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Abstract. The distribution of oxygen, nutrients and meta-
bolic wastes in multicellular tumor spheroids and its de-
pendence on the parameters characterizing the spheroid
(i.e., spheroid geometry, diffusivity, and consumption/
production rates of biological substances) have been in-
vestigated by a theoretical analysis: 7. Parameter depen-
dence is qualitatively demonstrated and visualized. 2. Re-
duction of the number of variables by specific coordinate
transformations made it possible to generate nomograms
from which concentration distributions for any choice of
parameter values may easily be obtained. In particular,
these nomograms may also be used for estimating con-
centration profiles of metabolic waste products, e.g. of
lactate, which are expected to accumulate in the tumor
spheroids. 3. An additional set of nomograms is given
which is more convenient for determining time courses of
these concentrations during spheroid growth. 4. A quan-
titative sensitivity analysis of parameter dependencies is
performed to identify those parameters upon which a
concentration of interest depends most critically in a giv-
en experimental situation.

Key words: Multicellular tumor spheroids — Concentra-
tion distribution — Parameter dependence — Mathemati-
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lite consumption/production

Introduction

Multicellular tumor spheroids have been widely used in
experimental cancer research as model systems of tumor
microregions (for reviews see: Mueller-Klieser 1987;
Sutherland 1988; Carlsson and Nederman 1989). One
major focus of interest is the simulation of tumor therapy
in vivo. For example, studies on the radiosensitivity of
cancer cells cultured as spherical aggregates as well as
investigations on the susceptibility of spheroid cells to
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radiosensitizing or antiproliferative drugs have been per-
formed extensively by numerous investigators for the past
decade.

There is evidence from many of these studies that
microenvironmental factors, such as O, and nutrient sup-
ply as well as accumulation of metabolic wastes in tumor
microregions may greatly influence metabolism and,
hence, the resistance of cancer cells to therapy which is a
general feature of three-dimensional tumor cell growth
both in vitro and in vivo. Thus, quantitative knowledge of
the tumor micromilicu is needed to better understand the
mechanisms involved in the development of resistance to
treatment. In tumor spheroids it is not possible to charac-
terize this micromilieu only by substance concentrations
in the medium as the exchange of nutrients and metabolic
waste products takes place by diffusion and hence their
concentrations change with depth into the spheroid.
Rather, concentration distributions within the spheroid
have to be considered in evaluating the interactions be-
tween metabolically active substances and reaction to
treatment.

Only a few investigations have been published to date
concerning direct measurements of the distribution of
O,, H" ions or nutrients in multicellular tumor spheroids
(for reviews see: Acker et al. 1984; Mueller-Klieser 1987;
Sutherland 1988). Theoretical approaches have been
made to determining the distribution of substances of
interest within spheroids such as O, (Mueller-Klieser and
Sutherland 1982a, b; Bush et al. 1982; Carlsson and
Acker 1985; Freyer and Sutherland 1986) or glucose
(Mueller-Klieser and Sutherland 1982a, b; Freyer and
Sutherland 1983; Freyer and Sutherland 1985).

Diffusion theory allows one to predict the distribu-
tions of O,, nutrients and metabolic waste products in
multicellular tumor spheroids on a very general basis.
Assuming spherical symmetry and constant diffusivity
and substance consumption/production rate throughout
the viable rim of a spheroid, there are only 7 parameters
on which concentration profiles depend: The radii of the
spheroid, s; of the central necrosis, n; and of a layer of
unstirred medium (diffusion depleted zone) surrounding
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the spheroid, g; the diffusivities in the surrounding medi-
um, D,,; and within the spheroid, Dg; the substance con-
sumption/production rate, Q; and the substance concen-
tration in the free medium, Cjp. In the present study the
dependencics of concentration profiles on these parame-
ters are assessed and nomograms are given which allow
one to determine the concentration at any location within
the spheroid for any combination of these parameters
with only a few simple calculations. In particular, the
paper proceeds through the following steps:

1. The dependencies of concentration profiles (or,
more specifically, partial pressure profiles) on each one of
the above parameters are visualized for the special case of
a sample spheroid and the sample substance oxygen.

