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ABSTRACT

Kidneys, surgically removed due to carcinoma, were subjected to
perfusion in vitro. The perfusion distribution was studied by means of
labeled microspheres injected during maximal vascular dilation and dur
ing two different norepinephrine concentrations. The perfusion concluded
with injection of barium sulfate. Two-mm-thick slices of tissue were
autoradiographed and microangiographed for visualization of perfusion
and distribution of vascular density, respectively. Multiple specimens
from tumor and cortical tissues were subjected to quantitative perfusate
flow analysis.

In spite of regionally high vascular density, perfusion through "normal-
sized" capillaries was very low in tumor tissue as compared to cortex
(during maximal dilation, one-tenth of the cortical flow). During moderate
norepinephrine infusion, the perfusate flow decreased, and the resistance
of the cortex increased. The flow to tumor tissue increased while the
vascular resistance remained constant.

During higher norepinephrine concentrations, the flow was redistrib
uted; i.e., the cortical flow increased while that of the tumor decreased,
due to a marked increase in tumor vascular resistance while the cortical
tissue showed a very moderate rise in resistance. The thin-walled tumor
vessels might be collapsed under a high tissue pressure at low perfusion
pressures. At higher perfusion pressure, the vessels might open up, and
contractile activity may not be expressed until then. The tumor vascular
resistance increased 3 to 4 times, while that of cortex showed a 7-fold
increase. Indications that a considerable fraction of the perfusate passes
arteriovenous passages larger than 15 urn were obtained in individual
experiments, this fraction increasing upon norepinephrine infusion.

INTRODUCTION

The vascular supply to tumor tissue is often insufficient,
resulting in hypoxic and nutritionally deprived areas with dor
mant tumor cells resistant to therapy. The sequence of events
from an avascular early preinvasive phase to a richly capillarized
state has been described by Folkman and Cotran (1). The
seemingly contrary process of vascular Tarification, or rather
vascular hypoperfusion, in more advanced tumor growth has
been more difficult to study and interpret. Interest has been
focused on the endothelial proliferation rate relative to that of
tumor cells (2, 3). The tissue pressure within tumors has been
found to be high, and poor perfusion has been ascribed to this
factor (4-7).

The pharmacological possibilities of influencing vascular per
fusion in tumors have also attracted interest. Widely different
results have been published, probably due to the use of different
tumor models and methods of analysis (8). Most studies on
experimental tumors in animals, using functional measure
ments, have shown a considerable influence on tumor perfusion
upon exposure to various vasoactive agents (9-13). In contrast,
radiographie observations of the response of the vasculature of
human renal carcinoma and normal renal tissue to exposure to

Received 11/17/86; revised 5/26/87; accepted 6/3/87.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by grants from the Swedish Medical Research
Council (B86-12X-6820).

2To whom requests for reprints should be addressed.

vasoconstrictors have indicated absence of vascular contractility
in the tumor vessels (14-16).

It was therefore considered of interest to study the behavior
of the vascular bed of human renal adenocarcinoma, a tumor
growing in a restricted volume and exhibiting extensive necro
sis, by a perfusion technique permitting detailed analysis of the
perfusion distribution and vascular resistance at various con
trolled states of vasoconstriction in histologica! ly and microan-
giographically defined tissue specimens.

MATERIALS AND METHODS

Tumor System. Kidneys were obtained from patients with angio-
graphically diagnosed renal carcinoma. Kidneys with multiple renal
arteries, tumor growth into the renal vein, or infiltration into the renal
fascia were excluded. Transperitoneal perifascial nephrectomy was per
formed. Within a few minutes of division of the renal vessels, the artery
was cannulated, and the kidney was flushed with 5% low-molecular-
weight dextran (Perfadex; Pharmacia, Uppsala, Sweden) at room tem
perature until the venous effluent was clear.

