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Cryosurgery for treating prostate cancer is hampered by an incomplete understanding
of the mechanisms whereby tissue destruction is achie®ed during freezing. The two known
biophysical mechanisms of injury, intracellular ice formation and cellular dehydration

( )injury solute effects , ha®e not been quantified within tumor tissue. Freeze substitution
( )microscopy and a differential scanning calorimeter DSC were used to quantify freeze-

induced dehydration within Dunning AT-1 rat prostate tumor tissue. Stereological anal-
( )ysis of histological tumor sections was used to obtain the initial cellular V , interstitial,o
( )and ®ascular ®olumes of the AT-1 tumor tissue. A Boyle-®an’t Hoff BVH plot was

then constructed by examining freeze substituted micrographs of equilibrium cooled tis-
sue slices to obtain the osmotically inacti®e cell ®olume, V s0.25V . Obtaining dy-b o
namic cellular water transport information from the freeze substitution microscopy data

( )pro®ed difficult because of the artifact added by the high interstitial ®olume ; 35% .
Since the DSC technique does not suffer from this artifact, a model of water transport
was fit to the DSC water transport data at 58, 108 and 208Crmin to obtain the com-
bined best fit membrane permeability parameters of the embedded AT-1 tumor cells,
assuming either a Krogh cylinder geometry or a spherical cell geometry. Numerical sim-
ulations were also performed to generate conser®ati®e estimates of intracellular ice ®ol-

( )ume IIV in the tumor tissue at ®arious cooling rates typical of those experienced
( )during cryosurgery F1008Crmin . Water transport data in tumor systems with signifi-

cant interstitial spaces can be obtained by using histology and the low-temperature mi-
croscopy methods to obtain the initial and final tissue cell ®olumes, respecti®ely, and the
DSC technique to obtain the dynamic ®olume changes during freezing.

Introduction

The use of freezing to destroy living tumorous tissues
termed cryosurgery has shown reasonable success in the treat-

Ž . wment of human prostate carcinoma Onik et al., 1995 . In
1996, o®er 317,000 new cases of human prostate carcinoma were
diagnosed in the U.S. alone and o®er 41,000 patients died from

( ) xthis disease American Cancer Society, 1996 . Freezing is usu-
ally achieved by conduction when a metallic probe, through

Ž .which a cryogen usually liquid nitrogen is circulated, is
brought into contact with the tumor to be treated. Cryogen
flowing through the probe tip causes the metal-tipped probe
temperature to drop, extracting heat from the tumor and

Correspondence concerning this article should be addressed to J. C. Bischof.

causing it to freeze. As the freezing interface begins to move
out away from the probe, the cooling rate experienced by the

Ž .tumor changes from very fast ;50] 1008Crmin near the
Ž .probe tip to very slow cooling rates -58Crmin at the edge

of the cryosurgical iceball. In order to be effective, the
cryosurgical procedure must cause lethal freeze-induced
damage throughout the tumor. Thus, it is important to know
precisely the biophysical response to the tumor tissue in dif-
ferent regions of the iceball, as these biophysical changes are
known to affect tissue viability. The focus of this study is to
quantify the biophysical response in Dunning AT-1 rat
prostate tumor tissue during freezing at controlled cooling
rates representative of those experienced in an iceball during
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cryosurgery. The AT-1 rat prostate tumor cell line was cho-
sen as the experimental tumor model, since it has been shown
to have microscopic and macroscopic similarity to human
prostate carcinoma and can be destroyed by cryosurgery.

The two important biophysical responses experienced by
the tumor cells in the presence of vascularrextracellular ice

Ž .during freezing are water transport or mass transfer out of
Ž .the tissue cells that is, cellular dehydration and intracellular
Ž .ice formation IIF . These biophysical responses are directly

coupled to tissue injury as described by Mazur’s two factor
Ž .hypothesis: a at low cooling rates, freezing injury occurs due

to high solute concentration effects caused by cellular dehy-
Ž .dration Lovelock, 1953 and decreasing unfrozen fraction of

Ž . Ž .the vascularrextracellular space Mazur, 1970 ; b at high
Ž .cooling rates, freezing injury occurs due to IIF Mazur, 1970 .

wThe exact magnitude of the low and high cooling rates are spe-
xcific to a cell type and need to be experimentally determined.

Although these biophysical events have been extensively
Žstudied in single cells with cryomicroscopy techniques see

.reviews by Diller, 1982; McGrath, 1988 , similar experimental
Ždata in whole tissues are only now emerging Pazhayannur
.and Bischof, 1997; Devireddy and Bischof, 1998 . The early

qualitative and uncontrolled slow freezing studies by Trump
Ž . Ž .et al. 1964 and Love 1966 were useful in showing that ice

forms preferentially in the vascularrextracellular space,
thereby inducing cellular dehydration into this space. Rubin-

Ž . Ž .sky et al. 1987 and Bischof et al. 1993 studied the biophys-
ical response of liver tissues to controlled rate freezing using
a directional solidification stage and low-temperature mi-
croscopy techniques. Although an improvement over the ear-

Žlier uncontrolled freezing studies Trump et al., 1964; Love,
. Ž1966 , the controlled rate studies Rubinsky et al., 1987;

.Bischof et al., 1993 cannot extract information on the dy-
namic water transport in the tissue cells, since only the end-
state after freezing was imaged. This work presents dynamic
and quantitative water transport data for Dunning AT-1 rat
prostate tumor tissue during freezing using the two tech-
niques developed in our lab, a low-temperature microscopy

Ž .technique Pazhayannur and Bischof, 1997 and a method us-
Žing differential scanning calorimetry Devireddy et al., 1998;

.Devireddy and Bischof, 1998 .

Theoretical Background
During freezing of tissue systems, ice tends to form first

Žin the vascularrextracellular space of whole tissues Rubinsky
.et al., 1987; Bischof et al., 1993 . The presence of vascularr

extracellular ice creates a small, highly concentrated un-
frozen saline fraction which induces a chemical potential dif-
ference across the tissue cell membrane. Water transport
across the membrane of a spherical cell during freezing in
the presence of extracellular ice has been modeled by Mazur
Ž . Ž .1963 , whose model was later modified by Levin et al. 1976 .
This model of water transport assumes an idealized biologi-
cal cell as an open thermodynamic system having a semi-per-

Žmeable membrane boundary that is, permeable to water and
. Ž .impermeable to solutes . The model also assumes: a no

Žpressure gradients exist across the cell membrane a good as-
.sumption for mammalian cells and isolated plant protoplasts ;

Ž .b temperature differentials across the cell membrane are
Žnegligible ;0.01 K for most practical purposes, as shown by

. Ž .Hua et al., 1982 ; c no concentration gradients exist except
Ž .across the cell membrane McGrath, 1988 . In its simplest

form the water transport model can be represented as

L A RT wdV ap c i
sy ln 1Ž .wž /dT B® aw o

where V is the cell volume, T is the absolute temperature
Ž .K , L is the tissue cell membrane permeability to water, Ap c

Ž .is the area 2p r L of membrane surface available for water®o
transport, R is the universal gas constant, B is the cooling

Ž . wrate Krmin , ® is the partial molar volume of water, and aw
is the chemical activity of water, where the subscripts i and o
stand for the intracellular fluid and extracellular fluid, re-
spectively.

Quantitative use of the above thermodynamic model re-
quires a more complete specification of the chemical activi-
ties of the extracellular and the intracellular solutions, along
with the membrane water permeability. The extracellular
solution is assumed to be composed of a binary solution con-
sisting of water and sodium chloride and can be modeled us-
ing the equilibrium properties of a solidrliquid solution. The
Gibbs-Helmholtz equation relates the equilibrium water ac-
tivity in the solution as a function of temperature as

D H­ ln aŽ . fw
s 2Ž .2­ T RT

Žwhere D H is the latent heat of fusion of water assumed tof
.be a constant at 335 mJrmg . Integrating the above expres-

sion yields the extracellular water activity as

D H 1 1f
ln a s y 3Ž .w R T TR

Ž .where T is the reference temperature 273.15 K .R
The intracellular solution is typically modeled as an ideal

and dilute solution so that the chemical activity of the inter-
Ž .nal water is equal to the mole fraction of water Mazur, 1963

ai s X i 4Ž .w w

Although the intracellular solution is neither ideal nor dilute,
Ž .Levin et al. 1977 have shown that the inclusion of nonideal-

ities has a negligible effect on subzero cell volume modeling.
Neglecting the cell membrane volume and recognizing that
some of the intracellular fluid may be bound water, that is,
water which is not free to move across the cell membrane in

Žresponse to an osmotic gradient which is included in the os-
.motically inactive cell volume term V , the mole fraction ofb

intracellular water is given as

V yVbiX s 5Ž .w V yV qw n ®Ž .b s s w

In addition, w is the disassociation constant for sodium chlo-s
Ž . Ž Ž ..ride 2 , n is the number C V yV of moles of salt ions.s i o b

Substituting Eqs. 3 and 5 in Eq. 1, one arrives at the Mazur
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Ž .model of water transport Mazur, 1963 ,

L A RTdV p c
sy

dT B®w

D HV yV 1 1Ž . fb
= ln y y 6Ž .ž /V yV qw n ® R T TŽ .b s s w R

The temperature dependence of the membrane permeability
Ž 3 Ž .. Ž .m rN ? s mmrmin ?atm to water L is expressed as anp

Ž .Arrhenius relationship Levin et al., 1976

E 1 1LPL s L exp y y 7Ž .p pg ž /R T TR

where L is the permeability of the cell membrane to waterpg
Ž .at a reference temperature 273.15 K and E is the appar-L p

Ž Ž ..ent activation energy Jrmole kcalrmole of the permeation
Ž .water transport process. And, finally, to complete this water
transport model, a geometry needs to be selected which de-
fines the cell volume V and the surface available for water
transport A .c

The water transport model described above was originally
Ž .developed by Mazur 1963 for spherical cells and was later

extended to model tissue cell volume changes during freezing
using a simple two-component Krogh cylinder approach
Ž .Rubinsky and Pegg, 1988; Pazhayannur and Bischof, 1997 .
Figure 1 shows the Krogh cylinder model used in this study
and the corresponding dimensions including the radius of the

Žextracellular space r s r q r where r and r are®o ® as int ® as int
Ž .the radius mm of the microvascular channels and the inter-

.stitial spaces in the extracellular matrix, respectively , the dis-
Ž . Ž .tance mm between the microvascular channels D X , and

Figure 1. Krogh cylinder, a representation of a Dunning
AT-1 tumor tissue unit.
The Krogh cylinder dimensions for AT-1 Dunning Rat
Prostate Tumor tissue are: D X the distance between the mi-
crovascular channelss17.9 mm, r the initial radius of the®o
extracellular spaces 6.5 mm, and L the axial length of the
Krogh cylinder s18.1 mm.

