the measured transient power, equal to I' + g¢/2,

Thus the perfusion term, w,, can be isolated from both the steady state™ :
and transient solutions."**® The second measure of perfusion is unique to
the transient solution, and we denote it Who!

a

mB/T)(1 + 0.2k, /&,

(39)

kg )2 k
w,={——-1] —L_ (40)
b (km pbcba2
_ 2 2
waEM(lJrO'QE) k., (41)
o P1CHA kp

10. PERFUSION MEASUREMENT PROTOCOL,

Our present protocol for quantifying perfusion in small volumes of tissue
using the thermistor bead apparatus, which we call the thermal diffusion

probe, and taking advantage of the solution to the complete governing
equations, is as follows:

1. Apply the volume-averaged temperature increment, AT,;

2. Record the transient voltage required to maintain the volume-averaged
ATy; .

3. Perform a least-squares regression using I’ + Bt72 to find an approxi-
mate value of [';

4. Use Eq. (38) to calculate an approximate kow:

5. Use Eq. (40) to calculate an approximate t0y;

8.

Perform a least-squares regression using "+ Bf(t) to find T and ﬁlz
where f{t) is evaluated using Eq. (37) and the approximate value 0
wy, found in step 5;

7. Tterate steps 4, 5,

usually sufficient
8. Use Egs. (38) and
9. Use Egs. (40) and
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7. lterate steps 4, 5, 6; our experience indicates that three iterations are
usually sufficient to converge within 1% of the stable value of k.g;

8. Use Egs. (38) and (39) to caleulate ks and G

9. Use Egs. (40) and (41) to calculate 1wy,

Sometimes the noise in the original V? vs. t data is such that the iteration
process does not lead to convergence of kg, Wy, or 0, where @ is the sum of
the errors of the least-squares regression. In these situations multiple iterations
may first lead to a better or improved fit and then to increasingly worse fits

due to error multiplication. Best results are usually obtained for that iteration

which yields the best fit as defined by smallest a.

11. THE THERMAL DIFFUSION PROBE

The thermal diffusion probe* (TDP) is a versatile, portable instrument
which has the capability of quantifying temperature, intrinsic or eflective
thermal conductivity, thermal diffusivity, and perfusion from a single 10-20s
transient measurement in small volumes of tissue. These four parameters are
umber of clinical applications. The microprocessor-based

hermistor tipped needle or catheter probe, and can be
des to measure tem-

important in & n
system utilizes a t
operated in either continuous or repetitive transient mo
perature, thermal conductivity, thermal diffusivity, and/or perfusion. As men-
tioned, in the transient mode of operation the technique is also able to
characterize thermally significant vessels in the tissue according to their
distance from the probe and their heat-carrying capacity.(m

The characteristics of the heated thermistor bead were described earlier.
The bead is interfaced with the TDF instrument, a modular, microprocessor-
based data acquisition-controller system, Fig. 8. This system has been
developed over the past decade to facilitate bioheat transfer research by
providing accurate real-time measurements of temperature, thermal proper-
ties, and perfusion in small volumes of tissue. The instrument contains the
following standard computer modules: Z80 CPU, 16K ROM, 48K RAM,
real-time clock, plotting CRT, and a 5k-in. mini floppy twin disk drive. The
instrument incorporates flexible operator control, sophisticated plotting
routines, and mass storage on the mini foppy disk. The system also includes
two special modules: a 14-bit A/D converter and thermal probe controllers.
A controller module allows {1) measurement of base-line tissue temperature;
(2) application and measurement of power supplied to the thermistor; (3}
simultaneous operation of four thermistor probes; and (4) operation in either
of two modes {transient and continuous), both of which allow the determina-
tion of effective thermal conductivity.

In the transient mode, the probe power, extrapolated to infinite time, is
a measure of the effective thermal conductivity. As discussed in the previous
section, the intrinsic thermal conductivity of the tissue must be provided,

* \
Rollins Associates, Concord Rd., Lincoln, Massachusetts.
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FIGURE 8
The prototype microprocessor—TDP system.

by a separate keyboard entry, by the two-bead method, or by a determination
involving blood occlusion at some point in the measurement protocol. In this
mode, flow can be measured approximately once a minute, and the effective
volume of tissue perturbed and monitored by the probe can be varied over a
wide range.

