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ABSTRACT

Human breast cancer xenografts in T-ceII-deficient rnu/rnu rats permit

the detailed and systematic study of blood flow, oxygen supply, and
characterization of the cellular microenvironment of human tumors in
vivo. Using an epigastric pouching technique, it is possible to obtain a
tissue-isolated preparation which makes direct studies of blood flow and

oxygen supply in human tumors feasible. So far, medullary and squamous
cell carcinomas of the breast from different patients have been investi
gated under well-defined systemic conditions. At comparable tumor sizes,

the average blood flow rate through human breast cancer xenografts is
higher in medullary than in squamous cell carcinomas (0.17 versus 0.10
ml-K"'-min"'). Blood flow per unit rumor mass significantly decreases

with increasing wet weight. No significant differences are obvious when
comparing the flow values of pro- and postmenopausal tumors or of

cancer tissues with different hormone receptor capacities. On the average,
the oxygen consumption rates of human breast cancer xenografts are
10.4 in medullary and 7.7 n\ Oj-g"' -min"' in squamous cell carcinomas.

With increasing tumor mass, the (). consumption rate per unit weight
significantly decreases. This decrease parallels the respective decline of
tumor blood flow, implying that the O2 consumption rate of the cancer
cells in vivo is mostly limited by the nutritive blood flow, i.e., by the O2
availability to the tumors. Due to a restricted blood supply, the Oj
utilization of human breast cancer xenografts is high. Tissue oxygÃ©nation
in microareas of human breast cancers xenotransplanted s.c. into nude
rats is mostly inadequate. As a consequence, tissue hypoxia and anoxia
are common findings even in very early growth stages. Due to marked
intra- and Â¡ntertumor variabilities in blood flow, heterogeneities in the

tissue oxygÃ©nation are characteristic features of human breast cancer
xenografts. From the results obtained it is concluded that human breast
cancers growing as xenografts in rnu/rnu rats may be useful tools for
cancer research, especially for investigations of blood flow, tissue oxy
gÃ©nation,and substrate turnover.

INTRODUCTION
! HI',1 tumor tissue oxygÃ©nation,nutrient supply, and the

extracellular milieu of the tumor cells are major determinants
for tumor growth kinetics as well as for the efficiency of
nonsurgical therapeutic modalities such as radiation, chemo
therapy, and hyperthermia. Although these parameters have
been investigated extensively in rodent tumor isotransplants
(for reviews, see Refs. 1-6) only sparse data are available for
human tumors (7-16). Furthermore, the little data available to
date were mostly obtained from clinical observations rather
than from systematic studies, i.e., data were collected from
various tumor types with differing staging and grading. The
only results derived from more systematic investigations on
human tumor tissue oxygÃ©nationwere published by Wendung
Ã©tal.(15).

An attractive approach to overcome some of the problems
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involved in studies on human tumors may be the investigation
of human tumor xenografts in immune-deficient laboratory
animals such as athymic mice and rats. Breast cancer was
chosen as the tumor type investigated here due to its frequency
and problematic prognosis in clinical practice. The main advan
tage of this model is that it is possible to standardize some
relevant parameters so that systematic studies concerning tu
mor pathophysiology can be performed. One of the problems
still remaining with this model is that although the tumor cells
are of human origin, the "building blocks" for the tumor stroma

are provided by the host animal. However, from the results
presented in this paper, together with available data from
patients with breast cancer, it is concluded that the model
described can be a useful approach for the in vivo study of
human tumor pathophysiology.

MATERIALS AND METHODS

Animals and Tumors. Homozygous, athymic nude rats (WAG/Fra-
rnu/mu), bred and maintained in a colony of the Dept. of Animal
Experimentation, University Clinics, Frankfurt, Federal Republic of
Germany were used throughout all experiments (17-19). For breeding
and maintenance during the first 3 weeks after birth, the nude rats were
kept in hyperpressurized insulators (Metall & Plastic, Radolfzell, Fed
eral Republic of Germany). Thereafter, all animals were housed within
laminar air flow racks (Makrolon cages provided with dust-free wood
granulate bedding; Altromin, Lage/Lippe, Federal Republic of Ger
many) and were maintained under defined environmental conditions
(temperature, 25 Â±1*C; relative humidity, > 70%). The nude rats were

fed an Altromin 1414 tpf. diet ad libitum and were supplied with
drinking water adjusted to a pH of 2.5 with HC1. Further details
concerning breeding and maintenance of WAG/Fra-mu/mii rats in
cluding the formula of the drinking water and ingredient analysis of
the diet have been previously described (19).

The breast cancer xenograft lines originally derived from primary or
metastatic mammary tumors of patients admitted to the Department
of Gynaecology and Obstetrics, University of Frankfurt (Federal Re
public of Germany). Mammary cancers from pre- and postmenopausal
patients were transplanted directly to nude nu/nu mice after histolÃ³gica!
examination and without adaptation to in vitro culture conditions.
Afterwards, the tumors were grown serially as fourth to 93rd generation
xenografts in nude mice by implanting small tumor fragments, approx
imately 2x2x2 mm in size, s.c. into the flanks of recipient mice (20,
21).