Ž .the axial length of the Krogh cylinder L . In the Krogh
cylinder model the cellular space with volume V is modeled

Ž 2 2 .as the box surrounding the cylinder V s LD X yp r L ,®o
that is, the extracellular volume including the interstitial and
vascular spaces is modeled as the cylinder of volume p r 2 L®o
and the effective membrane surface area available for water

Ž .transport mass transfer during the freezing process is as-
sumed to be a constant, A s2p r L. Note that the lengthc ® o
Ž .mm of the Krogh cylinder L is not important in the Krogh

Žmodel that is, under conditions of uniform temperature
throughout the Krogh unit, the water transport simulations

.obtained using Eqs. 6 and 7 are identical with different Ls .
This is because the ratio of cellular volume V and the avail-
able membrane surface area A is independent of the lengthc
of the Krogh unit L. The use of the Krogh model necessi-

Žtates several other assumptions to be made as described by
.Rubinsky and Pegg, 1988 and Pazhayannur and Bischof, 1997

Ž .which include: a the tissue is composed of a number of
identical Krogh units all experiencing the same thermal his-

Ž .tory; b axial flow of blood in the vasculature is neglected;
Ž .c a single lumped permeability for water transport between
the intracellular and vascularrextracellular spaces is assumed.
In this study two other assumptions were made to account
for the presence of a significant amount of interstitial spaces

Ž . Ž .in tumor tissue cells Jain, 1987 : a the resistance of intersti-
Ž .tial spaces to water transport mass transfer is negligible

when compared to the cell membrane resistance. Thus, the
tumor cell membrane is assumed to be the primary resistance

Ž . Žto mass transfer water transport during freezing see Ap-
. Ž .pendix ; b interstitial space was included as a part of the

extracellular space instead of a separate compartment thus
maintaining the two compartment nature of the Krogh model
Ž .see Figure 1 . A theoretically determined temperature-
volume history of a cell during freezing can be predicted by

Ž .integrating Eqs. 6 and 7, assuming that the cell volume V is
Ž .equal to the isotonic cell volume V at temperature T , theo ph

phase change temperature of the extracellular media. The
unknown membrane permeability parameters of the model,
reference membrane permeability L and the apparent acti-pg
vation energy of the membrane permeability E , are thenL p
determined by curve-fitting the water transport model to ex-

Ž .perimentally obtained water transport mass transfer data
during freezing.

Materials and Methods
AT-1 tumor tissue growth

Tumors were seeded by subcutaneous injection of 2=106

AT-1 cells in 100 mL of Hank’s balanced salt solution in the
Žflank region of ;250 gram male Copenhagen rats Harlan-

.Sprague-Dawley, Inc., Indianapolis, IN . Tumors were grown
to a size of 2]3 cm in the largest dimension. Upon excision,
the tumors were placed in a petri dish with serum-free RPMI

Ž .culture media Celox, Inc., Hopkins, MN on ice and divided
along the long axis of the tumor using a razor blade. Tumor
tissue from the periphery of each tumor half was used in the
freezing experiments in order to avoid the possibility of tak-
ing necrotic tissue which is sometimes found in the core of
these tumors. Tumor tissue was cut by either mincing with a
razor blade or using a Stadie Riggs microtome to a thickness

Ž .of 500 mm Thomas Scientific, Inc. . The tissue slices were
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then prepared for low-temperature microscopy or DSC ex-
Ž .periments as described below. Anoxic lack of oxygen time

of the tumor samples in RPMI on ice never exceeded 2.5 h.

Low temperature microscopy experiments
The freezing experiments were performed on a directional

solidification stage based on the design of Rubinsky and Ikeda
Ž . Ž .1985 , and described in Pazhayannur and Bischof 1997 .
Briefly, two copper platforms fitted with type T thermocou-

Ž .ples Omega Tech. Corp., Stamford, CT are cooled by an
internal liquid nitrogen flow and heated by a foil heater;
platform temperatures are regulated by control of heater

Žvoltages by Fuji digital controllers Total Temperature In-
.strumentation, Williston, VT . The spacing between the plat-

forms is set by the user. The sample to be frozen is placed on
a glass microslide, and propagated across the gap between
the platforms. The propagation speed, platform spacing and
platform temperatures are set to achieve the desired cooling
rate and end temperature for the freezing experiment.

ŽIn order to investigate a very fast rate of freezing G
.1,0008Crmin , a copper block slam freezing procedure was

Ž 3.used. The tumor tissue samples ns5 eachF1 mm were
placed on a standard glass microscope microslide and then
brought into intimate contact with a highly polished copper

Ž .block 2 in.=2 in.=0.5 in. which, until use, was in thermal
equilibrium with liquid nitrogen at y1968C. The microslide
with the frozen tumor tissue samples was then quickly im-
mersed in a petri dish with liquid nitrogen. While immersed,
the samples were carefully detached from the microslide with
prechilled forceps. The samples were stored in 1.5 ml cryo-
vials in liquid nitrogen for further microscopic preparation
and analysis.

Tissue-freeze substitution
In order to visualize the tumor tissue morphology in the

frozen state, fixation must take place at a low temperature;
the technique of freeze substitution, which is generally de-

Ž .scribed by Echlin 1992 , has previously been used on rat
Ž . ŽPazhayannur and Bischof, 1997 and human Bischof et al.,

.1993 liver tissue, and will also be used in this study with
minor modifications. To begin freeze substitution, 1 mL of a

Ž . Ž3% by weight osmium tetroxide Sigma Chemical Co., St.
.Louis, MO in acetone solution at y908C was added to each

cryo-vial containing up to 5 tissue samples, and the vial was
Ž . Žthen placed in a freeze substitution FS device Bal-Tec,

.Middlebury, CT at y908C for 24 h, at y608C for 2 h, y308C
for 2 h, and 08C for 30 min. During this time, the osmium
fixed and stained the membranous cell structures dark, while

Ž .the acetone replaced all the water ice in the sample.
After fixation by freeze substitution, samples were gradu-

ally brought back to room temperature and dehydrated by
repeated washing in 100% acetone. Samples were then infil-

Ž .trated with Quetol resin Ted Pella Inc., Redding, CA at
room temperature for )12 h, during which time the resin
replaced the acetone in the sample. The samples were then

Žtransferred to Beem capsules Polysciences, Inc., Warrington,
.PA and embedded in additional resin. The embedded sam-

ples were held in a dry oven at 708C for )12 h to polymerize
the resin. The samples were then sectioned on a Reichert

Ž .Ultracut microtome Leica, Vienna, Austria to a thickness of

0.5 mm. The tissue sections were mounted on glass mi-
Žcroslides and stained with Toluidine Blue Sigma Chemical

.Co., St. Louis, MO in preparation for image analysis.
Photomicrographs of the tissue sections were obtained by

Žimaging through a Newvicon camera Hamamatsu-Photonics,
.Bridgewater, NJ attached to a Nikon Labophot light micro-

Ž .scope Nikon Inc., Melville, NY and digitized on a worksta-
Žtion computer with a frame grabber SGI, Mountainview,

.CA . The image analysis procedure used to obtain volumetric
data from the photomicrographs is described in detail by

Ž .Pazhayannur and Bischof 1997 . Adobe Photoshop software
Ž .Adobe Systems Inc., Mountain View, CA was used to sepa-

Žrate which areas of the micrograph were cellular darkly
. Ž .stained and which were extracellular lightly stained ; then,

Ž .NIH-Image software NIH, Bethesda, MD was used to mea-
sure the ratio of cellular to extracellular area. The volumes of
the cellular and extracellular spaces were assumed to be di-

Ž .rectly proportional to the areas measured stereologically .
These measured volumes were then imposed on the Krogh

Ž .model Figure 1 by assigning appropriate dimensions, as de-
scribed below.

Krogh model dimensions
The histology of control tumor tissue was assessed by fixing

the tissue sample in a Bouin’s solution followed by paraffin
embedding, sectioning, and hematoxylin and eosin staining
Ž .as described in Bischof et al., 1997 . Stereological measure-
ments were performed on these micrographs to obtain the
Krogh model dimensions: the distance between the microvas-

Ž .cular channels D X was measured as the shortest distance
between the centers of two adjacent parallel microvascular

Ž .channels, the radius of the extracellular spaces r was de-®o
Ž .termined such that the percentage of total volume or area

Ž 2 2.occupied by the cylinder in the Krogh model p r rD X®o
corresponds to the percentage of the measured extracellular

Ž .spaces including vascular and interstitial spaces in the con-
trol micrograph, and, finally, the axial length of the cylinder
L was chosen such that the cellular volume V in the Krogh
cylinder model corresponds to the volume of a single isolated
AT-1 cell ;3,400 mm3 based on a spherical cell diameter of

Ž .18.7 mm Smith et al., 1997 .