In the continuous mode, the system monitors both the heated probe
power requirement and the tissue temperature {using a second thermistor
located at a point outside the region of thermal influence of the heated probe).
In this mode, flow is monitored continuously

When operating in the temperature monitoring mode, the temperature
plotting routine can be repeatedly interrupted at will to update the effective
thermal conductivity. This is an excellent measure of “unexpected” changes
in tissue heat transfer properties, mainly perfusion.

Example. For understanding better the measurement and data reduction
protocols for quantification of perfusion from effective thermal conductivity,
four experiments from a single isolated perfused rat liver preparation will be
cited. Total blood flow was measured by venous collection, and the local
level of perfusion was calculated by proportioning the total flow in accordance
with the distribution of entrapped radicactive microspheres.

Probe No. B31x was introduced into the left lobe of the 5.770-g liver
removed from a 380-g rat in accordance with an established protocol.(”'m
Liver volume was measured as 5.00 ml giving a density of 1.154 g/ml. The
probe constants, k, = 1.021 mW/cm K and radius @ = 0.0888 cm were deter-
mined from calibration data.
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Ry ()
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6.5
7.0
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8.5
8.0
9.5
10.0
10.5
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11.5
12.0



or by a determination
ment protocol. In this
ute, and the effective
s can be varied over a

»th the heated probe
- a second thermistor
s of the heated probe).

wode, the temperature
o update the effective
‘unexpected” changes

:nt and data reduction
thermal conductivity,
er preparation will be
lection, and the local
stal low in accordance
sheres.
e of the 5.770-g liver
blished protocol.m'm
ity of 1.154 g/ml. The
0.0888 cm were deter-

Estimation of Tissue Blood Flow / 215

The total blood flow, F, was measured by venous collection before and
after each experimental transient run. Total flow was varied from zero to
13.30 ml/min. The local perfusion (wz) in the tissue immediately surrounding
the probe was determined in experiments 106 and 119 from apportionment
of the known total flow in accordance with the distribution of entrapped
radioactive microspheres (Table 2). This measurement was not possible in
experiment 109 because of a limited number of radiolabels. Therefore flow,
in this experiment was apportioned as was done for experiments 106 and 119.
Experiment 127 was a no-flow control.

Before cach measurement, the tissue temperature was monitored, and
when stable, a temperature increment AT, of approximately 4°C was imposed
in the thermistor bead. The squares of the voltages required to establish and
maintain the imposed AT), are tabulated in Table 2 as a function of time for

TABLE 2

Experiment number

Variables 127 106 109 119
T, (°C} 33.995 33.995 35.037 35.694
Ry (1) 645.1 625.2 605.5 585.6

AT {*C) 4,066 3.938 3.796 4,087

F (ml/min) 0.00 3.56 7.58 13.30

@ (g/mls) 0.00 11.9 25.3 44.3
(x 1079

wy (g/mls) .00 14.0 29.7 52.1
(%1077

Time

(s)

5 Bead voltage squared {(V?}

4.0 9.509 9.134 8.631 9.136
4.5 9.401 9.406 8.544 9.059
5.0 9.308 8.964 8.466 8.995
5.5 9.226 8.897 8.406 8.934
6.0 9.158 8.841 8.351 8.888
6.5 9.087 8.739 8.302 8.845
7.0 9.037 §.724 8.265 8.805
7.3 8.980 8.704 8.229 8.772
8.0 8.942 8.667 8.201 8.744
8.5 8.895 8.636 8.166 8719
9.0 8.857 8.604 8.140 8.694
9.5 8.821 8.759 8.116 8.670
10.0 8.787 8.551 8.097 8.658
10.5 8.783 8.528 8.073 8.636
11.0 8.722 8.513 8.055 8.618
11.5 8.690 8.489 8.036 8.602
12,0 8.667 8.469 8.019 8.592
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each of the four experimental runs with total Hows of 0, 3.56, 7.58, and
13.30 ml/min. The average and true local tissue perfusions are noted as @
and tor, respectively.

