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ABSTRACT

RBC velocity and vessel lumen diameter were measured in
individual microvesseis in normal (mature granulation) and neo-
plastic (VX2 carcinoma) tissues grown in a transparent rabbit ear
chamber. Blood flow rates were determined before, during, and
after local hyperthermia treatments at 40-52° for 1 hr. Blood
flow in normal tissue increased dramatically with temperature,
but stasis occurred at higher temperatures and/or longer dura-
tions of heating. in tumors, blood flow rate did not increase as
much, and stasis occurred at lower levels of hyperthermia.

Both the magnitude and the time of maximum flow appeared
to be bimodal functions of temperature. That is, both of these
parameters increased with temperature up to a certain critical
temperature, and then decreased at higher temperatures. This
critical temperature was approximately 45.7° in normal tissue
and 43.0° in tumors. Normal tissue required temperatures
greater than 47° to bring about vascular stasis in less than 1 hr,
while stasis occurred in tumors in the same time frame at
temperatures greater than 41°. Normal tissue could increase its
maximum flow capacity up to 6 times its preheating value, while
neoplastic tissue could only double its maximum fiow capacity.
This differential flow response in individual microvessels was
used to develop a theoretical framework relating various mech-
anisms of blood flow modifications due to hyperthermia.

INTRODUCTION

The microcirculation plays a critical role in determining the
effectiveness of hyperthermia, either alone or in combination with
radiotherapy and chemotherapy (19, 37). A number of investi-
gators have measured the effect of hyperthermia on blood flow
in normal and neoplastic tissues using various macroscopic,
tissue-averaged methods as summarized (19, 37). However, only
a limited number of quantitative studies have focused on blood
flow modifications in individual microvessets (5, 14).

The objective of this work was, therefore, to measure RBC
velocity and lumen diameter in individual microvessels in normal
(mature granulation) and neoplastic (VX2 carcinoma) tissues
grown in a rabbit ear chamber preparation. Blood fiow modifi-
cations were determined in both tissue types before, during, and
after local hyperthermia treatments for 1 hr at 40-52°, using the
instrumentation and techniques described (8, 10). The observed
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differential flow responses between normal and neoplastic tis-
sues are compared with the published data and are explained in
terms of various mechanisms involved in blood flow regulation
during hyperthermia.

MATERIALS AND METHODS

Animals and Tumor. Male New Zealand White rabbits (Three Springs
Kennel Co., Zelienople, PA), 3 to 4 kg, were fed Purina laboratory chow
(Ralston Purina Co., St. Louis, MO). The normal tissue studied was
mature granulation tissue, and the transplantable tumor studied was
VX2 carcinoma, both grown in modified Sandison-Clark transparent ear
chambers.

Normal and Neoplastic Tissue Preparation. Transparent chambers
(One of a Kind, Ltd., Lincoin Park, NJ) were surgically implanted in the
right ears of male rabbits following the procedure described (8, 10, 24,
44). The chamber design aliowed for the formation of a thin granulation
tissue bed (40 + 10 um (S.D.) thick and 5.4 mm in diameter). Granulation
tissue began to grow into the chamber approximately 1 week postimplant
and reached maturity approximately 6 weeks postimplant (10). At this
time, the chamber was used either for granulation tissue studies or for
tumor implantation.

For tumor implantation, the animal was anesthetized (30 to 40 mg/kg
Nembutal i.p.), and the coverglass which formed the top plate of the
chamber was carefully removed. VX2 carcinoma was excised from the
flank of a tumor-bearing host, minced, and placed in 0.9% NaCl solution
(saline), and then spread uniformly over a new coverglass. The chamber
was then reassembled with the new tumor-bearing coverglass (25). The
success rate for tumor takes was 50%. Damaged tissues were not used
for experimentation. When the tumor invaded the granulation tissue, the
vessels became dilated and tortuous, and their density increased signif-
icantly (25). This angiogenic response was observed 3 to 4 days postim-
plant. The chamber was used for tumor studies, on the average, 13 days
post-tumor impiant. In a limited number of animals, transverse sections
of the tissues were examined histologically to confirm the existence of
neoplastic tissue (25).