2. The above mentioned nomograms are given and
their use is illustrated.

3. In a number of situations there is particular interest
in concentration changes during spheroid growth. There-
fore, an additional set of nomograms is introduced which
allow one to assess these changes more conveniently.

4. A sensitivity analysis is performed which may be
used to identify those parameters on which concentration
profiles depend most critically.

Methods

Multicellular tumor spheroids growing in a spinner flask
typically exhibit a layer of unstirred medium surrounding
the spheroid, a spherical rim of viable tumor cells, and a
central concentric necrotic region. Substance diffusivity
and consumption/production rate are assumed to be con-
stant throughout the viable rim. The steady state diffu-
sion equation for this arrangement has been solved previ-
ously (Mueller-Klicser 1984 a; see also Eqs. (A3), Ap-
pendix).

Whenever gaseous solutes are considered, the partial
pressure P is used instead of the concentration C. Accord-
ingly, the diffusion coefficients in medium and spheroids,
D,; and Dy, have to be replaced by the respective conduc-
tivities (also referred to as “Krogh's diffusion coeffi-
cients”) K,, and Ky that are defined as diffusion coeffi-
cient times solubility of the gas.

The solution of the differential equation of diffusion
depends on a number of parameters. These parameters
along with the abbreviations used are listed below:

Dy, Dy diffusion coefficients of dissolved solid or lig-
uid substrates/wastes in the medium and in the

spheroid, respectively

K,;, Kg conductivities of dissolved gaseous substrates
in the medium and in the spheroid, respectively

0 volume-related substrate consumption/produc-
tion rate (negative in the case of production)

n, s, g radii of central necrosis, spheroid, and diffu-
sion-depleted zone, respectively

r radial position

C(r) substance concentration at radial position r

Cy substance concentration at the interface be-
tween stirred medium and diffusion-depleted
zone

¥, n,g  dimensionless radial coordinate, dimensionless
radii of central necrosis and of diffusion-de-
pleted zone, respectively

C’ dimensionless substance concentration

In step 1 (see Introduction), families of Po,-profiles are
plotted for variations in one particular parameter. The
mathematics required for steps 2.—4. are detailed in the
Appendix: In order to yield a form which is suitable for
nomogram representation, dimensionless coordinates are
introduced, and (A3) are transformed accordingly. For
step 4. the derivatives of (A3) with respect to the above
parameters are required and these may be calculated in a
straightforward fashion. They are compiled in Table 1.

Results and specific discussion

1. Dependence of concentration distributions
on parameter values

In this section, parameter dependencies of concentration
profiles C(¥) are qualitatively demonstrated and visual-
ized. To this end, the special case of oxygen as a substrate
and of a spheroid — denoted below as “sample spheroid”
— with a diameter of 500 pum, an unstirred layer thickness
of 50 pm, and a diameter of the central necrosis of 100 um
is considered. Based on data from previous studies
(Mueller-Klieser 1984b), we assume the oxygen con-
sumption rate to be 4-10 % ml O, /(cm? tissue * s), the
diffusion conductivities outside the spheroid, K,,, to be
1.02-10"°ml O, /(cm - mmHg - s) and inside the spher-
oid, K¢, to be 0.51 - 10~° ml O,/(cm - mmHg - 5). This set
of data describing our “standard spheroid” was chosen as
a representative example of values recorded in multicellu-
lar tumor spheroids of EMT6/Ro-cells in previous inves-
tigations (Mueller-Klieser et al. 1986). For gaseous so-
lutes such as oxygen, it is more convenient to replace their
concentration C by their partial pressure P which is C
divided by the solubility of the gas.