As discussed in step 3, a least-squares regression V2 =T+ Bt is first
performed using the v3(#) data of Table 2 to find approximate values of T;
kg is calculated from Eq. (38), and w, is calculated, using Eq. (40). In step
6 a least-squares regression V? = I + Bf(t) is then performed using the same
data to reevaluate I' and p, where f(#) is evaluated using Eq. (37) and the
approximate value of wy found in the first regression.

As seen in Table 3, successive iterations generally lead to convergence
of k.z and thus of wy. As noted above, noise in the original V2 vs. t data will
sometimes hinder convergence of o, the sum of the errars of the least-squared
regression. In these situations, as is the case in this example, multiple iterations
may first lead to a better fit and then to increasingly worse fits due to error

TABLE 3
spP ke Wy 2= pb‘?bwbaz
s/I (K/W) (W/emX) (g/ml s} k.,
Iteration ¢ s¥% x10 X107 =x10% (s*%)

0.00000

106-0 0.00308 0.4161 325.8 5.966 3.132 0.00354
-1 0.00248 0.4114 314.1 6.465 8.812 (.00986

-2 0.00178 0.4227 308.6 6.735 13.087* 0.01479

-3 0.00186 0.4337 306.1 6.862 15.396* 0.01740

-4 0.00212 0.4402 305.1 6.917 16,457 0.01860

-5 000228 0.4432 304.6 6.041 16,920 0.01912

-6 0.00235 0.4445 304.5 6.950 17.107 0.01933

-7 0.00238 0.4451 304.4 6.955 17.197 0.01943
0.00000

109-0 0.00519 0.3992 319.9 6.208 5.536 0.00626
-1 0.00412 0.3994 306.2 6.858 15.320 0.01731

-2 0.00262 0.4233 3004 7.178 21.929 0.02478

-3 0.00230 0.4424 298.1 7.310 94.091 7 0.02824

-4 0.00245 0.4519 297.3 7.360 26.208* 0.02962

-5 0.00255 0.4557 2597.0 7.378 26.659 £.03013

-6 0.00259 04572 296.9 7.385 26.828 0.03032

-7 0.00261 0.4577 286.8 7.387 26.800 0.03039
0.00000

119-0 0.00551 0.3300 305.5 6.898 16.073 0.01810
-1 0.00281 0.3554 289.7 7.851 39.700 0.04486

-2 0.00345 0.4204 285.0 8.183 50.375% 0.05692

-3 0.00529 0.4543 283.8 8.274 53.531%* 0.06049

-4 0.00585 0.4648 283.5 8.298 54,364 0.06143

-5 0.00600 0.4677 283.5 8.304 54,575 0.06167

-6 0.00604 0.4684 283.4 8.305 54.608 0.0_6171

-7 0.00603 0.4685 283.4 8.306 54,651 0.06176
127-0 0.00616 0.5308 348.7 5.229 0.000 0.00000

NoTE: Asterisk indicates iteration of best fit,
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00000
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multiplication. In these cases best results are usually obtained for iteration
(n) which yields the best fit as defined by the smallest o, or by iteration (n+1)
which uses the data derived from iteration (n). The technique is generally
accurate to within 210%; however, the method is dependent upon a reason-
ably accurate (+1.0%) value of intrinsic thermal conductivity ko

12 EXPERIMENTAL VERIFICATION

12.1, Accuracy of Thermal Property and Perfusion Measurements

The values of k, and @ for the perfusion probe are determined by
calibration, using two liquids with known thermal properties (1.5% agar—water
and glycerin) as done for the original thermal conductivity probe. The
accuracy of measurements of k,, and @, with the TDP is shown in Figs. 9
and 10, respectively. Using three glycerin/water mixtures (25%/T5%,
5(%/50%, and 75%/25%) it was verified that the TDP is capable of measure-
ments within 1%—2% of the true values.