To evaluate tumor blood flow, O, consumption rates and tissue
oxygÃ©nationof human breast cancers, tumor tissue from 8 different
patients (6 medullary carcinomas, 2 squamous cell carcinomas), serially
passaged in nude mice, was xenotransplanted under sterile conditions
into rnu/rnu-rats using tissue pieces of 3 x 3 x 3 mm in size (for further
details, see Ref. 22). At the time of transplantation the nude rats were
8-10 weeks old and weighed between 80 and 160 g. Four to 5 weeks
after implantation in the nude rats, the breast cancer xenografts reached
mean wet weights of 2-3 g. The average tumor volume doubling time
in nude rats was 5-6 days. The steroid hormone receptor capacity and
the cytostatic and radiosensitivity were known in each individual case.

At the end of each experiment, comparative histolÃ³gica!studies were
performed. Paraffin sections of all tumors investigated and stained with
hematoxylin and eosin were used to check agreement between the
histology of the original tumors and the respective xenografts. As a
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rule, the xenografts investigated retained the gross morphological ap
pearance of the parent tumors. Tissue sections of the tumor xenografts
were also used for a first evaluation of the amount of tissue necrosis.
The area fraction of necrotic tissue in each section was determined
using a planimetrie evaluation. The volume fraction of necrosis in the
tumors was determined according to Solesvik et al. (23) and Weibel
(24).

Implantation Techniques. Tumor oxygen supply studies as well as
blood flow measurements were performed in vivo using both s.c. het-

erotransplants as well as an epigastric pouching technique.
Using the epigastric pouching technique it is possible to obtain a

tissue-isolated tumor preparation in which one artery and one vein are
the only vascular connections between host and tumor (25-27).

The vascular supply of the lower abdominal wall of rats is mainly
provided by the superficial epigastric artery and vein paired in a rela
tively long pedicle which can be severed without any disturbances of
the blood supply to the skin. For tumor implantation, castrated male
rnu/rnu rats were anesthetized with pentobarbital-sodium (30 mg/kg

i.p.; Nembutal; Ceva, Paris, France), and the groin was opened by an
incision over the inguinal crease. Afterwards, the vascular pedicle
containing the superficial epigastric vessels was carefully dissected up
to its origin at the femoral vessels. Tumor material was removed from
the donor nude mouse and immediately sutured to the distal end of the
pedicle. The tumor xenograft and adjacent pedicle were placed in a thin
polyethylene sheath where the human tumor material grew as a tissue-
isolated preparation, i.e., the final preparation was a solid tumor
growing in a s.c. pouch but separated from the surrounding tissues.
The rat skin was then closed with clips.

In order to get s.c. tumor xenografts, tumor pieces from the donor
mouse were implanted into the flank of female rnu/rnu rats during
ether anesthesia. The animals developed tumors that did not invade the
surrounding fat and connective tissue.

Measurement of Tumor Blood Flow and Oxygen Consumption in
Tissue-isolated Xenografts. Nude rats with a certain tumor size were
anesthetized with pentobarbital-sodium (30 mg/kg i.p.) after food was
removed at 8 a.m. following the overnight feeding period. The animals
were placed supine on a heated operating pad (rectal temperature
=37Â°C).The left common carotid artery was cannulated in order to

monitor the MABP in the thoracic aorta continuously by means of a
Statham pressure transducer (type P 23 ID; Gould, Oxnard, CA).
Throughout all experiments the host animals were breathing room air
spontaneously and were anticoagulated with heparin (350 USP units/
kg/h i.V.; Thrombophob; Nordmark, Uetersen, Federal Republic of
Germany). In order to measure tumor blood flow and the relevant
parameters of interest in the tumor-venous blood, the tumor vein, i.e.,
the former superficial epigastric vein, was cannulated using polyethyl
ene tubing (inside diameter, 0.4 mm; outside diameter, 0.8 mm).
Microsurgical techniques were used for the preparation of the tumor
vein (operating microscope, type MTX; Olympus Optical Co. Ltd.,
Tokyo, Japan).

Total TBF was assessed directly by measuring the amount of venous
blood leaving the tumor within a certain period of time. To obtain the
weight-related tumor blood flow (tumor blood flow per unit mass), at
the end of each experiment the respective tumor was removed from the
host for the determination of its wet weight. Any blood loss throughout
the experiments was adequately replaced by the continuous transfusion
of blood from donor rats into the right external jugular vein.