Blood Flow Measurements. RBC velocity and lumen diameter of
blood vessels were measured both on-line and off-line using the instru-
mentation described in detail (8) and shown schematically in Chart 1.
The rabbit was lightly anesthetized and placed in a restraining device.
The chamber was locked into an x, y travel microscope stage, and the
tissue was transilluminated by a 100-watt tungsten-halogen lamp (Carl
Zeiss, Inc., Oberkochen, West Germany) driven by a stabilized DC power
supply (Model 6263B; Hewlett Packard, Palo Alto, CA). For ondine
measurements, the desired blood vessel was viewed on a television
monitor (Mode! EVM-11; Electrohome Ltd., Kitchener, Ontario, Canada),
at a final magnification of x 3500, via a low-light television camera (Model
4410/SIT; Cohu, Inc., San Diego, CA). For off-line measurements, a
number of blood vessels were recorded on a video cassette recorder
(Model HR-3600AU; JVC Vidstar, U. S. JVC Corp., Maspeth, NY) and
simultaneously observed on a second television monitor (Model EVM-
11) via a high frame rate television camera (Modei 4410A/SIT; Cohu).
This setup allowed us to monitor and analyze a single vessel during the
experiment and a number of surrounding vessels at a later time.

The diameter of individual vessels was measured using an image-
splitting and -shearing monitor (Model 907; IPM, Inc., San Diego, CA).
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Chart 1. Schematic of the experiment setup. —, on-line; - - - -, off-fine.

The RBC velocity was measured on-line with a fiber optic photometer
(IPM Inc., San Diego, CA) and off-line with a video photoanalyzer (Model
204H; IPM, Inc.); both instruments were connected to a tracking velocity
correlator (Model 102; IPM, Inc.). The voitage signals from the image-
shearing monitor and the velocity correlator were displayed on a strip
chart recorder (Model 595; Omega Engineering, Inc., Stamford, CT) and
stored on the main computing facility disk space via a data acquisition
unit (Autodata Nine; Accurex, inc., Mountain View, CA). These voltages
were converted to diameter (D) and velocity (V) using calibration func-
tions determined previously (8).

The mean volumetric flow rate (Q) for each vessel was calculated as:

V\/{xD?
Q= (1 .6)( 4 )
This equation is based on the empirical relationship Vaeccemens = 1.6
Vinean (22).

Temperature Control. The tissue grown in the chamber was heated
using a temperature-controtied circulating water jacket mounted beneath
the chamber (Chart 2). Step changes in jacket temperature were
achieved by simultaneously tuming the 2 valves which controlied the
fiow from a cold bath (30°) and a hot bath (40-70°). The following
equation, based on a heat transfer model and previously determined
calibration functions, aflowed the calculation of the average chamber

tissue temperature (7;) from the measured ambient temperature (7,) and
water jacket temperature (T;) to within & 0.3° accuracy:

T,=T,— 01957 [T) - T.]

The temperature uniformity in the tissue was checked using a heat
transfer model based on the bioheat transfer equation (8).

Rectal temperature was continuously monitored using a veterinary
implant probe (Model VIP-T; Omega Engineering Inc.). Surface ear tem-
perature adjacent to the chamber was measured by a surface thermo-
couple (Model CO1-E). Ambient temperature was recorded by a similar
thermocouple (Model CO3-E). Water jacket temperature was recorded
by a hypodermic thermocouple (Model HYP-T). All thermocouples were
individually calibrated ranging 20-60°, using an NBS mercury thermom-
eter, and allowed temperature measurements with an accuracy of +
0.2°. Data acquisition and processing were performed in a manner similar
to the velocity and diameter cases.

Experimental Protocol. Once the normal or neoplastic tissues
reached the desired stage of growth, the rabbit was lightly anesthetized
(27.2 + 4.6 mg/kg Nembutal i.p.) and secured supine on a restraining
device which restricted head movement but maintained normal circulation
to the chamber. The water jacket was mounted to the chamber, and the
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assembly was secured to the stage. A section of chamber was carefully
selected so that a well-perfused vessel could be monitored for on-line
measurements, and 1 to 3 neighboring vessels could be recorded for
off-line measurements. Once this position was determined, its coordi-
nates were recorded, and the chamber was locked in place for the
duration of the experiment.