The TDP is sensitive to changes in perfusion, but it has not been resolved
antil recently how accurately it can guantify perfusion. The biggest problem
has been to find a tissue model in which perfusion can be assessed accurately
and independently. We have previously used isolated canine hind limbs, ¥
isolated canine gracilis muscle,*® and isolated canine myocardial pedicleMQ)
preparations. We have recently begun to use the isolated, thermally regulated,
perfused rat liver preparatiOn“T) to evaluate the ability of the TDP instrument
to quantify perfusion.(m

Figure 11 is a block diagram of the perfusion apparatus.(”’m A pump is
used to establish the circulation of Krehs-Ringer buffer perfusate from a
reservoir, through a Millipore paper filter, heat exchanger, oxygenator, and
back to a reservoir. This closed loop cycle {method of Brunengraber®”) serves
to oxygenate the perfusate and establish a constant pressure head. Both closed
and open loop flow to the liver preparaiion is controlled via a variable
resistance pinch valve. Flow enters the liver through the cannulated portal
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FIGURE 9 g4
Thermal conductivity as measured by the Thermal =
Diffusion Probe is plotted versus the true thermal X
conductivity. The five liquid media are water, g3
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=4 FIGURE 10
ot Thermal diffusivity as measured by the ther-
Pl mal diffusion probe is plotted versus the
2 true thermal diffusivity. The five liquid
é ol media are water, glycerin, and three
water/glycerin mixes. The true thermal
o | | . | | . diffusivity of a water/glycerin mix is deter-
9 10 1 F] 13 14 5="  mined from its mass fraction. The average
g

True a 10000 {cm®/sec) measurement error is 0.9%.

vein and leaves via the cannulated inferior vena cava. The total fow is
collected and measured with a mass balance and a stop watch. The open loop
perfusion system was chosen to avoid contaminating the entire apparatus
when radiclabeled microspheres are injected, and to maintain liver perfusion
with fresh buffer.

The establishment and maintenance of temperature stability is critical
for the accurate thermal measurement of tissue perfusion. One hundred
percent humidity is maintained within the enclosed box to reduce cooling
due to evaporation at the surface of the liver. Both the 100% humidity and
a plastic wrap reduce convective and evaporative cooling of the liver and
therefore minimize temperature gradients within the liver. Continuous
attention must be given to the establishment and maintenance of thermal
equilibrium within the rat liver, in order to allow the accurate and reproduc-
ible measurement of tissue perfusion. Temperature stability better than
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FIGURE 12

Thermistor probes in place in the rat liver preparation.

0.003°C/min and flow stability of 0.01 m]/min per min can be maintained
within the preparation. Multiple thermistor probes are inserted in the hepatic
tissue (Fig. 12), and T, k.g, @4, and w;, are measured for each thermal transient
run, using the TDP,

Radioactive microspheres are used to determine the spatial distribution
of perfusion within the isolated rat liver.*"%1 In general the spatial distribu-
tion of perfusion was found to vary somewhat with time, although total

04

021
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o

1T T 11

FIGURE 13

Tissue perfusion, as measured by radioac-
tive microsphere technique, is plotted for
various sections of the rat liver. Lobeto [obe
variations are much larger than variations
within a single lobe.
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V2 vs. t71/2 transient responses for experi-
ments in the isolated rat lver preparation.
g | | | L The same probe and AT}, were employed
1600 B0 20 IS 6 5 4 at the same site for both runs. See text for

Time (seconds!) details.

perfusion was maintained constant. At the termination of the rat liver perfusion
measurements, flow is interrupted and the intrinsic thermal properties are
measured. The liver is sectioned (about 1 m] surrounding the probe) and the
radioactivity of each piece is measured. The relative radioactivity of any liver
segment is equal to the relative flow to that segment. Thus, the true perfusion
distribution ean be calculated. Repeated counts reveal a reproducibility of
1.8% in the measured radioactivity for each liver section. When the three
labels (*'°Sn, "'Ce, and *’Co) were injected two minutes apart, they gave
consistent measurements to within 2%. The shunt fraction was found to be
0.6%. Lobe-to-lobe variations in perfusion were much larger than variations
within a single lobe (Fig. 13).

Figure 14 contains two transient power responses plotted on the same
graph measured with the same probe using the same temperature increment.
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The top curve was obtained when the liver was perfused at 0.02g/mls
(120 m1/100 g min); the bottom curve resulted when flow was interrupted.
The presence of flow increases the steady state intercept, T', resulting in an
increased k.g according to Eq. (38). Flow decreases the B/1" ratio, resulting
in an increased a.g according to Eq. (39), and produces a slight upward
curvature of the transient response, because the true I'+ Bf(f) transient was
fitted to a T' + Bt V2 axis.