Equilibrium and dynamic cooling
ŽThe osmotically inactive cell volume obtained by con-

structing a Boyle van’t Hoff plot from equilibrium cooled
.micrographs and the dynamic volumetric response for AT-1

tumor tissue cooled at 58Crmin were determined in this work.
In order to obtain the AT-1 tumor tissue morphology during
equilibrium cooling conditions, the samples were frozen at
28Crmin on the directional solidification stage to various end

Ž .temperatures y48, y68, y88, y108, and y208C and held
Ž .for 15 min before being slam frozen )1,0008Crmin . Snap-

shots of the AT-1 tumor tissue morphology at several tem-
peratures during a dynamic freezing process were obtained
by freezing the tumor tissue samples on the directional solidi-

Žfication stage at 58Crmin to various end temperatures y48,
.y68, y88, y108, and y208C followed by slam freezing as

Ž .described in detail by Pazhayannur and Bischof 1997 . Mi-
crographs of AT-1 tumor tissue cooled at various cooling rates
Ž .)1,0008Crmin, 4008, 1008, 508, 108, and 58Crmin to a low
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end temperature of y208C were also obtained to determine
the cooling rate above which the dominant biophysical re-

Ž .sponse is intracellular ice formation IIF . The intracellular
volumes measured at each temperature were normalized by
the intracellular volume of the slam frozen control tissue
sample.

Effect of interstitium on image analysis
We were unable to devise a quantitative and reliable way

to distinguish between the interstitial spaces and cellular
spaces at subzero temperatures in the freeze substituted tis-
sue micrographs. However, we contend that the high water
content in tumor interstitium should cause the interstitial vol-
ume to collapse substantially at low subzero temperatures
Ž .-y108C during freeze-induced dehydration. Interstitial
spaces are predominantly collagen with glycosaminoglycans
Ž .GAGs and other molecules that are designed to trap large

Ž .amounts of water Nugent and Jain, 1984 . It is estimated
that 1 mg of tumor collagen or interstitial spaces contains 0.6

Ž .mL of water Bert and Pearce, 1984 or ;0.0017 g of tumor
Žcollagenrg of water that is, 99.83% of tumor interstitial col-
.lagen matrix is water . To support our contention, a litera-

ture search was performed to obtain light micrographs of
frozen solutions that approximate the water bearing abilities

Žof the tumor interstitial spaces that is, gelatin andror starch
.solutions . We found by stereological analysis of 7% starch
Ž .solution 4 0.017% collagen micrographs obtained by
Ž .Meryman 1966 that only 10% of the total volume was

Ž .stained, when cooled at 1]28Crmin or equilibrium cooling
Ž .to y108C. The rest of the space ;90% was occupied by

pure ice crystals. Now applying this result to the interstitium
in our sample tissue shown in Figure 2, we contend that the

Ž .original interstitium volume 35% of total will be reduced to
;3.5% of total volume at y108C and below, provided com-
plete dehydration has occurred. Thus, a worst case error
due to the presence of the interstitium in the measurementr
estimation of osmotically inactive cell volume V using theb
Boyle-van’t Hoff plot is ;0.035V . This small error in theo
value of V was neglected in this study, particularly becauseb
this error will be reduced to ;0.0009V , if one takes intoo
account that 7% starch solution has a concentration that is

Ž;41.2 times that of the tumor interstitial collagen matrix 7%
. Ž . Žvs. 0.17% . Nevertheless in the expanded hydrated state at
.T Gy88C , the interstitial spaces may contribute a significant

error in the estimation of the cellular volumes for both the
Ž . Ž .equilibrium 28Crmin and dynamic G 58Crmin water

transport data. To address this problem, we used a DSC
technique to measure dynamic water transport data, as de-
scribed next. The DSC technique does not suffer from this
extracellular artifact, as it is independent of the geometry of
the sample.

DSC experiments

Sample Preparation. Experiments were performed on ex-
cised tumor tissue slices. The tumor tissue was cut into small

Ž 3.pieces 1]1.5 mm using a razor blade. The tumor tissue
slices were then patted externally using a blotting paper and

Ž .their weight was measured 1]1.5 mg . The samples were then
Žplaced in standard aluminum sample pans Perkin Elmer

Figure 2. Histology of AT-1 tumor tissue line.
The sample was fixed in Bouin’s solution, embedded in
paraffin and stained with hematoxylin and eosin. Dark

Ž .stained, optically dense areas represented by stars , corre-
spond to tumor cells, while the optically transparent areas
Ž .represented by arrows , correspond to the vasculature and

Ž . Žextracellular matrix interstitial spaces of the tumor. Scale
.bar s 40 mm.

. Ž .Corporation, Norwalk, CT and a small drop -8 mL of
Ž .isotonic PBS Celox, Inc., Hopkins, MN was added to keep

the tissue slice in an isotonic environment. A natural ice nu-
Ž .cleator Pseudomonas syringae ATCC, Rockville, MD was

Ž .added 0.5 to 1 mg before the pans were sealed and the DSC
pans were reweighed to measure the total sample weight be-
fore the DSC experiments were performed. The ice nucleat-
ing agent P. syringae always nucleated the vascularrextracell-
ular space at temperatures Gy48C in order to avoid damag-
ing intracellular ice formation, which occurs predominantly

Žat temperatures below y58C in most cell systems Toner,
.1993 . The total sample weight has always kept F10 mg.

DSC Dynamic Cooling Protocol. The DSC protocol devel-
oped to measure water transport out of tumor cells is the

Ž .same as the one detailed in Devireddy et al. 1998 for single
Ž .cell suspension systems and by Devireddy and Bischof 1998

Ž .for a mammalian normal male Sprague Dawley rat liver tis-
sue system. DSC experiments were conducted at cooling rates
of 58, 108, and 208Crmin. To ensure the accuracy and re-
peatability of the experimental data, the limitations of the
DSC machine were studied and a set of calibration and con-
trol experiments were performed as described previously by

Ž .Devireddy et al. 1998 .
Ž .Step 1: The sample tumor slicesqisotonic PBS q0.5 to 1

mg of P. syringae bacteria initially at 48C was cooled at
Ž58Crmin until the vascularrextracellular ice nucleated usu-

.ally around y3.58C .
Step 2: At the time of nucleation, the sample was manu-

Ž .ally triggered to thaw at a warming rate 108Crmin such
that the phase change temperature of the isotonic media Tph
Ž . Ž .;y0.538C was reached but not overshot and ice re-
mained in the extracellular solution. The phase change tem-
perature can be obtained by using the osmolality relationship
Ž y1 .Osm s1.858rDT ; DT s273.15yT , K and the osmolality

March 1999 Vol. 45, No. 3AIChE Journal 643



Žof the isotonic media which is the osmolality of most biologi-
.cal fluids, ;0.285 Osm ; thus, DT s0.285)1.858s;0.53 K

or T sy0.538C.ph

Step 3: The sample was then cooled to y508C at the
Ž .specified cooling rate 58, 108 or 208Crmin causing the tissue

cells to undergo cellular dehydration, and the initial heat re-
lease due to the media mixed with osmotically active cells

Ž . Žwas measured q s;2,330 mJ or ;233 mJrmg seeecqcw
.Figure 3 .

Step 4: The sample was reequilibrated at y0.538C by
thawing at 1008Crmin.

Step 5: To help differentiate between the heat released
by the media and the intracellular fluid in Step 3, the tumor
cell membranes were compromised by cooling the sample at

Ž .a high cooling rate 2008Crmin down to y508C.
Step 6: Step 4 was repeated. Since all the cells have com-

promised membranes, the intracellular water, proteins and
Žsalts now are continuous with the extracellular solution the

.membrane barrier is lost as previously suggested by Korber¨
Ž .et al. 1991 .

Step 7: The sample was then cooled to y508C at the
Ž .specified cooling rate 58, 108, or 208Crmin to measure the

final heat release due to lysed or osmotically inactive cells
Ž .mixed with media q s;2,212 mJ or ;212 mJrmgecqcwqcd

Ž .see Figure 3 .
ŽTo confirm that the fast cooling run in Step 5 2008Crmin

.to y508C compromised the membrane integrity of all the
AT-1 tumor tissue cells in the sample, Steps 6 and 7 were
repeated and no further decrease in the measured heat re-

Figure 3. Superimposed heat flow thermograms ob-
( ) (tained during the first Step 3 and last Step

)7 of the DSC cooling protocol for AT-1 tumor
( )tissue system for a cooling rate B of 58C/////min.

The lower curve and upper curves correspond to the heat
flow thermogram measured in Step 3 and Step 7 of the DSC
cooling protocol, respectively. Note that the heat flow mea-

Ž .sured heat released in Step 7 is always less than the heat
Ž .flow measured heat released in Step 3. The total differ-

Ž . Ž .ence between q Step 3 and q Step 7 is de-ecqc w ec q c w q c d
Ž .noted as D q . The heat flow mWrmg is plotted along thedsc

Ž .y-axis and the subzero temperatures 8C are plotted along
the top x-axis. The negative axis for the heat flow on the
x-axis implies an exothermic heat release in the DSC sam-
ple.

Ž .lease q was found. A separate control experimentecqcwqcd
was also performed using tumor tissue which was destroyed
by leaving it in a cold ischemic environment for a week. The
tissue slices which underwent this ischemia were assumed to
be lysed or osmotically inactive. DSC experiments were per-
formed using these lysed tissue slices as described above and

Ž .Dq s q y q was measured to be zero anddsc ecqcw ecqcwqcd
the measured heat release was further found to be equal to
q obtained in Step 7 of the DSC cooling protocolecq cw q cd
Ž ."4 mJ . This small variation in the final heat release

Ž .q ;4 mJ or ;0.4 mJrmg was neglected as it rep-ecq cw q cd
resents -3.4% of the measurement of interest in a typical

Ž .DSC experiment Dq ;118 mJ or ;11.8 mJrmg . Thesedsc
Žresults confirm that the fast cooling run in Step 5 2008Crmin

.to y508C compromised the membrane integrity of all the
AT-1 tumor tissue cells in the sample.

