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Abstract

The net transvascular filtration rate, JF (ml/min/100 g), in an isolated,
RBC-free perfused R3230AC mammary adenocarcinoma tumor was
measured using a gravimetric method whereby changes in tissue weight
over time were monitored. From the gravimetric measurements of J,
following changes in venous pressure, the capillary filtration coefficient
(ml/min/mm Hg/100 g) was found to be 2.2 (range, 0.8-2.8), i.e., 10 to
1000 times higher than those found in several normal tissues and within
the range of those reported for glomerular capillaries. These measure
ments of capillary filtration coefficient are consistent with elevated tumor
interstitial fluid pressures, interstitial fluid flow, and peritumor edema.

Introduction

Quantitative information about the transcapillary filtration
in tumors has been obtained using two approaches: (a) contin
uous drainage of the interstitial fluid from micropore chambers
embedded in tumors, and (b) comparison of systemic arterial
hematocrit with that of venous blood drained from tissue-
isolated tumors (1). The latter method has shown that 6-14%
of the plasma entering a tumor may filter across tumor vessels
and ooze out of the tumor periphery (1-3). Increased interstitial
fluid pressures in solid tumors have been associated with exces
sive fluid filtration and accumulation in the interstitial space of
growing tumors (for review see Ref. 4). This fluid may "wash"

therapeutic macromolecules out of the solid tumor rendering
some therapies less effective (4-7) and may facilitate lymphatic
metastasis of tumors (4). The resulting peritumor edema may
also offer substantial obstacles to the clinical management of
some tumors. For example, in brain tumors, a patient's prog

nosis is reduced not only by the tumor invasion into surrounding
brain tissue but also by increased edema formation and eleva
tion of intracranial pressure. Finally, the hemoconcentration in
the tumor microvasculature may be one possible cause for the
increased viscous resistance to blood flow recently demon
strated in solid tumors (8).

Despite the importance of transvascular fluid exchange in
the growth and treatment of solid tumors, there are no quanti
tative measurements of the parameters characterizing fluid
filtration rate across tumor vessels (5). In this paper, we present
estimates of CFC," in a rat mammary carcinoma obtained from
steady-state gravimetric perfusion of tissue-isolated tumors.
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Materials and Methods

In this study, the hydraulic conductivity was estimated using Star
ling's hypothesis for transcapillary nitration rate, Jf (ml/min/100 g):

JF = LpA\(p - p,) - a(ir - IT,-)] (A)

where Lf is the hydraulic conductivity of exchange vessels (cm/min/
mm Hg); A is the surface area of exchange vessels per 100 g of tissue
(cm2/100 g); p is the microvascular pressure (mm Hg); and /Â»,-,is the

interstitial pressure (mm Hg). Assuming that (a) a change in the
pressure of the vascular compartment, Ap, can be approximated by a
change in venous pressure, -i/>>.and (h) the oncotic and/or colloidal
pressure of the vascular and interstitial compartments, -a and ir,, and

the interstitial pressure, /;,. are constant during perfusion; l ,A can be
approximated as (9):

(B)

Using this simplified relationship, /,,,.-(,also referred to as the cap
illary filtration coefficient, CFC, in a microvascular bed can be esti
mated by altering tumor venous pressure, p,, and gravimetrically mon
itoring changes in JF (for details see Ref. 10). Specifically, we have used
the "tissue-isolated" tumor preparation developed by Cullino and Gran-

tham (11) as adapted in our laboratory (8, 12) to monitor JF in tumor
microcirculation gravimetrically following changes inp,. Using Equa
tion B, the CFC for the tumor microcirculation was then estimated
from these measurements.

"Tissue-isolated" tumors consisted of rat R3230AC mammary ade

nocarcinoma (Biomeasure Laboratories, Hopkington, MA) grown as
an "organ" (0.5-0.9 g) with a single artery and a single vein. The site