Figure 15 displays typical experimental results, which shows that both
k. and a.4 are quite sensitive to perfusion. While a.g is more sensitive to
changes in perfusion rate than kg, it is somewhat less reproducible. Multiple
measurements at the same fiow rate reveal an experimental reproducibility in
k.g better than 0.6% and in .z better than 2%. When Eq. (40) is used, this
results in a reproducibility in calculated perfusion of about 5%. Meticulous
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' FIGURE 18

Typical display of local effective thermal condue-
tivity measured in isolated canine gracilis muscle,
This 1300-s record includes the effect of shut-off of
respiratory airflow to the intubated animal at 700 s,
The elevation of effective thermal conductivity above
the intrinsic value obtained in the unperfused, expired
PR NP Y R animal at 1,300s is a measure of the convection-
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attention given to the establishment of tissue thermal equilibrium will guaran-
tee reproducible measurements. Since the TDP instrument can easily discrimi-
nate 1% changes in kg, it will have a sensitivity to perfusion of better than 7%,

Collected results from several experiments are given in Figs. 16 and 17.
Absolute values of TDP-derived local perfusion rates are plotted against the
independently measured local perfusion rate for the same region of the same
lobe. This rate is obtained by weighting the volumetrically measured total
flow by the ratio of radiolabeled microsphere activity in the sample of tissue
surrounding the TDP probe to total radiolabel activity of the liver. Good
agreement is obtained for the k.4 method (Fig. 16). An average measurement
error of £10.6% is obtained, with uniform scatter about the line of identity,
for 14 different studies. Results with the . method were somewhat less
satisfactory (Fig. 17). The average perfusion measurement error was 24%,
with a skew about the identity line. However, improved resuits are anticipated
when probe stem heat leakage is accounted for and the probe design is
improved.

12.2. Examples in Various Tissues

Various features of data presentation of the TDP system, when operated
in continuous mode, are shown in Figs. 18 and 19. Theeffect of perfusion
on’the value of k.g is shown in Fig. 18 for a canine gracilis muscle prepar-
ation. At 700 s the respirator for the intubated animal was shut off, and the
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FIGURE 20 r

Real-time measurement of tissue perfusion (solid
line) and base-line tissue temperature (dotted line}
using the Thermal Diffusion Probe, The probe was
placed in a 7.25-¢ pedicle preparation, isolated from
the canine myocardium. From 330 to 430s the
coronary artery feeding the pedicle was oceluded.
With restoration of flow, reactive hyperemia was T
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convective contribution to k. declined over the next 10 min. These data are
replotted as perfusion in Fig. 19. Note that perfusion declines to zero in
response to the respiratory arrest. In addition, a phasic oscillation in the
gracilis muscle perfusion is noted prior to respiratory arrest, with a period of
approximately 4 min. This phasic behavior has also been observed in the
skeletal muscle beds of the dog and the rat, and is believed to be typical,
The ability of the probe to follow the dynamics of local blood flow and
the coupling between blood and tissue temperature is shown in Figs. 20 and
21, The temperature of canine myocardium (within the thoracic cavity) is
relatively insensitive to short interruptions of blood flow (Fig. 20). In contrast,
interruption of flow to the hind limb alters the limb heat balance with a
subsequent reduction of temperature, as shown in Fig. 21. In both the myocar-
dium and hind limb preparations low was guickly restored when the clamp
was removed, and an increase in flow, suggestive of reactive hyperemia, was
observed. The ability to monitor continuously local perfusion, obtained with
this instrument, will be of value in more fully understanding the effects of
ischemia, hyperthermia, etc. on the local blood circulation. In hyperthermia
the nature and magnitude of the change in tissue perfusion is related to the
amplitude of the temperature elevation and its duration, and is believed to
be different for various tissues. For example, the effects of hyperthermia on
tumor and normal tissue bloed perfusion, and therefore on their oxygenation,
have an important bearing on the sequence in which different treatments
(thermal and radiation therapy) should be used for maximal therapeutic
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Real-time measurement of tissue perfusion {solid
line) and base-line tissue temperature (dotted line)
using the Thermal Diffusion Probe. The probe
was placed in the hind limb of a 300-g rat. Flow
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efficacy since the level of oxygenation influences the radiosensitivity of the
cells. Changes in blood flow also influence the rate of delivery of drugs, which
can be monitored with this instrument,