In order to measure the overall oxygen consumption of human breast
cancer xenografts under in vivo conditions, microsamples (150 n\) of
arterial and tumor-venous blood were taken sequentially under anaer
obic and steady state conditions to assess all relevant parameters of the
respiratory gas exchange (O2 and CO2 partial pressures, pH, oxyhe-
moglobin saturation, O: content, hematocrit, hemoglobin concentra
tion; for details, see Ref. 28). The respective O2 consumption rate was
calculated according to Pick's principle taking into account TBF and

the O2concentration differences in the arterial and tumor-venous blood.
Measurement of Tumor Blood Flow and Tissue Oxygen Partial Pres

sure Distribution in s.c. Human Breast Cancer Xenografts. In the s.c.
xenografts, local TBF was evaluated using a thermoclearance technique
(monitoring of the mean arterial blood pressure and of the rectal

temperature during pentobarbital-sodium anesthesia, 40 mg/kg i.p.).
The tumor temperature was recorded by a miniaturized thermocouple
(shaft diameter, 250 urn; type 2 ABAc 025/LBT; Philips, Kassel,
Federal Republic of Germany). Using an ultrasound transducer (1.7
MHz; for details see Ref. 29), the temperature of the tumor tissue was
elevated to 38Â°Cfor approximately 60 s using localized heating. The

power was then switched off and the subsequent decline of the tissue
temperature was recorded both in the living and in the sacrificed animal,
thus allowing the separation of corrective (i.e., blood flow dependent)
and conductive heat transfer (for details see Ref. 30). From the decline
of tissue temperature as a function of time, local tumor blood flow
(measuring or sensing volume adjacent to the tip of the thermocouple)
can be calculated since the time dÃ©rivÃ¢tesof the temperature curves
with and without convection (local blood flow) differ by a simple
exponentially decreasing factor as a measure of local flow (31).

In order to get an insight into the tissue oxygÃ©nationof human breast
cancer xenografts, oxygen partial pressures (O2 tensions, pO2) were
recorded using recessed O2-sensitive microelectrodes according to
Whalen and Nair (32) and Whalen et al. (33). The electrodes had tip
diameters <20 urn and were covered with a collodion membrane
(Merck, Darmstadt, Federal Republic of Germany). The mean polari
zation voltage of -0.7 V was provided by a Chemical Microsensor

(Transidyne, Ann Arbor, MI), which also acted as an amplifier for the
electrode signal. A Ag/AgCl electrode was used as a reference electrode.
Calibration of the probes was performed in liver tissue of dead animals
(pO2 = 0 mm Hg) and in 0.9% saline solutions equilibrated with known
gas mixtures. The reading of the microelectrodes was linearly correlated
with the pO2 in the calibration media in the range of 0-150 mm Hg,
with a sensitivity of 10""-10"10 A/mm Hg. Only those measurements

in which the pre- and poststudy calibrations did not differ by more than
10% were considered for evaluation (2, 34). Because the mean tissue
temperature in the s.c. tumors was approximately 34*C, the same

temperature was used for calibrations.
For tumor tissue pO2 measurements, the nude rats were anesthetized

by i.p. injection of pentobarbital-sodium (40 mg/kg). Mean arterial
blood pressure, the core temperature, and the relevant respiratory gas
parameters in the arterial blood were monitored throughout all exper
iments. The skin over the tumor was removed carefully and the exposed
tumor surface was immediately covered with 0.9% NaCl solution at
34*C. The oxygen electrode was mounted on a micromanipulator and

inserted into the tumor by a hydraulic microdrive (type MMSm; Maerz-
heuser, Wetzlar, Federal Republic of Germany) that could be operated
from outside a Faraday cage. Multiple pO2 measurements were per
formed by advancing the microelectrode along several tracks in steps
of 250 Â¿iniwithin a tumor to a depth of 5 mm. This limitation in depth
was necessary in order to avoid pO2 measurements in tumor tissue
areas with gross necrosis. The probe was kept at each step for approx
imately 1 min by which time a steady state reading had usually been
reached. In some tumors the microelectrodes were also moved back
wards with a speed of about 250 ^ni/min, and a pO2 profile was recorded
similar to that observed during insertion. All pO2 readings were dis
played on a chart recorder (type LS 64; Linseis, Selb, Federal Republic
of Germany).

In order to have control measurements, pO2 readings were also
performed in superficial muscle layers at the site of tumor growth. In
all experiments (tumor, muscle) measurements were achieved by ad
vancing the microelectrode from an initial depth of 0.4 mm in order to
avoid the potential influence of air on the tissue pO2 measurements (2).

To gain an insight into the intratumor pO2 distribution, relative
frequency histograms of the measured values were compiled. The data
were grouped into classes of 5-mm Hg intervals. Means Â±SE of the
data were reported throughout.