Water from the cold bath (30°) was circulated through the jacket. The
base-line temperature of 30° is close to the normal rabbit ear tempera-
ture. On-line measurements of RBC velocity, lumen diameter, and ear
surface, rectal, ambient jacket temperatures were recorded continuously
over a 15-min base-line period. Other vessels were videotaped for later
off-line analysis. After 15 min, water from the hot bath was circulated
through the jacket to obtain the desired tissue temperature (40-52°). At
the end of 60 min of heating at constant temperature, the jacket was
reconnected to the coid bath, and the tissue was cooled to and main-
tained at the base-line temperature for 45 min. Recording of all parame-
ters was continued for the length of the experiment. The videotape of
the experiment was analyzed off-ine for diameter and velocity data in as
many vessels as possible. The ear chamber was observed microscop-
ically the following day, and qualitative changes in tissue appearance
and microcirculation were noted.

In this study, hyperthermia experiments were conducted on mature
granulation tissues at 11 different temperatures ranging 40.4-52.4°, and
on neoplastic tissues at 8 different temperatures ranging 40.1-44.8°.
These experiments permitted analysis of blood flow in 20 vessels in
granulation tissue network (11 on-line and 9 off-line; diameter, 26.8 +
8.5 um), and 13 vessels in neoplastic tissue network (8 on-line and 5 off-
line; diameter, 37.8 + 11.3 um). The average age of the granulation
tissue was 68 days, and that of the tumor was 12 days (see Tabie 1 for
the detailed age distribution). None of the tumors studied was visibly
necrotic prior to the hyperthermia experiment.

RESULTS

Typical temperature profiles during a hyperthermia experiment
are shown in Chart 3. Note that the rectal temperature was
considerably higher than the skin temperature. The jacket tem-
perature closely approximated a step change. The calculated
tissue temperature reached 99% of its final steady-state value
in about 7 min.

During hyperthermia, blood flow in normal tissue increased
with increasing temperature, and remained elevated up to ap-
proximately 45.7°. Higher temperatures increased blood flow
initially, but eventually caused the biood flow to shut down. The
higher the temperature, the less time was required for the

|

Hot
Plexiglass
) » Jacket
Cold
Bath

Chart 2. Block diagram of hyperthermia water bath system. A water jacket is
placed beneath the ear chamber. Changes in the temperature of the jacket can be
obtained by simultaneously tuming the 2 valves which control the flow from either
of 2 circulating water baths set at different temperatures.
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Table 1
Experimental results
Tissue Vesse! N tm A
Temperature age” no. Qm (min) (min)
Normal tissue
40.4° 93 1 1.0 2
2 1.6 2
41.3° 47 1 22 11
2 19 10
3 1.0 1
43.3° 69 1 1.7 1
2 16 10
44.3° 113 1 25 20
45.7° 37 1 6.8 50
2 25 41
46.5° 122 1 2.0 14
47.1° 100 1 33 10 50
2 15 10 42
3 20 8 45
4 32 13 42
47.4° 35 1 29 10 33
2 21 5 32
49.0° 40 1 23 8 12
49.7° 40 1 1.1 5 22
52.4° 57 1 1.5 5 14
Neoplastic tissue
40.1° 10° 1 1.0 0
2 1.0 0
40.2° 8 1 1.0 8
2 15 31
41.2° 17° 1 1.1 1
41.2° g° 1 1.1 9 51
2 1.0 7 23
42.2° 7° 1 1.2 20
42.5° 9° 1 2.0 3 47
43.8° g° 1 2.1 25 38
2 1.0 28 42
44.8° 24° 1 13 8 23
2 1.0 22 23
e » Number of days since the chamber

implant.
Om.maxknunbbodﬂowmtemeasweddmhypemenmrelamtomax»
mum prehyperthermia blood flow rate; t., time after the onset of hyperthermia
when the flow rate was maximum; ¢,, time required for vascular stasis.
"Ntmberofdayssmmevxzmplan
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Chart3. Hyperthermia temperature versus time profiles. Typical profies of
ambient, skin, rectal, and water jacket temperatures during hyperthermia experi-
ments are shown. A 15-min control period is followed by a 60-min heating period,
which is then followed by a 45-min period at the preheating control temperature.
The average temperature of tissue in the chamber is calculated from the measured
ambient and jacket temperatures.

vascular stasis (t,). Both the normalized peak blood flow rate
(Q~) and the time required for the blood flow to reach its peak
value (t,,) appeared to be bimodal functions of temperature; i.e.,
40-45.7°, these 2 parameters increased with temperature and,
above 45.7° they decreased with temperature (Table 1; Chart
4).