Translation of Heat Release to Tumor Tissue Volume Data.
The heat release measurements of interest are Dq anddsc

Ž .Dq T which are represented by the total and fractionaldsc
difference between the heat releases measured by integration
of the heat flows in Steps 3 and 7, respectively, using the

Ž .DSC-7 Perkin-Elmer software . The total difference in the
Žintegrated heat release between the base line constant and

.sigmoidal and the actual thermogram in the two cooling
Ž . Žruns Step 3 and Step 7 is denoted as Dq s q ydsc ecq cw

.q and is shown in Figure 3. The fractional differ-ecq cw q cd
ence in the integrated heat release from T down to aph

Ž . Ž Ž .subzero temperature T is denoted by Dq T s q Tdsc ecq cw
Ž . .y q T . This difference in heat release has beenecq cw q cd

shown to be related to cell volume changes in cell suspen-
Ž .sions Devireddy et al., 1998 and in normal rat liver tissue

Ž .systems Devireddy and Bischof, 1998 as

V yV T Dq TŽ . Ž . dsco
s 8Ž .

V yV Dqo b dsc

We can rearrange and write a simplified equation to mea-
sure water transport data from the DSC measured heat re-

Ž .leases Dq T and Dq asdsc dsc

Dq TŽ . dsc
V T sV y ? V yV 9Ž . Ž .Ž .0 o bDqdsc

The DSC water transport data obtained using Eq. 9, was
Žshown to generate statistically similar data )95% confi-

.dence level using the Student’s t-test to that obtained using a
standard cellular cryomicroscopy technique in a cell suspen-

Ž .sion system Devireddy et al., 1998 and also to the water
transport data obtained using the low-temperature mi-

Žcroscopy method in a normal rat liver tissue system De-
.vireddy and Bischof, 1998 . Since the use of Eq. 9 to generate

water transport data from DSC measured heat release read-
ings has been validated in the above mentioned cell and tis-
sue systems, it is reasonable to assume that it can be used to
generate the water transport data in a tumor tissue system as
well. The only other unknowns needed in Eq. 9 apart from
the DSC heat release readings are the Krogh cylinder dimen-

Ž .sions L, D X, r , the isotonic cell volume V , and the os-®o o
motically inactive cell volume V , which were all obtained us-b
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ing histology and low-temperature microscopy techniques as
described earlier.

Numerical methods
A nonlinear least-squares curve fitting technique was im-

plemented in a computer program to calculate the membrane
Ž .permeability parameters L and E that best fit the volu-pg L p

metric shrinkage data obtained from the DSC and the low-
temperature microscopy experiments as previously described
Ž .Bevington and Robinson, 1992 . The computer program used
a fourth-order Runge Kutta method to calculate the volume

Žas a function of temperature based on selected parameters
.and cooling conditions and then compared the simulated

water transport volumes to experimental data. The optimal
fit of Eq. 6 to the experimental data was obtained by select-
ing a set of parameters which minimized the residual vari-
ance x 2 and maximized a goodness of fit parameter R2

Ž .Montgomery and Runger, 1994 .
In order to predict the membrane permeability parameters

that produced a combined best fit to the experimental water
transport data at two or more cooling rates, the nonlinear
curve fitting code was slightly modified. A new residual vari-
ance x 2 was calculated as a sum of the residual variances at

Ž .all the cooling rates, where the model predictions y x werei
obtained using one set of membrane permeability parameters
for all the cooling rates. The goodness of fit parameter R2

was calculated using the new residual and total variances. A
set of combined best fit membrane permeability parameters
that maximized R2 for all the cooling rates was found. All
the curve fitting results presented have an R2 value greater
than or equal to 0.98 indicating that there was a good agree-
ment between the experimental data points and the fit calcu-
lated using the estimated membrane permeability parame-
ters.

Computer Simulations. To simulate biophysical response
of tissue under a variety of cooling rates, the best fit parame-
ters were substituted in Eq. 7 and the water transport equa-

Ž .tion Eqs. 6 and 7 was numerically solved using a 4th-order
Runge-Kutta method with a temperature step of 0.18C using
a FORTRAN code on a SGI workstation. The sensitivity of
the model solution was tested by decreasing the temperature
step to 0.018C, and the simulation was repeated. This test
had no effect on the results, thus confirming the convergence
of our solution.

Results
Tissue geometry and dimensions

The control histology micrographs were used to measure
Ž .the Krogh cylinder dimensions r and D X . Figure 2 shows®o

the histology of AT-1 tumor tissue. In the micrograph shown,
the tumor cells stain dark as compared to the extracellular

Ž .matrix, and the predominantly white optically transparent
areas depict vascular channels and the greyish areas repre-
sent the interstitial spaces. Stereological measurements on the
histology micrographs showed that the vascular channels rep-
resent 7"3%, the interstitial areas represent 35"5% and the
total extracellular space represents 42"8% of the total mi-
crograph area, respectively. A comparable value for the rela-
tive volume of interstitial spaces in tumor tissues has been

Figure 4. Boyle-van’t Hoff plot constructed at constant
subzero temperature in the presence of extra-
cellular ice for AT-1 tumor tissue.
The holding temperature was related to the osmolality by
the relationship Osms DTr1.858, where DT s 273.15y T , K.
Ž . Ž .v represent the average volumetric data. is a linear

Ž .curve assumes the cells behave as ideal osmometers when
extrapolated to infinite osmolality, and results in an osmoti-

Ž .cally inactive cell volume V s 0.25V . represents theb o
volume of cellular and interstitial components as might be
measured by the image analysis technique described in the

Ž .Materials and Methods section. ` represent the average
volumetric data at temperatures Gy88C, which were not
used in predicting the osmotically inactive cell volume Vb

Žbecause of the effect of interstitial spaces see Materials and
.Methods and Results . The inverse of the osmolality is plot-

ted along the x-axis and the normalized nondimensional vol-
ume is plotted along the y-axis. The error bars represent the
standard deviation of the data from three separate experi-
ments under identical freezing conditions.

Ž .reported by Jain 1987 . The distance between the microvas-
Žcular channels or the shortest distance between the centers
.of two AT-1 cells was measured to be 17.9"2.4 mm, and the

Ž .initial radius of the extracellular space r was then deter-®o
2 2 Žmined to be 6.5"1.6 mm, by setting p r rD X s0.42 see®o

. Ž .Figures 1 and 2 . The axial length of the Krogh cylinder L
was then found to be 18.1"2.9 mm.

Equilibrium cooling response: estimation of Vb

Ž .A Boyle-van’t Hoff BVH plot was constructed using freeze
substituted tissue micrographs of partially dehydrated AT-1
tumor tissue whose cells were equilibrated at different sub-
zero temperatures in the presence of vascularrextracellular

Ž .ice. The BVH plot Figure 4 was constructed to estimate the
Ž .osmotically inactive volume V . Each circle filled and openb

represents the average cell volume data from image analysis
as previously described. Volumes are normalized to the aver-

Ž .age cellular volume measured in unfrozen control tissue mi-
Ž .crographs histological sections . The error bars represent the

standard deviation of the data from three separate experi-
ments under identical freezing conditions. While cellular ma-
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terial can be distinguished from interstitium in micrographs
of unfrozen tissue, the cellular and interstitial material can-
not be distinguished from one another in micrographs of par-
tially-dehydrated tissue. As a result, for temperatures at which

Žinterstitial volume is still significant y48, y68, y88C in Fig-
.ure 4; open circles , the cellular volume is overestimated in
Žthe image analysis yielding normalized volumes )1 for slam

.frozen images . For temperatures at which interstitial volume
Ž .is negligible y108 and y208C in Figure 4; filled circles , the

Žcellular volume is more accurately determined as described
.previously in the Materials and Methods section . For this

reason, only the y108 and y208C data points are used to
estimate the osmotically inactive cell volume V . In Figure 4,b

Ž y1.the inverse of the osmolality Osm which the tumor tissue
cells experience during freezing is plotted on the x-axis and
the normalized equilibrium cell volumes at these osmolalities
are plotted on the y-axis. The osmolality was calculated as-
suming an ideal and dilute extracellular solution; the osmo-
lality can be determined using a Taylor series expansion of

Ž .the Gibbs-Helmholtz equation as shown by Pitt 1990 and
y1 Žrepresented as Osm s1.858rDT where DT s273.15yT ,

. Ž .K . Linear regression analysis on equilibrium volume
data obtained at temperatures of 08, y108, and y208C yielded
the Boyle-van’t Hoff function of VrV s0.25q0.226rOsm.o
The linearity of the plot suggests that the unfrozen AT-1 cells

Ž .behave as ideal perfect osmometers in the presence of ex-
tracellular ice; a behavior similar to a variety of biological

Ž .systems, including isolated AT-1 cells Smith et al., 1997 and
Ž .normal rat liver tissue cells Pazhayannur and Bischof, 1997 .