RESULTS

Blood Flow and Oxygen Consumption Rates of Human Breast
Cancer Xenografts. Observations are reported on a total of 67
tissue-isolated preparations of human breast cancer xenografts
in nude rats. Relevant parameters related to the tumors inves
tigated are listed in Table 1. Of 67 breast cancer xenografts, 43
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Table 1 Total tumor blood flow, respiratory gas parameters within the arterial
and tumor venous blood, arterial tumor venous O; concentration difference, and!'.<..of human breast cancer xenografls in nude rats*

No. ofexperimentsAnimal

age(days)Body
wt(g)Tumor

growth period(days)Tumor
wet wt(g)TBF(ml

g-'min-')M
ABI' (mmHg)Arterial

pO2 (mmHg)Tumor
venous pO2 (mmHg)Arterial
pCO2 (mmHg)Tumor

venous pCO2 (mmHg)Arterial
pHTumor

venouspHArterial
[Hb)0(g/liter)Tumor

venous [Hb](g/liter)Arterial
hematocrit(%)Tumor

venous hematocrit(%)Arterial
SO/(%)Tumorvenous SO2 (' .')Arterial
[O,)' (ml O2/100ml)Tumor

venous [O2] (ml Oj/100ml)avD^ml

Oj/100ml)O2availability* (/Â¿IO2-g"'-min"')VO2
(iA Oj g-'min-')OÃ

utilization* (%)Medullary

carcinoma4397

Â±1*287
Â±734

Â±12.35
Â±0.280.17

Â±0.02119Â±288

Â±248
Â±235
Â±158

Â±17.37
Â±0.017.20
Â±0.02128

Â±4133
Â±438

Â±141
Â±196
Â±154

Â±317.0
Â±0.510.1
Â±0.77.2

Â±0.628.7
Â±3.610.4
Â±1.242
Â±3Squamous

cell
carcinoma2496

Â±2264
Â±829

Â±12.23
Â±0.270.10

Â±0.02127
Â±299

Â±347
Â±231
Â±262

Â±27.36
Â±0.027.

14Â±0.02119Â±4126

Â±435
Â±138
Â±198
Â±147

Â±316.1
Â±0.68.3

Â±0.67.6

Â±0.617.8
Â±3.17.7

Â±1.347
Â±3

* Standardized terminology of respiratory physiology is used throughout (35,

36)
* Mean Â±SE.
' [Hb], hemoglobin concentration.
'' SO.,. O2 saturation of hemoglobin.
' [O2], O, concentration.
^avD, arterial tumor venous O2 concentration difference.
'TBFx arterial |OJ.
* Arterial tumor venous <),.concentration difference/arterial [O2J.

were medullary mammary carcinomas and 24 tumors were
squamous cell carcinomas of the breast. At comparable mean
tumor wet weights and MABPs, the average total TBF through
the medullary carcinomas was significantly higher than that of
the squamous cell carcinomas (0.17 versus 0.10 ml-g"1-min"1;

t test for independent samples, i = 2.233, 2p = 0.027; Mann-
Whitney i/test, U= 352, 2p = 0.030).

Due to the higher blood flow rate, the average oxygen avail
ability (TBF x arterial O2 content) and the mean oxygen
consumption rate (Vo2) were higher in medullary than in squa
mous cell carcinomas (10.4 versus 7.7 n\ O2-g~'-min"'; i =

2.130, 2p = 0.035; U= 324, 2p = 0.020). These differences in
total tumor blood flow and in the O. supply conditions coincide
with the somewhat earlier appearance of regressive changes and
necroses in certain squamous cell carcinomas. However, from
the data available, no clear cut decision can be drawn whether
these regressive changes are the consequences or the causes for
the more pronounced flow decrease with increasing weight in
the squamous cell carcinomas.

Both, in the medullary tumors and the squamous cell carci
nomas blood flow varied considerably from tumor to tumor.
TBF significantly decreased with increasing tumor wet weight:
with an increase in weight from 0.37-7.09 g, total TBF dimin
ished from 0.55-0.02 ml-g"1-min"1 in medullary tumors (Fig.
1), and from 0.34-0.02 ml-g~l-min~l in squamous cell carci

nomas (range of wet weight, 0.55-5.47 g; Fig. 2).
The oxygen consumption rates per unit weight of tumor

(Vo2) significantly decreased as the tumors grew larger. In
medullary mammary tumors Vo2 decreased from 25.5-1.4 Â¡A-
g~'-min"" (Fig. 3), and from 25.6-1.0 n\â€¢g~"â€¢min"1 in squa-

1.0

0.5

O.I-

0.05

0.01

â€¢%

*â€¢
tumor wet weight (g)

O.I 0.5 1.0 5.0 10.0
Fig. 1. Total tumor blood flow per unit mass in human medullary breast

cancer xenografts as a function of tumor wet weight (tissue-isolated preparations;
log y = -0.870 log x - 0.833; r = -0.727).

1.0-3

0.5-

0.0

TBFIml-g"1 min"')

o -odo o

tumor wet weight (g)

0.1 0.5 1.0 5.0 10.0

Fig. 2. Total tumor blood flow per unit mass in human squamous cell cancers
of the breast as a function of tumor wet weight (tissue-isolated preparations; log
y= -0.706 log x - 0.722; r = -0.688).

50.0

10.0:

5.0 :

1.0
O.I 0.5 1.0 5.0 10.0

tumor wet weight (g)

Fig. 3. Oxygen consumption rates per unit weight of human medullary cancers
of the breast as a function of tumor wet weight (tissue-isolated preparations; log
y = -0.681 log x + 1.072; r = -0.661).

mous cell carcinomas (Fig. 4). Again, the oxygen consumption
rates per unit weight exhibited a pronounced tumor-to-tumor
variability, the tumors with high blood flow rates showing the
highest O2 consumption rates and vice versa.