Neoplastic tissue blood flow exhibited similar trends, but was
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results. The combined on- and

bioodﬂowcepadty(om)Mid\mprssmtsthemmbyMabbodvesseﬂs
able to increase its maximum flow rate relative to its maximum
flow rate during normothermia; (b) time required for the flow to reach its maximum
value after the onset of heating (t=); and (c) time required for the onset of vascular
stasis (t,). Lines, least-square fits to the data (note that the point indicating Q. =
6.8 for normal tissue at 45.7° is not shown here because it is out of scale; see
Table 1).

more sensitive to the level and duration of heating. Blood flow
increased only slightly during the onset of heating and did not
remain elevated for very long. Stasis occurred at much lower
temperatures than in normal tissues. At approximately 40—-43°,
the normalized peak flow rate (Q.,) and the time required for the
blood flow to reach its peak value (t») increased with tempera-
ture. Above 43°, both of these parameters decreased with
temperature. Also, the magnitude of peak flow was less than
that in normal tissues (Table 1; Chart 4). The normal tissue was
able to increase its blood flow rate up to 6.8-fold (at 45.7°), while
the neoplastic tissue was only able to increase it by a factor of
2.1 (at 43.8°).

The response of multiple vessels in the same rabbit ear
chamber is also summarized in Table 1 in terms of the 3
parameters discussed above: Q. t», and t,. Although the general
trends were similar, there was some degree of variability among
vessels. For example, while vessels 1, 2, 3, and 4 at 47.1° in
normal tissue reached peak flow in approximately the same time
(10, 10, 8, and 13 min), and reached vascular stasis in about the
same time (50, 42, 45, and 42 min), they differed in the magnitude
of peak biood flow rates (3.3, 1.5, 2.0, and 3.2).

The RBC velocity profiles in both normal and neoplastic tissues
exhibited the same trends as the blood flow rate profiles dis-
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cussed above. RBC velocity and blood flow were intermittent in
tumors before, during, and after the heating step. In normal
tissues, the vessel diameter increased up to 50% during mod-
erate heating but decreased slightly at higher temperatures
(>47°). Vessel diameter in neoplastic tissue generally did not
increase; in fact, it even decreased slightly at moderate temper-
atures. WBCs sticking to the vessel walls during hyperthermia
decreased the “functional” diameter further.

In normal tissues heated up to 46° and tumor tissues heated
up to 41°, blood flow retumed to the prehyperthermia level in
about 45 min after heating was suspended. In normal tissues
heated at higher temperatures, blood flow did not always retum
to the base-line level in 45 min postheating. In most tumors, the
vascular statis was permanent due to hyperthermia treatment at
temperatures greater than 42°. Observations of tissues at 24 hr
after heating up to 45-46° for 1 hr showed that normal tissue
microcirculation retumed to control level, while the neoplastic
tissue microcirculation remained impaired.

DISCUSSION

The objective of this work was to quantify responses of normal
(mature granulation) tissue and tumor (VX2 carcinoma) microcir-
culation to local hyperthermia treatment at temperatures 40-52°
for 1 hr. Blood flow in granulation tissue increased significantly
with temperature, but vascular stasis occurred at higher temper-
atures and/or longer durations of heating. Tumors could not
increase their blood flow as much, and stasis occurred at lower
levels of hyperthermia. The observed flow trends in normal and
neoplastic tissues were characterized in terms of 3 parameters:
(a) relative increase in blood flow capacity (Q.), which is the
ratio of the maximum blood flow rate during hyperthermia with
respect to the maximum blood flow rate during normothermia;
(b) time required for the flow to reach its maximum value after
the onset of heating (tr); and (c) time required for the onset of
vascular stasis (t,). Chart 5 compares the best-fit curves to these
parameters for granulation and neoplastic tissues (the details of
curve fitting are given in Ref. 9). Note that both Q, and t,, appear
to be bimodal functions of temperature; i.e., both of these
parameters increase up to a certain critical temperature, and
then decrease at higher temperatures. This critical temperature
was approximately 45.7° in granulation tissue, and 43° in VX2
carcinoma (note that the empirical equations used to fit the Q,,
and t,, data are not adequate for describing the behavior around
the critical temperatures). The granulation tissue required tem-
peratures greater than 47° to cause vascular stasis in less than
1 hr, while stasis occurred in tumors in the same time frame at
temperatures greater than 41°.