Perfusion Technique. Via an arterial cannula the kidney and tumor,
together with adjacent fat, were connected to rubber tubing (Fig. 1) and
a peristaltic constant flow pump (Ismatec MP4) and perfused with an
oxygenated perfusate, kept at 37Â°C,consisting of 4% dextran (mean

M, 70,000; Macrodex; Pharmacia) and 100 ml of horse serum (normal
serum; SBL, Stockholm, Sweden) in 1,000 ml of a salt solution with
143 HIMNa+, 4.3 mM K+, 2.5 mM Ca++, 0.83 HIMMg++, 141 IHMCT.
13.3 mM HCO3~, 0.46 mM H2PO4", and 5.6 mM glucose. The whole

preparation was immersed in the perfusate to avoid gravitational pres
sure artifacts, the venous effluent was drained into this perfusate. The
afferent rubber tubing supplied the specimen with perfusate, and also
accommodated two thin catheters (PE 50) introduced via a T-connec-
tion and ending approximately 1 cm within the renal artery, i.e.,
protruding through the nipple. One of the catheters was used to draw
a reference perfusate sample during microsphere injection, while the
other was used for continuous pressure recording (Fig. 1).

Papaverine was given as a bolus dose (median dose, 120 mg; range,
80 to 160 mg) to induce maximal dilation. The pump flow was gradually
increased to produce a pressure of approximately 30 to 40 mm of Hg
in the renal artery, and the flow was set at that rate for the rest of the
experiment.

The first injection of microspheres (New England Nuclear; 15 urn)
labeled with '"I consisted of approximately 300,000 spheres in 1 ml of

saline with Tween. The injection was given with a fine needle through
the latex tubing during 45 s. Fifteen s before, during, and 30 s after
microsphere injection a reference sample was drawn, at a rate of 2 ml/
min (Model 351 sage infusion pump). Norepinephrine (0.02 mg/ml)
was then infused via a T-tube, and the final concentration in the
perfusate could be calculated from the rate of infusion. The arterial
pressure was recorded continuously. After a certain increase in pressure
under steady-state conditions, the second injection of microspheres was
given in the same way as the first one but labeled with MICe. The

norepinephrine dose was then increased stepwise, and at a certain level
the third injection of microspheres, labeled with ""Ru. was given. The

experiment concluded with perfusion of a micronized barium sulfate
suspension (Barosperse; Mallinckrodt, Inc., St. Louis, MO) in perfusate
medium (0.45 g/ml). The kidney was then immersed in formaldehyde
solution for a few days, after which perirenal fat was removed, and the
kidney with the tumor was cut and sliced into approximately 1- to 4-
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Fig. I. Perfusion set-up.

mm-thick slices using a household cutting machine. The slices were
used for the following analyses.

(a) The thinnest section, approximately 1 mm, was used for X-ray
microangiography. The section, between plastic films, was placed on
the envelope of Kodak X-omatic film. Exposure was made at 27 kV
and 63 mA in a CGR mammograph with conventional film develop
ment. The result provided information on vascular density and showed
whether, for technical reasons, any part of the specimen was inade
quately perfused.

(/>)A slightly thicker section, approximately 2 mm, was used for
autoradiography. It was placed between plastic films on the envelopes
of Kodak X-omatic films placed on either side of the section. One film
was exposed for 2 to 3 wk and, depending upon the degree of blackening
of this film, the other was exposed for up to 2 to 3 mo.

The result provided information on the average perfusate flow dis
tribution for the 3 different microspheres, where the iodine-labeled ones
dominated film blackening.

(c) A thick section, approximately 3 to 4 mm, was used for cutting
pieces, 0.1 to 1 g, for quantitative radioactivity measurement to provide
perfusate flow data at each microsphere injection (7, 8). Five to 10
pieces were taken from cortical tissue, and 10 to 20 pieces were from
tumor tissue. After the radioactivity measurements these pieces were
prepared for routine histology to ensure tissue representation and make
correlation between morphology and physiology possible.

Data Processing. Perfusate flow data and resistance units, obtained
by dividing the flow value for each biopsy by the perfusate pressure for
each individual experiment, were In normalized (17). Only pieces with
more than SOspheres of each type were included in the analyses.

From each experiment, three mean flow or resistance values were
obtained (in three experiments only two values, due to technical prob
lems), at two different norepinephrine levels, and one at maximal
dilation. The mean flow and resistance values were pooled at the
following four dose levels of norepinephrine: (a) maximal dilation
(without norepinephrine); (b) low dose (0.015 to 0.02 MB/HII); (c)
intermediate dose (0.02 to 0.4 /ig/ml); and (</)maximal dose (>1.6 jig/
ml).