of tumor implant was the left ovarian fat pad which, upon ligating all
contralateral vessels, is fed by the ovarian artery and vein. Upon
exteriorizing from the peritoneal cavity, enveloping in a bag of Parafilm
(American Can Co., Greenwich, CT), and closing within the s.c. space
in the left lumbar region, the implanted tumor and its feeding vascula-
ture remained isolated for the duration of 7-10 days of growth. Follow
ing surgical extraction (12) the isolated tumor was placed within a
Plexiglas chamber upon a toploading balance with a draft shield
(PM400; Mettler Instruments, Hightstown, NJ) and perfused with a
low capacity peristaltic pump (Ismatec model 7618-30; Cole-Parmer,
Chicago, IL) at flow rates between 20 and 80 ml/min/100 g and arterial
pressures between 30 and 40 mm Hg (transducer model PG23XL;
Spectramed, Inc., Oxnard, CA). Arterial perfusion pressures were main
tained at this range since further reductions caused increased resistance
to flow (12). Venous pressures were altered between 0 and 20 mm Hg
simply by raising or lowering the end of the venous cannula. The
complete perfusion circuit was housed in a Plexiglas chamber and
maintained at 37Â°C(YSI series 400; Fisher Scientific, Pittsburgh, PA).

Digital output from the balance was directly printed onto a printer (FX-
80; Epson, Terranee, CA) through a serial/parallel interface board
(model 8143 intelligent serial interface; Epson).

The perfusate was Krebs-Henseleit solution with 7 USP units hep-
arin/100 ml, 5% bovine serum albumin (Catalogue No. A-7030; Sigma
Chemical Co., St. Louis, MO), and 0.15 mM papaverine (Sigma) as a
vasodilator to remove vasoaction of the normal host vessels which fed
the preparation (12). Perfusate osmolarity was measured using freezing
point osmometry (Osmomat 030; Gonotec, Berlin, Germany) to be
between 310 and 313 mosmol. It was assumed that the colloidal and
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Fig. 1. Typical plot of the recorded preparation weight changes (g) versus time
(min) following a change in venous pressure. A 3-min equilibration period
preceded gravimetric measurements to insure steady-state filtration rates were
measured. The filtration rate, Jf, was obtained from the slope of the least squares
fit.

oncotic pressures of both the perfusate and interstitial fluid remained
constant during perfusion. Fifteen min following the clearance of RBC
from the tumor (as evidence from the loss of color and lack of eryth-
rocyte drainage from the tumor vein cannula), the pump output and
venous pressure were adjusted to obtain an arterial pressure between
30 and 40 mm Hg and to minimize net filtration. Weight recordings
were made every 2 s for 2 min. After this, random step increases and
decreases in p, were made 7-10 times each followed by an initial 3-min
period to allow for equilibration of the vascular volume (13), and then
2 min of weight readings. Fig. 1 shows a typical plot of the change in
preparation weight over the 2 min of measurement. The net filtration
rate, JF, was calculated from the slope of the least squares fit of weight
versus time. During these measurements the perfusion rate remained
constant.

Due to the lack of functional lymphatics in tumors, the filtration of
fluid across the tumor microvasculature results in fluid loss across the
tumor periphery. Additional evidence for the filtration across the tumor
periphery comes from the observations during the growth of "tissue-
isolated" tumors in rats. Upon opening the s.c. space in which the
tumor is grown, as much as 0.5 ml of RBC-free interstitial fluid can be

found.
In the tumor gravimetric perfusion described above, the fluid drained

from the periphery is assumed to be due to net filtration rather than
that due to mechanical disruption. However, during surgical extraction,
tumor manipulation, and placement within the perfusion chamber,
tumor vessels, and more frequently the single feeding artery and vein
were often disrupted due simply to handling. Thus, it was important in
this study to distinguish experiments in which fluid losses across the
tumor periphery were due to artifacts rather than due to the filtration
of fluid. We attempted to minimize the incorporation of experiments
in which this type of vascular damage occurred by visual inspection of
the vascular damage. In the case of RBC perfusion, it is easy to see
vascular "leaks"; however, with an acellular perfusate it is nearly

impossible. Since it is assumed that the values of JF reported herein are
not due to the loss of vascular integrity, an assessment of the vascular
integrity had to be made by perfusing a modified recipe of Microfil
(Canton BiomÃ©dicalProducts, Boulder, CO) casting material at 75 mm
Hg (14). Previously, we have been able to cast at least a significant
portion of the tumor microvasculature down to vessel diameters of 10
urn. While there remains some question as to whether we can cast the
entire tumor microvasculature, our objective in this study was simply
to observe intact vessels at the tumor surface and in the tumor pedicle
as well as to prove all vascular sutures were tight. The type of vascular
damage induced by handling of the preparation resulted in significant
amounts of Microfil accumulation at these sites of potential vascular
damage. At the end of Microfil casting, the tumor was sliced in half to
observe whether "pools" of Microfil casting material could be found in

the tumor. In tumors which displayed Microfil extravasation, rates of
weight gain were a significant fraction of the perfusion rate. Frequently,
these tumors also displayed weight grains that equaled the perfusion
rates when the venous pressure was increased above atmospheric pres
sure. If the tissue microvasculature appeared to be filled from simple
inspection and if there were no "pools" of Microfil in the tissue, the

preparation was considered acceptable for this study.