By extrapolating to an infinitely concentrated solution, the
osmotically inactive cell volume V s0.25V is obtained. Thisb o

value compares quite closely with the value of osmotically
inactive cell volume obtained for single, isolated cultured
AT-1 cells using a standard cellular cryomicroscopy tech-

Ž .nique by Smith et al. 1997 and was further corroborated by
a stereological analysis of the AT-1 tumor tissue micrographs

Ž .cooled at 58Crmin to y208C shown in Figure 5D , which
Ž .resulted in an end volume of 0.28V "0.075V . Thus, foro o

the purpose of this study, it was assumed that the osmotically
inactive cell volume V s0.25V .b o

Dynamic cooling response

Effect of Cooling Rate. Figure 6 shows the cooling rate
Ž .response in Dunning AT-1 tumor tissue: A slam frozen

Ž Ž . Ž .)1,0008Cr min; or cooled at B 4008Crmin; C 1008Crmin;
Ž . Ž . Ž .D 508Crmin; E 108Crmin; F 58Crmin, to an end temper-
ature of y208C, followed by LN immersion. In Figure 6A,2
the dark-stained, optically dense areas correspond to the cel-
lular and interstitial components, while the optically trans-
parent areas correspond to the ice crystals that form within
the tumor tissue during freezing. Note the gradual increase
in the size of ice crystals as the cooling rate decreases. The

Žsmaller membrane bounded ice crystals F15 mm in diame-
.ter or less than the size of a single isolated AT-1 cell are

Ž .indicative of the formation of intracellular ice or IIF and
the larger and continuous ice crystals correspond to the wa-

Ž .ter frozen in the extracellular space due to water transport .
The micrographs shown in Figure 6 indicate that IIF occurs
in AT-1 tumor tissue cells cooled at the high cooling rate of
4008Crmin, while IIF and water transport occur simultane-
ously at the intermediate cooling rate of 1008Crmin and that

Figure 5. Light micrographs of AT-1 tumor tissue frozen using the two-step freezing process described by
( )Pazhayannur and Bischof 1997 .

Ž . Ž . Ž . Ž .The first step involved cooling the tissue at 58Crmin on the directional solidification stage to: A 08C; B y48C; C y108C; D y208C
Ž . Ž .followed by a second slam freezing )1,0008Crmin step. Dark stained, optically dense areas represented by stars , correspond to tumor

Ž .tissue components including the interstitial spaces, while the optically transparent areas represented by arrows , correspond to the extracel-
Ž .lular ice crystals that form within the tumor. Scale bar s 50 mm.
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Figure 6. Light micrographs of AT-1 tumor tissue frozen using the two-step freezing process described by
( )Pazhayannur and Bischof 1997 .

Ž . Ž . Ž . Ž .The micrographs shown were obtained, by cooling the tissue at a cooling rate of A slam freezing )1,0008Crmin ; B 4008Crmin; C
Ž . Ž . Ž .1008Crmin; D 508Crmin; E 108Crmin; F 58Crmin on the directional solidification stage to y208C. Dark stained, optically dense areas

correspond to tumor tissue components including the interstitial spaces, while the optically transparent areas correspond to the extracellu-
Ž .lar ice crystals that form within the tumor. Scale bar s 50mm.

water transport is the dominant biophysical response at the
lower cooling rates F508Crmin.

Tumor Tissue Cooled at 58Crmin. Figure 5 shows the
two-step freezing response in Dunning AT-1 tumor tissue
cooled at 58Crmin. The first step involved directional solidifi-

Ž . Ž .cation of the tissue at 58Crmin to B y48C, C y108C and
Ž . Ž .D y208C followed by a slam freezing )1,0008Crmin step.
A tumor sample slam frozen from 28C is shown in Figure 5A,
where the cellular and interstitial components are repre-
sented by stars, while the extracellular ice crystals that form
within the tumor tissue during freezing are represented by

Ž .arrows. At y48C Figure 5B , alterations in the structure of
the tumor tissue are observed. The extracellular region ap-
pears enlarged with continuous ice crystals, presumably due
to cellular dehydration. A further reduction in temperature
to y68C and y88C led to greater dehydration of the tumor
cells and corresponding expansion of the microvascular chan-
nels. The dehydrated AT-1 cells appear to be ‘‘squeezed’’ be-
tween the expanding ice crystals in the extracellular space.

Ž .Freezing at 58Crmin down to y108C Figure 5C and further
Ž .to y208C Figure 5D led to what appears to be total dehy-

dration of the AT-1 cells and formation of large extracellular
ice crystals. By performing stereological measurements on
micrographs such as in Figure 5, experimental data on volu-
metric shrinkage during cooling at 58Crmin were obtained
Ž .as described earlier in the Materials and Methods section .

DSC and Low-Temperature Microscopy Water Transport Data
at 58Crmin. The water transport data and simulation for tu-
mor tissue cells cooled at 58Crmin are shown in Figure 7.

Ž .The open triangles ^ represent DSC data and filled trian-
Ž .gles ' represent the low-temperature microscopy data. The

dynamic portion of the cooling curve is between y0.538C to
;y108C. The normalized low-temperature microscopy wa-

ter transport data at y48C is about 30% greater than the
normalized cellular volume predicted by the DSC. We be-
lieve this discrepancy between the water transport data ob-
tained using the two techniques is due to the presence of

Ž .large interstitial spaces introducing an error or an artifact
in the cellular volumes estimated using the freeze substituted

wtissue micrographs. This result is in contrast to the normal rat
li®er tissue for which both the DSC and the low-temperature mi-
croscopy techniques generate statistically similar water transport

( )data De®ireddy and Bischof, 1998 . Note that rat li®er tissue
consists of -7.5% interstitial spaces; therefore, the low-tempera-
ture microscopy data are presumed unaffected by the artifact of

xinterstitial spaces. This difference between the DSC and mi-
croscopy water transport data is reduced at lower tempera-

Žtures, where the interstitial spaces collapse substantially as
.discussed previously in the Materials and Methods section

during the freezing process. The best fit membrane perme-
ability parameters of water transport to the 58Crmin DSC
and low-temperature microscopy volumetric shrinkage data

y13 3 Ž .were: L s1.0=10 m rN ? s 0.6 mmrmin ?atm and E pLpg
Ž . y13s 282.9 kJrmol 67.6 kcalrmol , and L s 0.14=10pg

3 Ž . Žm rN ? s 0.08 mmrmin-atm and E s77.30 kJrmol 18.5L p
. Ž .kcalrmol , respectively see Table 1 . The parameters gener-

ated from the DSC data are taken to be the more physically
realistic of the two cases due to the effect of the interstitial
error in the low-temperature microscopy data. The volumet-
ric response generated by these parameters in Eq. 6 are shown

Ž .in Figure 7 as solid lines . The model predicted equilib-
Ž .rium cooling response cells cooled infinitely slowly is also

Ž .shown for reference as a dashed line .
(DSC Water Transport Data at Higher Cooling Rates 108 and

)208Crmin . The water transport data and simulation for tu-
mor tissue cells cooled at 108 and 208Crmin are shown in
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Figure 7. Volumetric response of AT-1 tumor tissue as
a function of subzero temperatures using the
low-temperature microscopy method and the
DSC technique at 58C/////min.
Ž . Ž .^ and ' represent the 58Crmin DSC and low-tempera-
ture microscopy water transport data, respectively. The er-
ror due to interstitial spaces in the low-temperature mi-
croscopy water transport data causes it to be consistently
higher than the DSC water transport data. The Krogh model
simulated response using the predicted membrane perme-

Žability parameters from the DSC and low-temperature mi-
.croscopy 58Crmin water transport data in Eqs. 6 and 7 are

Ž .also shown . The Krogh model simulated equilibrium
cooling response obtained assuming V s 0.25V and dVrdTb o

Ž .s 0 in Eq. 6, is shown as . The nondimensional vol-
ume is plotted along the y-axis and the subzero tempera-
tures are shown along the x-axis. The error bars represent

Žthe standard deviations in the data ns 3 for low-tempera-
.ture microscopy data and ns 6 for DSC data .

Ž . Ž .Figure 8. The open circles ` and open squares I repre-
sent the 108 and 208Crmin DSC water transport data. The
dynamic portion of the cooling curve is between y0.538C to
;y128C and between y0.538C and y158C for the cooling
rates of 108 and 208Crmin, respectively. The best fit parame-
ters of Eq. 6 to the DSC 108 and 208Crmin water transport
data, using the Krogh model are shown in Table 1. These

y13 3 Žparameters were: L s1.08=10 m rN ? s 0.65 mmrmin ?pg
. Ž .atm and E s213.0 kJrmol 50.9 kcalrmol at 108Crmin,L p

while the 208Crmin DSC water transport data yielded the
y13 3 Ž .values: L s0.67=10 m rN ? s 0.4 mmrmin ?atm andpg

Ž .E s95.8 kJrmol 22.9 kcalrmol . The cell volume predic-L p
tions generated by these two parameter pairs are shown in

Ž .Figure 8 as solid lines and the model predicted equi-
Ž .librium cooling response is also shown .

Ž .There is a significant decrease ;50% in the predicted
value of membrane reference permeability L and the acti-pg
vation energy E between the 108 and 208Crmin DSC waterL p
transport data. It might be that the AT-1 tissue cells cooled
at 208Crmin undergo incomplete dehydration and the final

Ž .end volume is significantly higher )0.5 V than the osmoti-o
cally inactive cell volume of 0.25 V . This would lead to ano

Figure 8. Volumetric response of AT-1 tumor tissue as
a function of subzero temperatures obtained
using the DSC technique at cooling rates of
108 and 208C/////min.
Ž . Ž .` and I represent the 108 and 208Crmin DSC water
transport data, respectively. The Krogh model simulated re-
sponse using the predicted membrane permeability parame-

Ž .ters from the DSC 108 and 208Crmin water transport data
Ž .in Eqs. 1 and 2 are also shown . The Krogh model

simulated equilibrium cooling response obtained assuming
Ž .V s 0.25V and dVrdT s 0 in Eq. 6, is shown as . Theb o

nondimensional volume is plotted along the y-axis and the
subzero temperatures are shown along the x-axis. The error

Ž .bars represent the standard deviations in the data ns 6 .

incorrect estimation of the water transport data on the basis
of Eq. 9, which results in an incorrect estimation of the mem-
brane permeability parameters. To test this possibility, light
micrographs of AT-1 tumor tissue, cooled at even higher rates
where more incomplete water transport would be noticed,

Žwere examined. Tissue cooled at 508Crmin to y908C taken

Table 1. Membrane Permeability Parameters for
Dunning AT-1 Rat Prostate Tumor Tissue Assuming a

Krogh ModelU

L Ep g L p
13 3 2Experimental Cooling 10 =m rN ? s kJrmol R

Ž . Ž .Technique Rate mmrmin ?atm kcalrmol Value
Ž . Ž .Low-Temperature 58Crmin 0.14 0.08 77.30 18.5 0.99

Microscopy Method

Ž . Ž .DSC Technique 58Crmin 1.00 0.60 282.9 67.6 0.99
Ž . Ž .108Crmin 1.08 0.65 213.0 50.9 0.98
Ž . Ž .208Crmin 0.67 0.40 95.8 22.9 0.99

Ž . Ž .Combined 0.60 0.36 100.4 24.0 0.99
UUBest Fit

UA tabulated comparison of the membrane permeability parameters
obtained using the DSC water transport data at 58, 108 and 208Crmin
and using the low-temperature microscopy water transport data at a

Žcooling rate of 58Crmin assuming a Krogh cylinder geometry see Fig-
.ure 1 .