The effect of a “thermally significant vessel” on the response of the TDP
system (in the transient mode) was examined in more detail in an isolated
gracilis muscle preparation.“s) Multiple probes were inserted in the muscle,
and total blood flow to the muscle was collected from venous return. Radio-
isotope labeled microspheres were used to assess regional variations in per-
fusion within the gracilis muscle as described above. f(t) was determined by
experiment to be /2 Figure 22 is a typical plot of probe power requirement
(V2 vs. t71%) méeasured in the isolated gracilis muscle in the absence of a
“thermally significant” vessel. Figure 23 is a typical plot of the probe power
requirement when the thermistor was near a “thermally significant” vessel.
The advancing thermal front, developed in the tissue by the heated probe, is
detected to be in the vicinity of the “thermally significant” vessel at approxi-
mately 10 s. A typical comparison of calculated levels of perfusion determined
with the TDP (in the presence of a “thermally significant” vessel) is shown
in Fig. 24. Absolute flow caleulations were made from data obtained using
a 9-10 s regression “window” to determine the “infinite time” V*® intercept.
Typical variations in instantaneous values of measured perfusion were £10%.
Typical accuracy was within £20%. The agreement of the short time, kst
derived flow with the independently measured, volume-averaged perfusion
rate shows that perfusion can be quantified from data taken when a ‘‘thermally
significant” vessel is present. It is interesting to note that the £10% variation
in instantaneous perfusion values (Fig. 24) corresponds to the mean variation
observed when monitoring perfusion continuously (Fig. 19).
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13. COMPARISON WITH CAMERON'S METHOD

The accuracy of the TDP system measurement in comparison with a
more traditional thermal dilution method {Cameron, Ref. 16) was studied in
the rat liver preparation. The latter technique consisted of the injection of a
cold bolus of saline into the portal vein and monitoring the liver tissue
temperature response. A bolus of 1-2 ml of saline at close to 0°C was quickly
injected into the portal vein cannula, approximately 30 cm from the liver,
resulting in a sudden cooling of the liver. The magnitude of the temperature
drop and rate of cooling are proportional to the amount of bolus injected,
the temperature of the holus, and the rate of the injection. It is assumed there
are no spatial temperature gradients within the region of the thermistor, The
exponential time constant of the recovery phase is only dependent on the
subsequent perfusion. The thermal model is simply

_l‘jd_tfx _ puerwn T (42)

o dt k
where T is the liver tissue temperature, w, is the perfusion rate, ¢; is the
specific heat of the perfusate, k is the thermal conductivity of liver tissue,
and « is the thermal diffusivity of liver tissue. Equation (42) is subject to
boundary conditions

T=1T, att=0 {43}
T->T; atf->o (44)

Thus
T(E) = Ty — (T; — To)e ™ (45)

" Perfusion can be determined from the exponential time constant, z

kz
wy =

PrCp
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Zero time is taken at the instant when the liver temperature is at a minimum,
This minimum temperature is defined as the initial temperature, Tp. The final
temperature can be taken as either the liver temperature before the bolus
injection, or the liver temperature at 200 5, Two tissue temperature responses
are displayed in Fig. 25. The only difference between the two experiments
is the magnitude of the perfusion rate. Faster thermal recovery occurs at the
higher perfusion rate. In this technique, the microsphere infusate served as
the injected cold bolus, thus allowing simultaneous comparison of the two
perfusion measurement techniques. Perfusion as measured by the cold bolus
technique is plotted versus perfusion as measured by the radioactive micro-
sphere technique in Fig. 26. Although the quantification by the thermal
dilution technigue was consistently low (slope = 0.751), the two measure-
ments were well correlated (a,, = 0.973). The results show that the traditional
thermal dilation or heat clearance method underestimates the perfusion rate.
In contrast, the TDP system evaluated in the same rat liver model accurately
predicted the perfusion rate.