When the O2 consumption rates (Vo2) of the tumors are
plotted as a function of the oxygen availability, there is clear
indication for a linear relationship between these two parame
ters, both for medullary tumors (y = 0.45 x + 0.5; r = 0.806)
and for squamous cell carcinomas (y = 0.41 x + 0.7; r = 0.947;
Fig. 5). From this result one must conclude that at comparable
arterial O2 concentrations the limiting supply parameter is the
efficiency of blood flow through the breast cancers.

The oxygen utilization (arterial tumor venous O2 concentra
tion difference/arterial O2 concentration) was high in the med
ullary and squamous cell carcinomas of the breast even at
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10.0:

5.0:

1.0
0.1 0.5 1.0 5.0 10.0

tumor wet weight (g)

Fig. 4. Oxygen consumption rates per unit weight of human squamous cell
carcinomas of the breast as a function of tumor wet weight (tissue-isolated
preparations; log y = -0.840 log x + 0.974; r = -0.508).

30

20-

10-

V0

02 availability (|Â¿l02 â€¢g" ' â€¢min" ')

10 20 30 40 50 60 70

Fig. 5. Relationship between the oxygen consumption rates per unit weight of
human medullary tumors (â€¢, ), and of squamous cell carcinomas of the breast
(O, ) and the O2 availabilities in the tumor tissue (tissue-isolated prepara
tions).

relatively high O2 availabilities. Furthermore, it exhibited a
great intertumor variability with no significant differences be
tween the tumor types investigated. There was a trend of a
somewhat reduced variability with increasing tumor size.

Blood Flow and Tissue OxygÃ©nationin S.c. Human Breast
Cancer Xenografts. The mean local TBF in s.c. xenografts of
12 medullary mammary carcinomas was 0.14 Â±0.02 (SE) ml-
g^-min"1 at an average tumor wet weight of 3.21 Â±0.44 g

(mean MABP = 126 Â±5 mm Hg). In 14 squamous cell
carcinomas investigated, the mean local TBF was 0.20 Â±0.03
ml-g"1-min"1 at a mean tumor wet weight of 3.10 Â±0.40 g

(mean MABP = 123 Â±5 mm Hg). As it was the case with the
tissue-isolated preparations, local blood flow through the s.c.
xenografts significantly decreased with larger tumor sizes. Here
again, a great intertumor variability was observed. The slight
differences in local TBF values between the squamous cell
carcinoma and the medullary tumors are not statistically sig
nificant.

Relevant parameters related to the s.c. tumors subjected to
tissue O2 partial pressure measurements using O2 sensitive
microelectrodes are listed in Table 2. Polarographic measure
ments of the local tissue oxygen tension (pO2) in microareas of
the tumor tissue revealed that in most tumor areas the pO2
profiles were quite uniform, and a monotonous pattern of very
low p()2 values predominated. Greater regional pO: differences
as well as higher mean pO2 values could be found only in tissue
areas where sufficient nutritive blood flow existed. The pO2
gradients were almost completely uniform and very flat. This
result was in contrast to muscle tissue where steeper gradients
could be found.

The typical feature of the tissue pO2 distribution is illustrated
by the pO2 histograms in Fig. 6. In general, there was a distinct

Table 2 Mean arterial blood pressure, respiratory gas parameters within the
arterial blood, and relevant parameters of the statistical evaluation of measured

tissue O2partial pressures

S.c. human breast cancer
xenograftsNo.

ofexperimentsNo.
of pO2readingsBody

wt(g)Tumor
growthperiod(days)Tumor

wet wt(g)MABP

(mmHg)Arterial
p(); (mmHg)Arterial
pCO2 (mmHg)Arterial

pHArterial
hematocrit(%)Arterial
SO2*(%)Mean

tissuepO2(mm
Hg)Median

tissuepO2(mm
Hg)Modal

class (mmHg)Range
(mm Hg)Medullary

carcinoma13732259

Â±5'39

Â±25.96

Â±0.95121

Â±280
Â±241

Â±27.39
Â±0.0146
Â±196
Â±1820-50-85Squamous

cell
carcinoma171222239

Â±735
Â±12.43

Â±0.48122

Â±483
Â±239

Â±17.39
Â±0.0248

Â±197
Â±1940-50-90Control

(skeletal
muscle)11783357

Â±18128

Â±382
Â±339

Â±17.38
Â±0.0246

Â±296
Â±1292415-200-100

" Mean Â±SE.
* SO;. O2 saturation of hemoglobin.

frequency

skeletal muscle
N ill. n =7Â«3
mean p02 =29 mmHg
median

60 80 100

tissue p02 (mmHg)