Results and Discussion

Of 26 tumors perfused, only 4 perfusions were deemed suc
cessful according to the criteria outlined above. In each tumor,
isogravimetric perfusion was not possible since the venous and
arterial pressures could not be lowered further without causing
increased flow resistance. For example, Fig. 2 illustrates the
increase in arterial pressure which occurred at constant perfu
sion rate when the venous pressure was lowered below 15 mm
Hg. Previously, we have shown that the geometric resistance in
tumors increases as the perfusion pressure drops below 30-40
mm Hg for constant venous pressure (12). We attribute these
changes, and those shown in Fig. 2, to a decrease in the cross-
sectional area to flow as the vascular pressure was reduced. It
has been hypothesized that the high interstitial pressures in
tumors (shown to be as high as 30-45 mm Hg) may cause
vascular sections to collapse transiently as the microvessel
pressure is reduced below the local interstitial fluid pressure
(15, 16). The absence of the supportive basement membrane in
the relatively large diameter tumor microvessels (for review see
Ref. 5) may facilitate reversible vessel collapse before local
reabsorption and hydrostatic pressure equilibration can occur
across the wall and within the microvasculature.

Due to these difficulties in achieving isogravimetric tumor
perfusion, initial perfusion was performed under conditions of
minimal net filtration. Changes in the filtration rate were then
monitored after random step changes in venous pressure. Fig.
3 shows JF versus venous pressure for each experiment. Again,
presumably due to loss of vascular cross-sectional area for flow,
the isogravimetric pressure could not be obtained experimen
tally. Nonetheless, the "apparent" isogravimetric pressure ex

trapolated from the data of Jr versus P,. may reflect the mean
interstitial pressure in each of the tumors if one assumes that
ATT= 0. It is noteworthy that, with the exception of the 0.6-g
tumor, the apparent isogravimetric pressure tends to increase
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Fig. 2. Typical relationship between the tumor arterial and venous pressures
(mm Hg) in the 0.9-g tumor (see Table 1) perfused with Krebs-Henseleit medium.
- . least squares fit of the data: p, = 27.4 + 0.2 \p,; D, arterial measurements
made when venous pressure was lowered until arterial pressure actually increased,
due presumably to reduction in vascular cross-sectional area (12).
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with tumor weight as the mean interstitial fluid pressure has
been shown previously to increase (for review see Ref. 4). Table
1 lists the tumor size, perfusion rate, CFC and apparent isogra-
vimetric pressure obtained from the least squares fit of JF and
p, data to Equation (B) for each of the experiments depicted in
Fig. 3. It is again noteworthy that the apparent isogravimetric
perfusion pressure in the 0.9-g tumor is approximately 5 mm
Hg, while the geometric resistance begins to increase in this
tumor as the venous pressure is decreased below 15 mm Hg
(Fig. 2).

The small tissue volumes used in these experiments suggest
that fi may change rapidly in response to the unusually high
filtration rates, thereby limiting the extent of absorption. For
example, at venous pressures above the interstitial pressure, a
positive net filtration rate occurs and fluid is continually moved
through the interstitium and across the tumor periphery. If the
venous pressure is suddenly reduced below the interstitial pres
sure, fluid is reabsorbed into the vascular space. However, since
the interstitial fluid volume is finite and reabsorption across
the tumor periphery in this case is limited, the interstitial
pressure may fall rapidly with the microvessel pressure (17, 18).
In these studies, we assume that the interstitial pressure in solid
tumor tissue is maintained constant by a continual efflux from
the tumor periphery at moderate venous pressures. Thus, we
do not evaluate JF at lower venous pressures which result in
increased flow resistance and decreased vascular cross-sectional
area and exchange areas. Under these conditions, Equation B
may be used to obtain an estimate of the CFC of the tumor
microvasculature.