In what follows, these findings are compared with the pub-
lished data for other normal and neoplastic tissues (19, 37, 42),
and a theoretical framework is presented which relates various
mechanisms of the blood flow modifications due to hyperthermia
9).

Effect of Hyperthermia on Normal Tissue Blood Flow Rate.
Published data on the effects of hyperthermia on biood flow
rates in various normal tissues are summarized in Table 2, in
terms of the 2 parameters, Q. and t,. All these data show that
the peak blood flow rate (Q,) of skin and muscle in various
animals increases with increasing thermal dose (up to 45° for 2
hr in rats, and 47° for 1 hr in dogs). Our results show a similar
increase in Q» up to a critical temperature of 45.7° in mature
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Chart5. Best fits to the experimental results. Chart 4 is redrawn here to better
show the differential response of normal and tumor microcirculation in terms of the
least-squares fits to the experimental resuits (9). Normal tissue, ——; neopiastic
tissue, - - - -

granulation tissue. However, unlike these findings, our investi-
gation shows that Q. decreases with increasing temperature
beyond 45.7° (Table 1; Chart 4). Similarly, all of the published
data on muscle and skin suggest a decrease in the time required
for the blood flow to peak (t») with increasing thermal dose. Our
data show this behavior beyond 45.7°. However, at lower tem-
peratures, our data indicate an increase in t,, with temperature.
To our knowledge, this bimodal response of Q,, and t,, has not
been demonstrated prior to this work. It is also possible that the
granulation tissue or tumors grown in the chambers are so thin
that the tissues are quickly heated and, as a result, maximum
blood flow is achieved in a short time at low temperatures. Such
a rapid rise in temperature may not be possible in organs or
tissues in natural site.

Similar to our results, several investigators observed a decline
(with increasing time of heating) in blood fiow rate after it reached
its peak value (6, 34-36). However, with the exception of the
findings of Dewhirst et al. (5), none of the investigators reported
complete vascular stasis in normal tissues. Note that the thermal
doses used in the present investigation to cause vascular stasis
were higher than those used by other investigators. Normal
tissues adjacent to a tumor may, however, be subjected to such
high thermal doses during local hyperthermia (39).

A limited number of investigators have measured vasodilation
in normal tissues during hyperthermia. Asano et al. (2) reported
an increase in diameter of vessels of granulation tissue grown in
the rabbit ear chamber. Unlike the present investigation, their
studies were conducted only at 40°. Song et al. (35) found a 3-
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Table 2
Effect of hyperthermia on normal tissue blood fiow rate
Treatment Qm. tm
Host (°C x time) Tissue (ratio) (min) Comments Refs.
Mouse 425°x1hr Skin 3 60 38
Rat (Sprague- 42° x 2 hr Skin 2 120 Continuous increase in blood flow rate 34-36
Dawiey) Muscle 35 120 during treatment
43° x 2 hr Skin 6 120
Muscle 35 120
44° x 2 hr Skin 12 30 Flow decreased after reaching maximum
Muscle 6 60 Flow did not decrease
45° x 2w Skin 15 15 Flow decreased to 0.5 times control value
at the end of treatment
Muscle 9 30 Flow retumed to control value at the end
of treatment
Rat (Fischer) 43.5°x 1 hr Skin 9 60 27
Muscle 7-8 60
Rat (Wistar) 42° x 3 hr Skin 20 60 Flow rate declined after 1 hr of heating 6
Muscle 10 60
Rat Continuous increase Mature granula- 2.2-10 Vascular stasis at temperatures as low as 5
in temperature 38— tion tissue 40° at 1°/min heating rate
460
Rabbit 40° Mature granula- Increase in vessel diameter and RBC ve- 2
tion tissue locity
40° x 1 hr t0 52° x See Table 1 and See Table 1 and See Table 1 and This work
1hr Chart 4 Chart 4 Chart 4
Dog 43°x 1 hr Muscle 2-3 40 Thermal clearance method used to mea- 23
45° x 1 br Muscle 24 sure blood flow rate. Peak blood flow
47° x 1 tw Muscle 16 rate increased to 40, 59, and 183 mi/

100 g/min at 43, 45, and 47°, respec-
tively.