In Fig. 1a—e various scts of Po, profiles are plotted,
each one being parameterized by an individual one of the
above parameters. Po, outside the unstirred layer is set
to 0, ie., Po, drops between free medium and spheroid
are displayed. In each of Fig. 1a—e, the bold line denotes
the profile pertinent to the sample spheroid specified
above. The different zones which the “spheroid system™ is
made up of are easily distinguished in the profiles: The
horizontal portion next to the spheroid center corre-
sponds to the central necrosis (not always present), the
subsequent steep portion is composed of the Po, drops in
the viable rim and in the unstirred layer. Most of the
profiles exhibit a clear cut break near the outer edge of
this steep portion which marks the position of the inter-
face between the two regions (see arrows in Fig. 1a—e). In
the free medium outside of the unstirred layer profiles are
constant again.

Except for very large necroses, changes in necrosis
diameter hardly affect C (r) within the unstirred layer and
the viable rim (Fig. 1 a). In plotting the profiles for varying
spheroid radii (Fig. 1b), the viable rim thickness is kept
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Table 1. “Sensitivities” governing the propagation of dimensionless errors Ap;/p; in the i-th parameter of the parameter vector p into the
calculated substrate concentration for the respective zones, given as a function of the actual parameter values. In the case of gaseous solutes,
C, Cg, Dy, and Dg have to be replaced by P, B, K,,, and K, respectively

Parameter  General Medium Diffusion depleted zone Viable rim Necrosis
b, terms r>g (s<r<g) (h<r<s) (r<nm)
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constant as this is typical for “physiological” growth of
various spheroid types (see e.g.: Conger and Ziskin 1983;
Freyer and Sutherland 1986; Carlsson and Acker 1988).
Thus, the large differences in Po, drops are only due to
changes in the curvature of the oxygen consuming layer
of the same thickness. Changes in the unstirred layer
thickness do not affect intra-spheroidal portions of Po,
profiles except for shifting their offset Po, value (Fig. 1¢).
Similarly, the shapes of the profiles inside the spheroid are
not changed by variations in D,, (similar to Fig. 1¢). Vice
versa, C(r) inside the unstirred layer does not depend
upon variations in Dg (Fig. 1d). Since intra-spheroidal
profiles depend on the ratio of @/Dy, the set of intra-sphe-
roidal profiles resulting from variations in Dy (Fig. 1d) is
the same as that found for changes in the consumption
rate Q (Fig. 1¢). In the latter case, however, Po, drops
across the unstirred layer are affected also.

As shown in Appendix, Eq. (A4), the ratio of the
concentration gradients dC/dr above and below the
spheroid surface (break in the steep portions of the pro-
files) is equal to the ratio of the diffusion coefficients in
spheroid and medium Dg/D,,. For gaseous solutes, this is
the ratio of Krogh’s diffusion coefficients K;/K ,,. Conse-
quently, it is possible to calculate Dy, if D,, and the ratio

dC/dr(s™)
dC/dr(s™)

(s*, s7: upper and lower limits) have been determined
from experiments.

Variations in the substrate consumption rate Q as well
as variations in the spheroid geometry may both alter the

overall amount of substrate consumed. Consequently,
such variations may change the whole profile inside and
outside the spheroid (Fig. 1a, b, ¢). Note that the changes
of the profile inside the spheroid caused by a variation of
Q are the same as changes caused by an inversely propor-
tional variation of Dg. This may easily be seen from (A3),
since inside the viable rim the dependence of C(r) on Dy
and @ is actually a dependence on Q/Dg. Moreover, in the
unstirred layer, C(r) only depends on spheroid geometry,
Dy, and Q, not however, on Dg (Fig. 1d). Thus, from
measurements of concentration distributions inside the
diffusion depleted zone the substrate consumption rate Q
may be determined without knowledge of Dy. This is the
basis of the analytical method given by Mueller-Klieser
(1984 a).