Fig. 6. Frequency distributions of measured oxygen partial pressures (pO2
histograms) in normal skeletal muscle (top), in human medullary tumors of
different sizes (middle), and in squamous cell carcinomas (ca.) of the breast (Â«-<â€¢)
(bottom), tww, tumor wet weight; .V, number of tumors or animals investigated;
n. number of pO2 readings.

shift of the O2 partial pressure distribution to lower values, i.e.,
the frequency distribution was tilted to the left and more limited
in variability than in normal tissues at the site of growth. As
can be seen from Fig. 6, middle, the pO2 distribution shifted
farther to the left as the tumors increased in size. This pattern
becomes even more evident if the mean or median tissue pO2
values in the human tumor xenografts are described as a func
tion of tumor wet weight. Fig. 7 shows that there was a distinct
drop of both the mean (â€¢)and median (O) pO2 values when the
tumors were growing up to a wet weight of approximately 4 g.
Above that size, the respective pO2 values remained almost
constant.

Besides intratumor heterogeneities, there is a marked tunior-
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tumor tissue p02(mmHg)

12-

4
â€”o

(9)

0 2 i 6 8
tumor wet weight(g)

Fig. 7. Tumor wet weight dependent changes of the mean Â±SE {bars} (â€¢)and
median tumor tissue p()2 values (O) in human breast cancer xenografts. Numbers
in parentheses, number of s.c. tumors investigated.

to-tumor variability in the tissue pOz values. The intratumor
heterogeneities even existed between neighboring microregions.
The median pO2 values of the medullary and squamous cell
carcinomas of the breast did not differ significantly from each
other.

DISCUSSION

Blood flow in the normal breast tissue of postmenopausal
patients is 0.04 ml -g"1- min"1 (4), and 0.02-0.05 at the site of

tumor growth (subcutis, fat, and muscle tissue) (36). In contrast
to this, the mean tumor blood flow in tissue-isolated and s.c.
breast cancer xenografts is at least twice those values. Small-
size tumors exhibit a rather high perfusion rate which is com
parable to that of the brain (averaged over the entire organ), of
the skeletal musculature during heavy muscular work, and of
the human skin under extreme heat load (36).

The average perfusion rate through human breast cancer
xenografts significantly decreases with increasing tumor mass.
This pattern has also been documented for many other tumors
(for a review, see Ref. 37). The changes of the weight-related
flow reported here are nearly identical to those described by
Song et al. (38) for mammary tumors in rats. In addition,
similar intertumor variabilities are obvious when comparing
our data with Song's flow values. Whereas in the latter case the

data were fit best by a second order log-log function, in the
present series of experiments straight lines are the best fitting
curves (first order log-log functions).

Considering the pathogenetic mechanism(s) directly respon
sible for the flow decline with increasing tumor mass, a pro
gressive rarefaction of the vascular bed, i.e., a decrease in the
number of vessels per g tumor with tumor growth as well as
severe structural and functional abnormalities of the tumor
microcirculation have to be taken into account. These disturb
ances of tumor microcirculation are apparent even at early
growth stages and become more pronounced with tumor growth
(for reviews, see Refs. 2, 39, and 40).

The decrease in TBF per unit weight is additionally caused
by the development of necroses, which cannot be excluded when
evaluating tumor wet weight. However, no clear-cut relation
ship could be established between total tumor blood flow and
the amount of gross necrosis. This finding is in accordance with
experimental results obtained for V2-carcinomas (41). In med
ullary tumor xenografts with wet weights <1 g practically no
gross necrosis could be detected, whereas in squamous cell
carcinomas of the same sizes, the volume fraction of necrosis
was estimated to range between 0 and 5%. However, since
tumor xenografts si g already exhibit a pronounced size-

dependent flow decline before any significant necrosis appears,
the hypothesis of a flow decline exclusively caused by a pro
gressive development of necroses cannot be supported by our
experimental results. The proportion of necrotic areas in 3-5 g
medullary tumors was 10-15 and 10-25% in squamous cell
carcinomas of the same size range. In two medullary tumors
>7 g the volume fraction of necrosis was approximately 40%.
This means that during development of gross necrosis only
minor reductions of blood flow per unit tissue mass occur.
These findings are in agreement with earlier observations, show
ing that blood flow per gram of tumor tissue significantly
decreased before necrosis became important (42).

There is another relevant result that may be used as an
argument against necrosis being the only factor for the flow
decline described: although there is no significant difference in
the flow per unit weight, certain squamous cell carcinomas
growing s.c. contain a distinctly larger amount of necroses than
do medullary tumors at the same stage of growth or size.

In order to elucidate further mechanisms responsible for the
flow drop with increasing size of the tumors, a raised tumor
interstitial fluid pressure was found in many tumor systems
(43) (for a review, see Ref. 3). Tumor interstitial fluid pressure
is always positive and significantly higher than that in the
subcutis which is negative (-2 mm Hg). With growth, tumor
interstitial fluid pressure significantly increases from 0-30 mm
Hg (43) so that a progressive vascular compression with is
chemia may occur. The increased hydrostatic pressure of tumor
interstitial spaces is interpreted as being due to the absence of
anatomically well-developed lymphatics (44) and is accom
panied by a pronounced bulk transfer of fluid within interstitial
spaces, the latter leading to a significant hemoconcentration of
blood flowing through tumors. Blood leaving the breast cancers
studied here consistently showed higher hematocrit values (40
versus 37%) and hemoglobin concentrations compared with the
arterial samples (130 versus 125 g/liter).