* Q.. maximum biood flow rate measured during hyperthermia relative to maximum prehyperthermia biood fiow rate; t,, time after the onset of hyperthermia when

the flow rate was maximum.

fold increase in vascular space of the skin and 1.5-fold in that of
the muscle of Sprague-Dawley rats subjected to 43° hyperther-
mia for 1 hr. Our resuits on vasodilation up to 50% agree with
these values.

Effect of Hyperthermia on Tumor Blood Flow Rate. Sum-
marized in Table 3 are the published tumor data of various
investigators in terms of 4 parameters: Qm; tm; 12, time required
for 50% blood flow inhibition; and t,, time required for complete
vascular stasis. Despite the variability in these parameters due
to tumor type, size, location, host, method of blood flow mea-
surement, and method of inducing hyperthermia, tumor microcir-
culation is, in general, more sensitive to heat than is normal
microcirculation. Most tumors exhibit a decrease in blood flow
and even complete vascular stasis at moderate hyperthermia.
Walker 256 carcinoma is the most resistant tumor in this respect.
Times required for 50% blood flow inhibition (t,2) and for com-
plete inhibition (t,) decrease with increasing temperature, similar
to our results.

Unlike normal tissues, not all tumors are able to increase their
blood flow rate during hyperthermia. Moreover, the increase in
tumor blood flow rate is smaller (Q,, < 2.5). Unlike normal tissues,
the dependence of Q. and t, on temperature has not been
studied extensively. Bicher et al. (3, 4) reported that the tumor
blood flow increased up to 40-41°, and then decreased; how-
ever, in their experiments, the tumor temperature was not held
constant for 1 hr, but increased continuously 32-45° in 30 to 40
min. As a result, the bimodal response observed in the present
investigation can not be compared with the available data.

Mechanisms of Blood Fiow Regulation. Local perfusion rate
in a tissue is a function of the number of perfused blood vessels

FEBRUARY 1984

per unit volume (n) and blood flow rate through each vessel (Q).
The simplest equation that relates flow rate (Q) to the pressure
drop (AP), vessel diameter (D), vessel length (L), and blood
viscosity (u) is the well known Hagen-Poiseuille law:

x AP D*
128 u L

Therefore, blood perfusion can be increased by increasing the
number of functional vessels, blood pressure, or vessel diameter,
and/or by decreasing the blood viscosity or vessel length. The
various neural, humoral, metabolic, and myogenic mechanisms
that regulate each of these parameters are not known precisely.
Based on the experimental observations of other investigators
and our own findings, we propose the framework shown in Chart
6 to explain the differential response of normal and tumor micro-
circulation to hyperthermia. In the discussion to follow, note that
some mechanisms increase blood flow while others decreass it.
The overall response is the net result of these opposing factors.
Also note that differences exist in these mechanisms between
normal and tumor tissues.

A rise in tissue temperature may increase the cardiac output,
raise the systemic blood pressure, or redistribute the available
flow to the heated region. The net result is an increased pressure
drop (AP) across the vasculature in the heated region, which
serves to increase the blood flow. We refer to this as the remote
response.

The local response in normal tissues is to actively dilate the
heated vessels by relaxing the vascular smooth muscles in order
to increase the flow. Neoplastic tissues lack this local control
mechanism because their vessels are devoid of smooth muscle

Q=
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Table 3

Effect of hyperthermia on tumor biood fiow rate
Data are updated from the work of Jain (19).