UUThe combined best fit parameters minimized the R2 value at all the
three cooling rates.
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.from a previous study by Bischof et al., 1997 and at 508Crmin
Ž .to y208C obtained in this study were analyzed for possible

evidence of shift to incomplete water transport or a shift to
IIF from water transport. Figure 6D shows a light micro-
graph of AT-1 tumor tissue cooled at 508Crmin to y208C
with a stereologically measured cellular end volume of 0.43Vo
Ž . Ž ."0.05V , which further decreases to 0.3V "0.05V at ano o o

Ž .end temperature of y908C Bischof et al., 1997 . These data
suggest that water transport is still the dominant biophysical
response even at 508Crmin. Therefore, a cooling rate of
208Crmin should predominantly cause water transport or cel-
lular dehydration in AT-1 tumor tissue slices, and the change
in the membrane permeability parameters is likely not due to
a shift in the biophysical response to IIF but may be intrinsic
to the water transport data itself where more information is
contained in data from cooling rates further away from equi-

Ž .librium cooling see discussion .

Numerical simulations
Numerical simulations were performed at various cooling

Ž .rates 58]1008Crmin using a Krogh cylinder model and the
combined best fit parameters in Eq. 6. The combined best fit
membrane permeability parameters maximized the goodness
of the fit parameter R2 for the DSC 58, 108, and 208Crmin
water transport data concurrently and were found using the

nonlinear curve fitting technique described earlier. Thus, a
new set of membrane permeability parameters was obtained
that produce a combined best fit to the experimentally deter-
mined water transport data at three different cooling rates
Ž . y13 358, 108, and 208Crmin , that is, L s0.6=10 m rN ? spg
Ž . Ž .0.36 mmrmin ?atm and E s100.4 kJrmol 24.0 kcalrmol .L p
Simulations of the volumetric behavior of AT-1 tumor tissue
cells using these combined best fit parameters are shown for
a variety of cooling rates in Figure 9. Two different variables

Ž .are graphed against temperature: 1 the nondimensional cel-
Ž .lular volume VrV , which decreases due to dehydrationo

Ž . Ž .during freezing; 2 the nondimensional radius mm of the
Ž .extracellular space r rr , which expands during freezing.® ®o

The Krogh model simulations show that AT-1 tumor tissue
cells cooled at rates F508Crmin are essentially dehydrated
Ž .once cooling has proceeded to temperatures -y208C ,
however, at rates )508Crmin, the amount of water trapped
within the tissue cells increases rapidly with increasing cool-
ing rates. The results were analyzed to predict the end cell

Žvolume at various cooling rates that is, the amount of water
.left in the tumor tissue cell and the radius of the extracellu-

lar space after dehydration ceases.
ŽFrom the simulations, the amount of trapped water or in-

.tracellular ice volume, IIV was computed as a ratio of the
volume of the water trapped inside the tissue cell at the tem-

Ž .perature where water transport ceases T -y308C to the
wŽ . Ž .xinitial tissue water volume, V yV r V yV , as describede b o b

Figure 9. Krogh model: Volumetric response of AT-1 tumor tissue at various cooling rates as a function of subzero
( )temperatures using the combined best fit membrane permeability parameters see Table 1 .

ŽLower Graph: Changes in the normalized volume of the Krogh model as a function of temperature for different cooling rates 58, 108, 208,
. Ž .508, and 1008Crmin . Krogh cell volume . The measured end volumes from light micrographs cooled at 508Crmin to y208C and
Ž . Ž .y908C are shown as v and the error bars represent the standard deviation in the data ns 3 . Upper Graph: Changes in the normalized

Ž .radius of the extracellular space r rr of the vasculature in the Krogh unit as a function of temperature for different cooling rates. The® ®o
Ž .normalized radius of the extracellular space is also given as . The subzero temperatures are shown along the x-axis.
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Ž . wearlier by Pazhayannur and Bischof 1997 . Where V is thee
( )end ®olume after water transport ceases at ;y 208C , and Vo

( ) ( )and V are the initial isotonic and final osmotically inacti®eb
xtumor cell ®olumes, respecti®ely. On further cooling, this

trapped water will change to ice with sufficient supercooling.
For cooling rates of F208, 508, and 1008Crmin, the trapped
water volume was 2.7%, 22.7%, and 62.7% of initial intracel-
lular water volume, respectively, and the corresponding end
volumes were 0.27, 0.42, and 0.72V , respectively. The experi-o
mentally determined end volumes at y208C and y908C for
the cooling rate of 508Crmin are also shown on the graph as
Ž .v and are found to be in close agreement with the numeri-
cally predicted end volumes. If intracellular ice formation oc-

Žcurs prior to the completion of water transport which our
.model does not predict , then the end volume will be even

higher. Note that, as cells dehydrate, the vascularrextracellu-
lar volume will increase along with the radius of the extracel-
lular space. For cooling rates of F208, 508, and 1008Crmin,
the numerically predicted value of the radius of the extracel-
lular space at y208C were 9.3, 8.8, and 7.7 mm, respectively,
and the corresponding values of the nondimensional radius

Ž .of the extracellular space r rr were 1.43, 1.35, and 1.18,® ®o
respectively.

Spherical cell model: effect of ©arying membrane surface
( )area Ac

To study the effect of varying the cell membrane surface
Ž .A on the predicted membrane permeability parametersc
Ž .L and E , it was assumed that the AT-1 tumor tissuepg L p

Žcells behave as isolated AT-1 spherical cells with a diameter
.of 18.7 mm, Smith et al., 1997 embedded in an extracellular

matrix. A spherical cell model represents an extreme of a
Krogh model where cell-cell contact is neglected and the cell
membrane surface area through which water transport occurs
is the maximum possible value: A is ;1,099 mm2 assumingc
a spherical cell model as opposed to ;739.5 mm2 in the

Ž .Krogh model shown in Figure 1 . The best fit membrane
permeability parameters of water transport to the 58Crmin
DSC and low-temperature microscopy volumetric shrinkage
data using the spherical cell model were: L s0.58=10y13

p g
3 Ž . Žm rN ? s 0.35 mmrmin ?atm and E s207.2 kJrmol 49.5L p

. y13 3 Žkcalrmol , and L s0.067=10 m rN ? s 0.04 mmrmin ?pg
. Ž . Žatm and E s18.8 kJrmol 4.5 kcalrmol , respectively seeL p

.Table 2 . The combined best fit membrane permeability pa-
rameters for the DSC 5, 10 and 208Crmin water transport
data using the spherical cell model were predicted to be: Lpg

y13 3 Ž .s0.5=10 m rN ? s 0.3 mmrmin ?atm and E s96.3L p
Ž .kJrmol 23.0 kcalrmol .

Discussion
Comparison of the two techniques

The DSC technique has several advantages and disadvan-
tages when compared with the low-temperature microscopy

Ž .method of Pazhayannur and Bischof 1997 . Perhaps, the chief
advantage of the DSC technique is its ability to generate con-
tinuous dynamic water transport response data while the mi-

Žcroscopy methods either histology or freeze substitution
.techniques are ideally suited to measure the initial Krogh

cylinder dimensions and the final osmotically inactive vol-
umes of tumor tissue cells, exposed to a specified cooling rate

Table 2. Membrane Permeability Parameters for
Dunning AT-1 Rat Prostate Tumor Tissue Assuming a

Spherical Cell GeometryU

L Ep g L p
13 3 2Experimental Cooling 10 =m rN ? s kJrmol R

Ž . Ž .Technique Rate mmrmin ?atm kcalrmol Value
Ž . Ž .Low-Temperature 58Crmin 0.067 0.04 18.8 4.50 0.99

Microscopy Method

Ž . Ž .DSC Technique 58Crmin 0.58 0.35 207.2 49.5 0.99
Ž . Ž .108Crmin 0.70 0.40 177.0 42.3 0.99
Ž . Ž .208Crmin 0.50 0.30 95.4 22.8 0.99

Ž . Ž .Combined 0.50 0.30 96.3 23.0 0.99
UUBest Fit

UA tabulated comparison of the membrane permeability parameters
obtained using the DSC water transport data at 58, 108 and 208Crmin
and using the low-temperature microscopy water transport data at a

Žcooling rate of 58Crmin assuming a spherical cell geometry with a
.diameter of 18.7 mm .

UUThe combined best fit parameters minimized the R2 value at all the
three cooling rates.

or freezing protocol. Other advantages of the DSC technique
are that it is faster and less labor intensive. Since the DSC
water transport data is a volume-averaged response over a

Žlarge sample of tissue that is, a macroscopic response as op-
posed to a microscopic cell level response obtained with the

.low-temperature microscopy technique , the effect of intra-
tumor deviations in transport behavior is minimized. Conse-
quently, the DSC water transport data has smaller standard
deviations.