Statistics. All flow and resistance data were In normalized before
analysis of significance (17). Student's i test, pairing design, was used
throughout the study. /' values less than 0.05 were considered signifi

cant. The means Â±SE is given in the text and figures.
In the figures, * = P< 0.05, ** = P< 0.01, and *** = P< 0.001.

RESULTS

Twenty-eight kidneys with carcinoma were subjected to per
fusion but, due to technical failures such as leakage and failure
of reference sample drawing, only 14 specimens could be eval
uated. The mean weight, including perirenal fat, was 475 Â±58
g. All tumors were adenocarcinomas of varying type and differ
entiation. Measured upon a midsection assuming an ovoid
geometry, the mean tumor weight was 105 g. The tumors
showed extensive patchy areas of necrosis macroscopically and

microscopically. On X-ray angiography of the tissue slices,
resolving vessels at the glomerular level, a dense irregular
network of tumor vessels, frequently much denser than in
cortical tissue, could be visualized (Fig. 2). In contrast, the
autoradiograms showed a very poor perfusion in vessels trap
ping the 15-nm spheres, even in densely vascularized tumor
areas, compared to the well and uniformly perfused cortex.
Owing to the anatomically "secondary" capillary network of

the medulla, few spheres were trapped there (Fig. 3).
During perfusion, a mean flow of 216 ml/min, or 45 ml/min

x 100 g, yielded a pressure of 37 mm of Hg at maximal dilation.
Upon infusion of norepinephrine, a mean dose/resistance curve
based upon approximately 9 measurements for each of the 14
experiments (Fig. 4) disclosed that the whole specimen was
capable of a 6-fold resistance increase from dilation to maximal
contraction. No increase of resistance after microsphere injec
tions could be seen in individual experiments indicating a
negligible influence of the vascular plugging upon fluid dynam
ics.

Quantitative analyses of perfusate flow passing vessels less
than 15 urn in diameter was performed on 72 cortical and 134
tumor samples in these 14 experiments. There was a very small
intraexperimental variation for cortical tissue (<10%).

The perfusate flow for the different doses of norepinephrine
is shown in Fig. 5. A redistribution occurs from cortical tissue
to tumor tissue from maximal dilation to moderate norepi
nephrine concentrations. At higher norepinephrine dose levels,

Fig. 2. Angiogram of a 1-mm-thick tissue slice. An irregular vascular ity, often
denser than in the well-organized renal cortex can be seen in the tumor tissue.
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Fig. 3. Autoradiogram of an adjacent slice to that of Fig. 2, showing homo
geneous blackening from cortical tissue, while that from tumor tissue is more
patchy and of lower intensity.
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the distribution is reversed, and the tumor flow decreases while
the cortical flow seems to increase. However, in some individual
experiments, the perfusate flow decreased both in cortex and
tumor tissue at high norepinephrine concentrations, which
seems impossible since the bulk flow delivered to the prepara
tion is constant. Obviously, a fraction of the bulk flow escapes
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Fig. 5. Histogram illustrating the perfusate flow at four different levels of
norepinephrine concentration. The dose of norepinephrine, perfusion pressure,
number of observations (n), and P value for analysis of significance between tumor
and cortical flow are given. *, significance of differences between the flow with
no norepinephrine and at the three dose levels for tumor and cortex, respectively.
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Fig. 6. Histogram illustrating the vascular resistance at four different levels of
norepinephrine concentration. Presentation otherwise as in Fig. 5.

detection, presumably via arteriovenous passages larger than
15 urn in diameter.

The mean vascular resistance data for the corresponding
norepinephrine dose intervals are given in Fig. 6. The resistance
of the renal cortex steadily increased with increasing norepi
nephrine doses, while that of the tumor tissue remained un
changed at low doses, but increased more rapidly than did that
of the cortical tissue at higher norepinephrine concentrations.

The quotients between tumor and cortical vascular resistance
are shown in Fig. 7. This quotient is maximal at dilation,
decreases at low and moderate norepinephrine concentrations,
and increases again at high dose levels. The renal cortical
vasculature is capable of increasing its resistance approximately
7-fold, while the tumor vascular resistance increased 3 to 4
times, becoming apparent only at high norepinephrine dose
levels.
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