In the current experiments, estimates of CFC were made
from the least squares regression of JF at varying />â€žassuming
that (a) p/ and ir,-.vare constant, and (Â¿>)A/7 ~ A/7V.Since
measurements show pÂ¡may actually decrease with /?,.( 17), our

Table 1 Data of tumor weight, perfusion rate, and capillary filtration coefficient
(CFC) for four gravimetric tumor perfusions

Tumor wt
(g)0.5

0.6
0.7
0.9Perfusion

rate
(ml/min/100g)45

28
6055CFCÂ°(ml/min/

100 g/mmHg)2.6

Â±0.5
0.8 Â±0.2
2.8 Â±0.4
2.6 Â±0.5p,

at Jr = 0*

(mmHg)0.9

Â±1.3
-1.2 Â±1.5

4.1 Â±1.6
5.1 Â±0.9

* Calculated from the slope Â±SD of least squares regression of Jf and />,.
* Calculated from the y-intercept Â±SD of least squares regression of Jr and
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Fig. 3. Composite of the filtration rate, JF (ml/min/100 g), versus pressure, p,
(mm Hg) for each of the four experiments listed in Table 1. , least squares
fit. A, 0.5 g; O, 0.6 g; D, 0.7 g; â€¢¿�0.9 g. Table I lists the values of LPA derived
from each experiment.

approach overestimates the hydraulic pressure difference across
the vessel wall and underestimates the tumor CFC. Further
more, due to fluid loss, ?rmay also increase from the arterial to
venous end of capillaries and, depending upon the value of the
reflection coefficient a, lead to an underestimation of CFC. In
addition, the assumption that A/>can be approximated by A/>,
may also cause CFC to be underestimated in these experiments.
In normal tissues, A/Â»~ A/?,,when the precapillary resistance,

Apre,is much greater than the postcapillary resistance, R^Â«(10).
While there are no measurements of Apreand ApoStto date in
the tumor microvasculature, an elevated postcapillary resistance
in the tumor microvasculature would result in A/>< A/>â€žand
again cause an underestimation of tumor CFC.

Despite above limitations in our approach, comparison of
the CFC in the tumor microvasculature to that of several other
microvascular beds (10) shows that the tumor microvasculature
is 10-1000 times more permeable to fluid filtration (e.g., in
human limb, CFC is 0.002-0.007; in nonvasodilated dog hind-
limb, 0.014; in vasodilated dog hindlimb, 0.03-0.04; in cat
small intestine, 0.10-0.15 ml/mm/mm Hg/100 g). In light of

the lack of basement membrane and other irregularities found
in the tumor endothelium (for review see Ref. 5) increased
transvascular filtration rates across the tumor vessels are not
surprising. Furthermore, the values of CFC estimated in these
experiments are within the range previously reported for the
glomerular capillaries of the kidney. Pappenheimer (19) meas
ured CFC to be between 1.9 and 4.5 ml/mm/mm Hg/100 g in
the glomerular capillaries. The increased hydraulic conductivity
in these vessels permits the filtration function of the kidneys.
As a result of reabsorption by the peritubular capillaries, net
fluid accumulation does not occur in the interstitial space of
the kidney. However, in the tumor microvasculature, while
similar hydraulic conductivities cause fluid extravasation, there
are no functional lymphatics for reabsorption. Consequently,
fluid accumulation leads to peritumor edema and elevated
tumor interstitial pressures (7).

While the constituents of the Krebs-Henseleit perfusate in
these studies may potentiate an elevated capillary hydraulic
conductivity due to the species dependent albumin interactions
with the vascular endothelium (20) as well as due to the lack of
serum factors other than albumin (21), these effects cannot
account for the elevated values of CFC reported herein. For
example, Haraldsson and Rippe (21) showed that when serum
was added to an albumin perfusate, the albumin permeability
in the rat hindlimb decreased, yet only a minimal decrease in
the CFC occurred. In their studies, CFC for the rat hindlimb
decreased from 0.0373 to 0.0370 ml/min/mm Hg/100 g when
5% (v/v) serum was added to the perfusate. On the other hand,
Sanabria and Vargas (20) showed a modest 4% decrease in the
hydraulic conductivity of the dog vena cava when serum factors
were added to an albumin perfusate, they also showed a 32%
decrease in the hydraulic conductivity when species-homolo
gous serum factors (for instance, albumin) were used. The
possible increase of this magnitude in tumor vessel hydraulic
conductivity in our studies due to perfusate composition cannot
account for the 10-1000-fold differences between the tumor
and normal tissue measurements.

While further measurements of JP, pv, andpÂ¡using a suitable
perfusate are required to provide more accurate values of CFC,
the current results remain the only estimates of CFC in the
literature for solid tumors.
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