Tumor Treatment Q' tn tw t
(host) (°C x time) (ratio) (min) (min) (min) Comments Refs.
Mammary carci-  Continuous increase 24 Blood flow increased up to 3.4
noma (C3H in temperature 40-41°, and then decreased
mice) from 32-45° in
3040 min
Transplants of Continuous increase No significant change 30
spontaneous in temperature,
tumors (C3H 37.5-44°
mice)
Ependymo- 40°x 15 30 60-75 Not all tumors responded uni- 40
blastoma 42° x 1 hr 30 60 formty
(C57BL/8 45° x 1hr 15
mice)
Mammary carci-  41° Blood flow increased 38—41°, 20, 21
noma (mice) and then decreased
SCK carcinoma  41-44° x 30 min 30 Vascular space was consid- 36
ered a measure of blood
flow
SAFA tumor 425°x1hr 30 Blood flow returned to control 38
(mice) level at the end of heating
and decreased significantly
at 1 to 2 days after treat-
ment
Walker 256 car- 40-43°x 1 iwr No significant change during 17
cinoma hyperthermia
(Sprague-
Dawley rats)
43°x 05 No significant change 18, 48, 18
and 72 hr after heating
43°x1hr No significant change 33-36
45° x 1 hr Slight increase in blood flow in
small tumors
45° X 1hr Significant decrease at 3 hr
after hyperthermia
Yoshida sar- 42°x1hr Blood flow stopped 1 hr after 6
coma (Wistar heating and recovered to
rats) control value 12 hr after
heating
42°x3r 3
DS-carcinoma 39.5° % 20 min 1.23 20 42
sarcoma
(Sprague-
Dawley rats)
43-44° X 20 min 1.05-2 20-15 20 Blood flow increased in 60% of 41
tumors
42.5-43.5° x 100 100 Blood flow became one-tenth 1
min of control level
Mammary carci-  43.5° X 1 hr 1.1 ihr Biood flow decreased signifi- 27
noma cantly 1-24 hr after heating
13726A
(Fischer rat)
BA-1112 rhab- 41° x 40 40 13
domyosar- 42° x 40 30
coma (WAG- 43° x 40 40
Rij rats) 44° x 40 10
Sandwich tu- 42-43°x 3 hr 140 £ 60 29
mor (rat)
increased ambient 2 Whole-body hyperthermia
temperature 25~
350
Local 40-42° x 60 60 Local hyperthermia 14
Sandwich tu- 44 .5-45° RBC velocity 5
mor (rat) dropped to zero
Squamous cell 41° x 30 15 Immediate vasoconstriction fo-- 11
carcinoma 43° x 30 30 lowed by vasodilation
(hamster 45° x 30 20-25 Fractionated heat at 42° with 12
cheek pouch) 1-hr interval led to vascular
stasis
VX2 (rabbit) 40-45° x 1 hr SeeTable1and SeeTabletand  See Table 1 and This work

Chart4 Chart 4 Chart 4

Q... maximum biood flow rate measured during

relative to maximum

hyperthermia prehyperthermia
the flow rate was maximum; ty,, time required for 50% biood flow reduction; ¢,, time required for vascular stasis.
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bilood flow rate; ¢, time after the onset of hyperthermia when
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Chart 6. Theoretical framework for blood flow regulation during hyperthermia.
Physidogncalnndramsmsareﬂm:ghttoberespmslbbformgdahgbbodﬁow
during hyperthermia. Differences exist in these mechanisms between normal and
neoplastic tissues. Note that some factors increase flow, while others decrease
fiow. The overall response is the resuit of these opposing factors.

cells. Our experimental observations on vesse! diameter (D) in
normal and neoplastic tissues corroborate this hypothesis.

The most important factor governing the differential response
of normal versus neoplastic tissue is the selective accumulation
of lactic acid in neoplastic tissues (4, 6, 19, 37). The resulting
decrease in pH causes an increase in RBC membrane rigidity
which increases the viscosity of blood (u) (7). Song et al. (36)
reported that pH does not change appreciably during hyper-
thermia in normal tissues. However, there is evidence that pH
may drop up to one full unit during hyperthermia in tumors (4).
Lower pH also renders the endothelial and parenchyma cells
more sensitive to heat. The resuiting swelling of endothelial cells
and tissue parenchyma reduces the effective diameter of the
blood vessels, causing a flow reduction (11, 12).

The inflammatory reaction to thermal injury is more severe in
tumors than in normal tissues. As a result, WBC stick to the
vessel walls and decrease their “functional” diameter. Ferguson
et al. (16) reported that postcapillary resistance increased by as
much as 300-fold due to leukocyte adherence in venules of rat
skeletal muscle following thermal injury. Eriksson and Robson
(15) found that 16 WBC stuck in a venule approximately 25 um
in diameter and 200 um long at 1 hr after thermal injury. Other
investigators using transparent chamber preparations (5, 11, 12,
14, 29), including ourselves, have observed significant increases
in WBC flux in tumors during hyperthermia, giving credence to
this hypothesis. Finally, an increase in the microvascular perme-
ability in tissues due to thermal injury may increase the blood
viscosity by increasing the hematocrit and protein concentration
due to plasma leakage (7, 26, 28) or by hyperfibrinogenemia (31,
32, 43).
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