This study has also shown that the low-temperature micro-
scopy method is not well suited to measure water transport in
tumor tissue systems. Tumor tissue systems are characterized

Ž .by the presence of large interstitial spaces Jain, 1987 , which
we believe introduces an error in the estimation of cellular
volumes using the low-temperature microscopy method. The
DSC technique is ideally suited to measure water transport
in tumor tissue systems, as it is unaffected by the presence of
interstitial spaces. Perhaps, the two biggest disadvantages of

Ž .the DSC technique are: a that it cannot distinguish between
Ž .the heat released due to dehydration water transport and

Ž . Ž .intracellular ice formation IIF ; b that it requires the initial
Ž .V and Krogh model dimensions and the final osmoticallyo

Ž .inactive cell volume V . Therefore, the low-temperature mi-b
croscopy method is essential to determine a qualitative dif-
ference between water transport and IIF during freezing of
tumor tissue cells at various controlled cooling rates and in
obtaining the initial and final cell volumes. Another disad-
vantage of the DSC is that it cannot be used for cooling rates
G408Crmin, since at these high cooling rates, the DSC heat

Žrelease measurement becomes unreliable Devireddy and
.Bischof, 1998 . Thus, this study defines how the DSC tech-

Žnique and the microscopy methods histology and the two-step
.freezing method described by Pazhayannur and Bischof, 1997

can be used together to measure water transport response of
tumor tissue cells during freezing. It is suggested that the
histology and low-temperature microscopy method be used to

Ž .measure the static initial and final cell volumes for a given
cooling rate and the DSC method is used to measure how the
cell volume changes dynamically from its initial to final vol-
ume during freezing.
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Parameter sensiti©ity analysis

( )Effect of Varying Cell Membrane Surface Area A . Thec
membrane permeability parameters obtained using the

Ž .spherical cell model shown in Table 2 are uniformly lower
Žthan those obtained using the Krogh model shown in Table

.1 . A closer inspection of the predicted best fit membrane
permeability parameters obtained using the Krogh and spher-
ical cell model shows that the decrease in L is more signifi-pg
cant than the decrease in E . For example, at 58Crmin LL p pg
decreases by ;41% between the Krogh and spherical cell
model while E decreases by only 26%. This decrease in theL p
predicted membrane permeability parameters between the
Krogh and the spherical cell model is not surprising, since
Eq. 6 shows that the change in the tissue cell volume as a

Ž .function of temperature dVrdT is proportional to the prod-
uct of L and A . Thus, for a given change in the tissue cellp c

Ž .volume as a function of temperature dVrdT , an increase in
A will cause a corresponding decrease in the predicted valuec

Ž .of L , where L s f L , E as shown in Eq. 7. Thus, anyp p pg L p
Žchanges to the geometrical model of the tissue cell specifi-

.cally membrane surface area A should manifest themselvesc
with corresponding changes to the model predicted mem-

Ž .brane permeability parameters L and E .pg L p
Numerical simulations were performed assuming a spheri-

cal cell model and using the combined best fit parameters
Ž . Žshown in Table 2 in the water transport model Eqs. 6 and
.7 . The predicted end volumes for a cooling rate of 508Crmin

to y208C using the spherical cell model was 0.42V ando
agrees quite closely with the experimentally determined end

Ž . Žvolume of 0.43V "0.05V see Results, Figure 6D and Fig-o o
.ure 9 . This suggests that it might be appropriate to model

the AT-1 tumor tissue cells as individual spherical cells em-
bedded in an extracellular matrix, since the presence of large
interstitial spaces reduces the cell-cell contact in AT-1 tumor

Žtissue slices. So, both the Krogh model which has been ade-
.quately shown in the Results and the spherical cell model

can be used to model the mass transfer during freezing of the
AT-1 tumor tissue cells. However, the Krogh model captures
the physical morphology of the tissue system more accurately
than the spherical cell model, by assigning finite dimensions
to the extracellularrvascular spaces. Thus, it is suggested that

Ž .the modified Krogh model shown in Figure 1 , which ac-
counts for the presence of large interstitial spaces and which
also assumes a finite vascularrextracellular space, be used to
model the AT-1 tumor tissue cells.

( )Effect of Varying the Osmotically Inacti®e Cell Volume V .b
To study the effect of varying the osmotically inactive cell
volume on the predicted membrane permeability parameters
Ž .L and E , the value of V was varied from 0.125V topg L p b o

Ž0.375V that is, 50% variation in the measured value ofo
.0.25V , see Figure 4 . The DSC data was correspondinglyo

Ž .modified using Eq. 9 and the modified DSC water transport
Ždata was curve fitted to the water transport model Eqs. 6

.and 7 using the nonlinear least-squares curve fitting tech-
nique as previously described. The predicted values of the

Ž .membrane permeability parameters L and E usingpg L p
0.125V and 0.375V as the osmotically inactive cell volumeo o
were found to be within 20% of the values obtained using an
osmotically inactive cell volume of 0.25V . Pazhayannur ando

Ž . Ž .Bischof 1997 and Devireddy et al. 1998 also note a similar

Figure 10. Contour plots of the goodness of fit parame-
2 ( )ter R =0.95 for water transport response

in Dunning AT-1 tumor tissue.
The predicted combined best fit parameters for all the

y13 3 Žthree cooling rates L s 0.6 = 10 m rN ? s 0.36p g
. Ž .mmrmin ? atm and E s100.4 kJrmol 24.0 kcalrmol areL p
Ž .also shown ) . The shaded region corresponds to the

range of parameters that fit the water transport data at all
the three cooling rates. The membrane permeability at 08C,

Ž 3 .L m rN ? s is plotted on the y-axis while the apparentpg
Ž .activation energy of the membrane, E kJrmol is plottedL p

on the x-axis.

lack of sensitivity of the membrane permeability parameters
to the value of the osmotically inactive cell volume in rat liver
tissue and human lymphocyte cells, respectively. Thus, errors

Ž .in the estimated value of V using the BVH plot Figure 4b
can alter the model predicted membrane permeability pa-

Ž .rameters shown in Tables 1 and 2 , but the trends remain
the same.

Effect of Varying the Cooling Rate. The combined best fit
membrane permeability parameters of water transport for
AT-1 prostate tumor tissue compare well with the parame-

Žters obtained at the higher cooling rate of 208Crmin see
.Table 1 . Figure 10 shows a contour plot of the goodness of

fit parameter R2 in the L and E space that fits the DSCpg L p
water transport data at the three cooling rates. Any combina-
tion of L and E shown to be within the contour will fitpg L p
the water transport data at that cooling rate with an R2 value
)0.95. Note that the R2 s0.95 contour for the 208Crmin
lies within the corresponding contours for the 58 and
108Crmin. The predicted best fit parameters are denoted by

Ž .a star ) and fall within all the three contours. This suggests
that the membrane permeability parameters obtained using
the 208Crmin water transport data could predict the volu-
metric response of the tumor tissue at 58 and 108Crmin quite
accurately, while the converse is not true. This might be due
to the fact that the 208Crmin water transport data is farther

Žaway from equilibrium that is, it contains more dynamic in-
.formation than the 58 and 108Crmin water transport data.
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This implies that to obtain the membrane permeability pa-
rameters of water transport that best predict the behavior of
a biological system, water transport data needs to be obtain-
ed at the highest possible cooling rate at which dehydration

Ž .occurs exclusively. Smith et al. 1998 also report a similar
Žbehavior that is, higher cooling rate parameters are better

able to predict the lower cooling rate water transport re-
. Žsponse than vice versa in isolated rat male, Sprague-Daw-

.ley hepatocytes.

Comparison of cell and tissue le©el parameters
The parameters predicted for the AT-1 tumor tissue in this

study are compared to those reported in previous single cell
studies. The Dunning AT-1 tumor tissue parameters mea-
sured in this study are not in agreement with reported values
for single, isolated cultured AT-1 cells obtained using a stan-

Ž .dard cellular cryomicroscopy technique by Smith et al. 1997 :
y13 3 Ž .L s4.46=10 m rN ? s 2.71 mmrmin ?atm , and E spg L p

Ž .232 kJrmol 55.4 kcalrmol . This is in contrast with the rat
liver tissue system where the membrane permeability param-
eters for isolated, cultured, and digested hepatocyte cells
Ž . ŽYarmush et al., 1992 and for rat liver tissue cells Pazhayan-

.nur and Bischof, 1997; Devireddy and Bischof, 1998 were
found to be in good agreement. The AT-1 cell level study

Ž .reported by Smith et al. 1997 was performed on AT-1 cells
Ž .cultured in ®itro as described by Bischof et al. 1997 . To ob-

tain the isolated AT-1 cell suspensions, trypsin was used to
detach the AT-1 cells from the T-flask. A study is currently
underway in our lab to examine the effects of trypsin on the
AT-1 cell behavior during freezing, and preliminary results
show that the amount of trypsin used can have a dramatic
impact on the cell freezing behavior. Other differences also
exist between the cell and tissue level studies that might
account for the measured differences in membrane perme-

Ž .abilities: a effect of tumor cells embedded in a extracel-
Ž .lular vascular space finite extracellular space in the tissue

Žsystem as opposed to tumor cells suspended in a solution in-
. Ž .finite extracellular space ; b alterations in the membrane

properties of the tumor tissue cells which are grown in the
hind limb of a Copenhagen rat vs. tumor cells cultured in a
T-flask.