Tumor blood flow is known to be quite heterogeneous (37).
Using tissue-isolated preparations, it is not possible to evaluate
microcirculatory heterogeneities. However, there are experi
mental hints for spatial inhomogeneities when comparing the
thermoclearance curves after intentional changes of the position
of the thermocouples.

At comparable tumor sizes, tumor blood flow per unit weight
through s.c. and tissue-isolated human breast cancer xenografts
are somewhat different for both medullary and squamous cell
carcinomas. This finding implies that blood flow through hu
man breast cancer xenografts may be dependent, inter alia, on
the growth site. A similar finding has already been described
for many isotransplanted murine tumors (37, 45). Another
reason for the differences in flow between tissue-isolated prep
arations and s.c. tumors may be a technical one. In tissue-
isolated tumor total blood flow is measured whereas in the s.c.
xenografts local or regional flow is evaluated from the ther
moclearance curves. Besides the various growth sites and dif
fering "measuring" volumes another factor has to be considered

that can explain the flow differences mentioned: using the
thermoclearance technique, a short heat pulse has to be applied
to the tumor tissue. This short-time tissue temperature eleva
tion may cause a slight temperature-related flow increase (for
reviews, see Refs. 30 and 46).

Both techniques used for measuring tumor blood flow are
not suitable to distinguish between nutritive flow (i.e., flow
through tumor microvessels responsible for nutrient supply to
the cancer cells, and for removal of metabolic waste products)
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and arteriovenous shunt perfusion, which can be very pro
nounced in malignant tumors (47-50).

Blood flow through human mammary carcinoma xenografts
in nude rats is in very good agreement with that obtained for
mammary carcinomas in patients using 15O2 inhalation and
positron emission tomography (4) or a "thermodynamic"

method (51) (see Table 3). In contrast to our data, tumor blood
flow per unit weight appears to rise with increasing size of
breast cancers of different grading and staging as measured in
patients by Beaney et al. (4). This is most probably due to the
fact that in the latter series of measurements areas of detectable
necrosis were intentionally excluded, and the invasion front of
the tumors with high blood flow rates due to inflammatory
reactions were included.

The O2consumption rate of normal breast tissue of post men -

opausal patients is 4.5 -min ' (4). In contrast to this, the

respective data for breast cancers is somewhat higher depending
on the cell line investigated (see Table 3). Using tissue-isolated
preparations there was clear evidence for a distinctly higher O2
uptake rate in medullary than in squamous cell carcinomas.
Here again, the data from human breast cancer xenografts fit
very well with those obtained in vivo (4) or in vitro (52, 53). As
was the case with TBF, no significant differences were obvious
between the respiration rate of pre- and post menopausa! pa
tients or between cancer tissues with different hormone receptor
capacities. Oxygen consumption rates of human breast cancer
xenografts were found to decrease significantly with increasing
tumor size. This pattern of decrease parallels the above de
scribed decline of total tumor blood flow. This coincidence
implies that the O2 consumption rate is limited by the blood
flow, i.e., by the O2 availability to the tumors and not by the
metabolic capacity of the cancer cells to consume oxygen. Here
again, similar to tumor blood flow, the measurement of the
global O2 consumption rate does not take into account regional
heterogeneities which were experimentally shown by Constable
et al. (54) for human carcinomas.

The mean O2 utilization of human breast cancer xenografts
is already high in small tumors. It is found to be in the same
range as that of rodent isotransplants [approximately 49%
according to Cullino et al. (55) and 63% as described by Vaupel
et al. (28, 56)] but somewhat higher than those extraction data
for the breast cancer tissue in patients (4). According to the
data presented, the O, utilization in human breast cancer xeno
grafts has to be higher than that of patients. This is because the
O2 consumption rate is somewhat lower and tumor blood flow
is slightly higher in patients.

Arteriovenous shunt perfusion, the extent of which is un
known in the individual case, has to be considered when eval
uating the O2 utilization of cancer cells. O2 consumption rate
and O2 utilization could only be accurately evaluated if either
the proportion of shunt flow or the amount of nutritive perfu
sion would be known in the individual case. This has also to be
considered when dealing with the substrate uptake rates or with
local pharmacokinetics of antineoplastic agents. Obviously, the
pronounced variability of the O2 utilization rates found for
human breast cancer xenografts is partially caused by intertu-
mor variabilities in the shunt perfusion.

Tumor tissue oxygÃ©nationin microareas of human breast
cancer xenotransplanted into nude rats is inadequate and het
erogeneous. This is mostly due to heterogeneously distributed
restrictions of the microcirculation and the O2 availability to
the cancer cells in vivo.