14. SUMMARY

The experimental and clinical significance of regional blood flow war-
rants continued extensive efforts directed toward its quantification. Measure-
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ment techniques based on thermal clearance are particularly attractive in
this regard because, in principle, all the necessary clinical requirements can
be met. '

Accurate measurernent of thermal properties and perfusion using ther-
mally based techniques requires a model that accounts for the thermal interac-
tions between the measurement device and the medium (tissue) being
measured. The Thermal Diffusion Probe (TDP) model and methodology has
been singled out because it is currently the most highly developed and best
evaluated of all of the thermal clearance techniques. It has the capability of
quantifying temperature, thermal conductivity, and thermal diffusivity
(intrinsic and effective) and perfusion. It has the advantages of a short time,
small volume measurement, thereby minimizing problems associated with
temporal and spatial variations in temperature and perfusion. Txamples of
the data acquisition and reduction protocols are included in this chapter.

Several methods have been developed for estimating regional blood flow
by heat clearance techniques, as discussed in this chapter. These methods
have met with mixed success when set against criteria of accuracy and practi-
cality in experimental and clinical settings. Bearing in mind that improved

‘methods have been developed recently for heat clearance technique, and that

investigators must ultimately aim for clinical, as well as laboratory applica-
tions, some suggestions are offered for evaluating heat clearance based per-
fusion techniques.

Experiments should be designed to evaluated perfusion measurements,
based on specific models of the heat clearance technique, covering the range
of organ and tissue vasculature, These experiments should investigate the
validity of the traditional assumptions of the bioheat transfer equation (Chap.
6) as well as recognize the dependence of the heat balance on local tissue
organization at the measurement site (Chap. 7). The modeled thermal behavior
may be inconsistent with reality, due to defects in these assumptions and the
heat balance: this may in turn modify the prediction of perfusion by the heat
elearance technique. Several examples of these defects are listed in the follow-
ing. Microcirculatory flow is not a scalar quantity, and flow in any perfused
bed is not uniform in time or space over small regions. The thermophysical
properties of biological tissue are neither uniform nor isotropic. Tissue control
volumes constructed for making heat balances usually do not include the
effect of flexing, contracting, and moving tissue beds, The effect of countercur-
rent heat exchange, such as found in long, parallel arterial-venous vessel pairs,
requires detailed evaluation. Regenerative heat exchange, such as may exist
in the dual capillary circulation of the renal cortex, should be investigated.
Mixing of arterial flows in the hepatic sinuses, complex flows in the splenic
sinuses, and arterio-venous anastomoses in the cutaneous circulation are other
examples requiring specific treatment and experimental evaluation.

Experiments should be carried out in which the heat clearance results
are compared with those of an independent means of blood perfusion measure-
ment, This would include other indicator dilution techniques, such as those
that normalize the transfer function.®® Preferably, the independent validation
method should be based on other physical principles, such as the radicactive
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microsphere uptake technique or venous collection. Isolated, thermally regy-
lated organ systems in which total venous return and perfusate distribution
can be independently measured appear to provide the most accurate evaly-
ation of heat clearance techniques. Other methods, such as venous occlusion
plethysmography and laser Doppler velocimetry have been applied to per-
fusion measurements. However, these methods have recognized, serious
deficiencies for this application. Creative efforts to provide methods for
perfusion measurement based on other sound physical principles are desirable,

The role of the invasive heat clearance measurement of perfusion should
be put in context. Heat clearance measurement of blood flow must often be
combined with measurements of species concentration, for example ATP,
Po,, hydrogen ion, etc. Material balances are constructed from the combina-
tion of species concentration difference and flow data in order to evaluate
normal or pathophysiological function or the effects of therapy. Thus, the
perfusion measurement provides only part of the necessary data to achieve
the end result, which is often an assessment of metabolic function. The heat
clearance measurement must therefore meet appropriate criteria for evaluation
of that function. Typical requirements for experimental or clinical evaluation
of metabolic function include invasiveness, reliability, sensitivity, and practi-
cality. Sensitivity analysis, a well-known engineering analytical technique,
can be profitably employed to provide rational answers to some of these
questions (Chap. 15).

The advent of microprocessing technology on a widely distributed basis
makes it possible to evaluate the relative merits of many differing thermally
based techniques. Of particular promise are those that can be broadly charac-
terized as bolus, pulse-decay, periodic excitation, NMR, and other noninvasive
approaches. Each technique has its advaniages and disadvantages. It may
well be that no one technique will be able to satisfy all clinical and investiga-
tive needs, and that ultimately, several techniques will need to be perfected.
This story has not yet been written. '
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