( )Mechanism s of mass transfer through biological
membranes

ŽThe water transport permeability parameters L andpg
. Ž .E reported in this study see Tables 1 and 2 are withinL p

the range of the reported values for many mammalian cells,
which have typical values ranging from L s0.16 to 1.65=pg

y13 3 Ž .10 m rN ? s 0.01 to 1.0 mmrmin ?atm and E s21 to 84L p
Ž . ŽkJrmol 5 to 20 kcalrmol see McGrath, 1988, for a compre-

.hensive review . The activation energies presented in this
study are greater than the activation energy for self-diffusion

Ž .of water ;16.7 kJrmol or 4 kcalrmol , which suggests that
the water permeation across the cell membrane is through an
unfacilitated, passive transport of water molecules, probably
through the lipid phase of the membrane. By applying a

Ž .mechanistic reaction rate theory, Levin et al. 1976 showed
that the two limiting cases for water permeation through a
homogeneous membrane during freezing are either the diffu-

Ž .sion of water within the membrane diffusion rate-limited or

the passage of water across the solution-membrane interfaces
Ž . Ž .absorption rate-limited . Levin et al. 1976 also presented
an intermediate rate limiting process which they call surface
rate-limited; this process does not possess a unique value for
activation energy and varies over the temperature range of
interest. Distinguishing between the two limiting mechanisms

Žof water permeation either diffusion rate-limited or absorp-
.tion rate-limited is possible only after determining the mem-

brane thickness and the dependence of membrane perme-
Žability on the partition coefficient K , defined as the ratiom

of rate constants for passage of water through the solution
.and the membrane . Unfortunately, these values are not

readily available for most cellular and tissue membranes.
Thus, the water permeability parameters obtained in this
study do not allow us to relate to a specific mechanism of
water transport across the cell membrane.

Implications for cryosurgery
The cooling rates used in the numerical simulations shown

in Figure 9 correspond to those typical of various positions
within the cryo-iceball. The temperature profiles experienced

Žin a cryo-iceball and the extent of an iceball as a function of
.time are reported in the literature by many investigators. A

partial list of work in this area includes the classical and ap-
Ž .proximate solutions by Cooper and Trezek 1972 and the

Žsolutions obtained using finite-element Comini and Del
.Guidice, 1976; Budman et al., 1986 and finite-difference

Ž .methods Bischof et al., 1997; Rabin and Shitzer, 1998 . In
general, during cryosurgery two main areas of freezing occur:
Ž .a an area near the probe tip where the freezing rates are

Ž .rapid 508 to 1008Crmin and the end temperatures are very
Ž .low, -y1008C; b the majority of cryo-iceball which experi-

ences cooling rates -508Crmin and relatively high end tem-
peratures of )y408C.

The membrane permeability parameters of water transport
obtained in the present study show that the majority of the
AT-1 tumor cells in the cryolesion undergo various degrees
of cellular dehydration, apart from the tumor cells very near

Ž .the probe tip cooling rates )1008Crmin which probably ex-
Ž . Ž .perience intracellular ice formation IIF . Roberts et al. 1997

showed that AT-1 tumor tissue samples treated in ®itro with
controlled thermal histories, 508Crmin to y908C and

Ž358Crmin to y758C followed immediately by rapid thawing
.and after 7 days incubation in culture media at 378C exhibit

total destruction. At these cooling rates, the simulations in
Figure 9 show that these AT-1 tumor cells experience incom-
plete dehydration; therefore, the lethal freezing injury is
probably due to some effect other than IIF, perhaps a mech-
anism related to the low end temperatures -y608C experi-

Ž .enced by these cells Marcove, 1972 . A strong dependence
of cell viability on end temperature has also been observed in

Ž .Walker carcinoma cells Jacob et al., 1985 and in human
Ž .prostate cancer cells Tatsutani et al., 1996 .

Ž .Roberts et al. 1997 also showed that AT-1 tissue samples
treated in ®itro with controlled thermal histories indicative of
those experienced by the majority of the cells, that is,

Ž108Crmin to y408C and 58Crmin to y208C followed imme-
diately by rapid thawing and after 7 days incubation in cul-

.ture media at 378C exhibit marginal to significant survival,
Ž .respectively. At these cooling rates 1]108Crmin , the simula-
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tions in Figure 9 show that the tumor cells experience ex-
treme dehydration and a consequent expansion of the vascu-

Ž .lar channels 2 to 3 times , leading to vascular distension.
Vascular distension could damage the vascular walls suffi-
ciently to cause stasis, leading to ischemic necrosis in the cry-

Ž .otreated area Rabb, 1974 . The adverse effect of vascular
Ž .distension and injury to vascular channels on tumor tissue

viability could then account for the size of the cryolesion be-
ing much closer to the size of the original iceball, as sug-

Ž .gested in some in ®i®o studies Neel et al., 1971 . Further
work on defining the precise impact of both the cellular and
vascular injury mechanisms during cryosurgery is clearly war-
ranted.

Conclusion
This study presents water transport data during freezing of

Dunning AT-1 rat prostate tumor tissue cells using two dif-
ferent techniques at various cooling rates. Histology of con-
trol tumor tissue and a low-temperature microscopy method

Ž . Ž .were used to generate the initial V and final V end vol-o b
umes of the tumor cells, respectively. The tumor tissue was
modeled geometrically using a Krogh cylinder model. The

Žinitial dimensions of the Krogh cylinder model r s6.5 mm,®o
.D X s17.9 mm and Ls18.1 mm were obtained by stereolog-

ical analysis of control histology of tumor tissue. By con-
structing a Boyle-van’t Hoff plot, an osmotically inactive cell
volume V of 0.25V was obtained. A comparison of theb o
58Crmin DSC and low-temperature microscopy water trans-
port data showed that the microscopy data had a significant
error due to the artifact of interstitial spaces on the image
analysis technique used. On the other hand, the DSC tech-
nique can only be used when the initial and final volumes of
the tissue are known and histology and low-temperature mi-
croscopy methods are ideally suited to measure these quanti-
ties. A Krogh model of water transport was fit to the DSC 58,
108 and 208Crmin water transport data and the combined best
fit membrane permeability parameters of water transport
were obtained using a nonlinear curve fit to obtain: reference
membrane permeability of the AT-1 tumor tissue cells L spg

y13 3 Ž .0.6=10 m rN ? s 0.36 mmrmin ?atm and the apparent
activation energy of the membrane permeability E s100.4L p

Ž .kJrmol 24.0 kcalrmol . Numerical simulations were per-
formed using the Krogh model and the combined best fit pa-
rameters. The simulations were analyzed to predict the
amount of intracellular water trapped after water transport

Ž .ceases and the radius of the extracellular space r at vari-®o
Ž .ous cooling rates 58]1008Crmin . The simulations and exper-

imental data were found to be in good agreement and sug-
gest that AT-1 tumor tissue cells experience predominantly
cellular dehydration when cooled -508Crmin, which corre-
sponds to rates experienced in a majority of cryosurgical ice-
balls.
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Notation
C s initial cell osmolality, 0.285 molrkg H Oi 2
qsenergy of heat release, a function of temperature,

mJrmg
rsdensity, kgrm3

rsradius of isolated AT-1 cells, 9.35 mm
Ž 13 3Rsuniversal gas constant, 8.314 Jrmol K 8.02=10 mm

.?atmrmol K
® smolar volume of water, 18=1012 mm3rmolw

Dq smeasured difference in DSC heat release in the dy-d sc
namic cooling protocol, function of temperature, Jrg
total sample

Subscripts
Ž .ecqcws vascularrextracellular space occupied by media PBS

Žwith P. syringaeqtissue cellular water intracellular
.fluid , mg

Ž .ecqcwqcds vascularrextracellular space media qtissue cell water
Ž .and cell debris osmotically inactive tissue cells with

P. syringae, mg
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Appendix: Resistance of Interstitial Spaces to
Water Transport

A simple analysis is performed to show that the resistance
of interstitial spaces to water transport is negligible in com-
parison to the resistance of the tumor tissue cell membrane.

Ž .Assuming a that the interstitial spaces could be accounted
for in the Krogh model as a concentric cylinder with a radius

Ž .r around the microvascular channel of radius r , and bint vas
that the interstitial spaces and vascular spaces represent 35%

Ž 2and 7% of the total volume, L ?D X , where Ls18.1 mm
.and D X s17.9 mm , we can calculate the radius of vascular

cylinder as 0.07 ?D X 2 sp ? r 2 and the radius of the intersti-vas
2 Ž 2 2 .tial cylinder as 0.35 ?D X sp ? r y r . Substituting andint vas

solving: r and r are 6.5 and 2.7 mm, respectively, and theint vas
3 Ž 2 .interstitial volume is 2029.8 mm or 0.35 ?D X ? L . One can

now represent the resistance offered by interstitial spaces to
Žwater transport R , using Darcy’s law in an analogous man-int

ner to resistance offered to one-dimensional conductive heat
.transfer in cylindrical coordinates using Fourier’s law

rint
2 ?p ? r ? L ? lnŽ .int ž /rvas

R s A1Ž .int k ? ®w w
2 ?p ? L ? ž /hw

where k is the interstitial hydraulic conductivity to waterw
Ž . Ž y5 3 .molrm ; ® is the molar volume of water 1.8=10 m rmol ;w

Ž y3 2 .and h is the viscosity of water 1.792=10 N ? srm . Al-w
though the in ®i®o measurement of the interstitial conductiv-
ity k is extremely difficult, a few investigators have at-w

Ž .tempted to quantify this value, as noted by Jain 1987 , and is
y13 Žapproximately in the order of 10 molrm Swabb et al.,

.1974; Lachenbruch, 1995 . Substituting these values in Eq.
A1, the value of R is ;109 N ? srm3. In the text we mea-int
sured a membrane permeability of ;10y13 m3rN ? s or a

Ž .membrane resistance inverse of the membrane permeability ,
R of ;1013 N ? srm3. Therefore, the resistance of the in-mem
terstitial spaces to water transport is ;10y4 times the resis-
tance of membrane to water transport, and, hence, its effect
on water transport is negligible.
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