Very low pO2 readings in tumor tissues may also be attrib
utable to microelectrode measurements in necrotic regions. In
order to keep the number of pO2 readings in necrotic material
as small as possible, oxygen tension measurements were per
formed only down to a depth of 5 mm. Within this rim, the
proportion of necrotic areas is usually less than 5%. For this
reason one can assume that most of the pO2 readings were
performed in living tissue.

Hypoxia and an acidic environment in human tumors (39,
45) are known to interact in causing radioresistance and cell
death (57). Furthermore, hypoxia can modulate pharmacody-
namics of some of the conventionally used anticancer drugs
(58). In addition, the uneven oxygÃ©nationmay lead to the
development of a cellular heterogeneity through epigenetic
mechanisms affecting both biological properties of a tumor and,
again, responses to nonsurgical therapeutic modalities by indi
rect mechanisms. Since inadequacy and heterogeneities have
also to be expected for the major substrates, the limited avail
ability of the latter (e.g., glucose) may be another factor that
contributes to cell death in solid tumors.

In our experiments, hypoxia is most probably due to diffusion
limitation ("chronic hypoxia"), to regional hypoperfusion or
ischemia ("acute hypoxia"). and lastly by a reduction in the O2
capacity of the arterial blood ("anemic hypoxia"). Considering

these 3 causative factors, one has to take into account that
diffusion-limited and ischemie hypoxia are heterogeneously
distributed over the entire tumor mass. Besides spatial hetero
geneities, in the case of ischemie hypoxia also temporal inno-
mogeneities have been documented (for a review, see Ref. 39).

The finding that there is a distinct deterioration of the tissue

Table 3 '/'/(/ and Voiof primary and xenotransplanted human breast cancer

Tumor

TBF (ml-g"1-min"1)

(method) (method) Ref.
Ductal and medullary carcinoma (primary)

Breast carcinoma (primary)
Scirrhous carcinoma (primary)

Medullary carcinoma (primary)

Medullary carcinoma (xenograft)

Squamous cell carcinoma (xenograft)

Medullary carcinoma (xenograft)

Squamous cell carcinoma (xenograft)

' Mean Â±SE.

0.19 Â±0.03Â°
("O2 inhalation, positron emission

tomography)

Approximately 0.20 (thermodynamic)

0.17 Â±0.02
(direct venous outflow)

0.10 Â±0.02
(direct venous outflow)

0.14 Â±0.02
(therm oclearance)

0.20 Â±0.03
(therm oclearance)

3501

6.6 Â±0.1
("Oj inhalation, positron

emission tomography, in
vivo)

8.5 Â±2.0
(manometric technique, in vitro)

7.4
(manometric technique, in vitro)

10.4 Â±1.2
(Pick's principle, in vivo)

7.7 Â±1.3
(Pick's principle, in vivo)

(4)

(51)
(52)

(53)

This paper

This paper

This paper

This paper
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oxygÃ©nationduring early growth stages (tumors smaller than 4
g) and practically no further O2 deprivation thereafter corre
sponds to the oxygÃ©nationpattern described for rodent tumor
isotransplants. Analyzing the oxygÃ©nationstatus of individual
RBC within microvessels, there is clear evidence for significant
Oj deprivation when the tumors grow to a size of about 5 g
(59). In tumors growing larger than that size, the oxygÃ©nation
pattern further deteriorates; however, these changes are dis
tinctly less pronounced as compared with those in smaller
tumors (60).

Although the cancer cells are derived from human tumors,
ostensibly the stroma is provided by the nude rat. Thus, one
must be aware of the possibility that the stroma governs the O2
consumption of the cancer cells of human origin. From our
results, however, the conclusion can be drawn that human
tumor material growing as xenografts in nude rats obviously
retains its functional characteristics regarding blood and oxygen
supply. This is further supported by the fact that the tumor
xenografts not only reveal angiographie patterns similar to the
primary tumors (61, 62), but also exhibit individual character
istic vascular structures (23, 63). Moreover, the basic histolÃ³g
ica! appearance and ultrastructural features of the xenografts
remain essentially the same as those of the original human
specimen (64-67). According to available data, the inherent
properties and functional traits of the tumor tissue are preserved
during serial xenotransplantation (68,69) (for reviews, see Refs.
70 and 71).

Although the model used cannot completely duplicate the
human situation and some skepticism as to the comparability
of this in vivo model to conditions that exist in the patient
cannot be totally dispelled, the nude rat/human tumor xeno-
graft model is nevertheless a useful tool for cancer research
(72). Apart from the investigation of blood flow and tissue
oxygÃ©nation,the models described may be useful for a variety
of different purposes. For example, substrate turnover and
intratumor pharmacokinetics of diagnostic and therapeutic
agents can be studied directly, and the release rates of tumor-
specific substances, such as tumor angiogenesis factor or tumor
markers can be determined under various experimental condi
tions in vivo.
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