2. Diagrams of dimensionless concentration distributions
and their use

The mathematics required to transform (A3) to a form
suitable for nomogram representation is dealt with in the
Appendix. In the nomograms of Fig. 2a—g dimensionless
coordinates are applied. For a spheroid of radius s, the
radial coordinate r corresponds to the dimensionless ra-
dial coordinate r" according to

F=- (1)

Note that =0 corresponds to the spheroid center, 7' =1
corresponds to the spheroid surface and values greater
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Fig. 1a—e. Distributions of differences APo, between stirred medi-
um Po, and local Po, inside diffusion depleted zone and spheroid
for varying values of a radius of central necrosis (increment: 25 pm);
b spheroid radius (increment 25 pm); ¢ diffusion depleted zone thick-
ness (increment 25 um); d spheroid conductivity K (increment: 0.05
units of K /K ,;); e O, consumption rate @ (increment: 0.5 - 107 ml
O,/(cm? tissue - s)). Bold lines depict Po, profiles inside a “sample
spheroid” (s=250 um; viable rim thickness: d=s—n=200 um;
thickness of diffusion-depleted zone: g—s=50 pm; @¢=4-10"*ml
O,/(cm? tissue - s); K,y=1.02-10"°ml O,/(cm - mmHg - s); Kg=
0.51-107° ml O,/(cm - mmHg - s)). Arrows indicate the positions of
interfaces between viable rims and diffusion-depleted zones

than 1 represent locations within the diffusion depleted
zone. In particular, the dimensionless radii of the un-
stirred layer and of the central necrosis are g'=g/s and
n'=n/s, respectively, where g and n are their dimensional
radii.

The thickness of the unstirred layer primarily depends
on the rate of stirring of the medium surrounding the
spheroid and has been reported to be in the range
90—110 pm in chambers for Po, measurements in
spheroids (Mueller-Klieser et al. 1986). The respective
thickness in spinner flasks that are commonly used for
spheroid growth is about 60—80 pm (Casciari 1989; see
Table 4 in Appendix).

The nomogram to apply in a given situation and the
curve to read from are chosen as follows. The choice is
based on the radii of the central necrosis and of the spher-
oid (which can be measured in a histological section) and
on the substance diffusivities in medium and spheroid
(which may be obtained from the literature, e.g., Mueller-
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Klieser 1984 a; for various gases, ratios of conductivities
across the interfaces of several liquid/tissue systems have
been compiled, e.g. by Kawashiro et al. 1975). Each of
Fig. 2a—g relates to a different dimensionless radius n’ of
the central necrosis that may be casily identified as the
abscissal value below which the concentration profiles are
constant. In each nomogram, the displayed set of curves
is parameterized by the ratio of the diffusion coefficient
inside the spheroid over the diffusion coefficient outside
the spheroid, Dg/D,,, or the ratio of the corresponding
diffusion conductivities (Krogh’s diffusion coefficients)
K¢/K,,. Dg/D,, was chosen instead of the more straight-
forward ratio D,,/Dg because the former one is more com-
monly used in the literature. Note that the profile within
the diffusion depleted zone does not depend upon this
ratio.

After the nomogram and the curve in the nomogram
appropriate for the spheroid considered have been cho-
sen, one calculates the dimensionless radial coordinates r’
and ¢’ (abscissae of the nomogram) according to r'=r/s
and ¢’ =g/s where r is the dimensional radial coordinate
at which the substance concentration is to be determined,
g is the radius of the diffusion-depleted zone, and s is the
spheroid radius.

The ordinate in Fig. 2a—g is the dimensionless con-
centration C’. Dimensionless concentrations are read
from the appropriate curve at radial positions # and g’
yielding C’'(¥) and C'(g’), respectively. These numbers
may be converted to a dimensional concentration C(r) by

0

Cr=Cy— s*(C'(g)—C'(r) 2
M

where

Cy concentration in bulk medium

0 volume-related substrate consumption/produc-
tion rate (negative in case of production)

Dy, diffusion coefficient in medium

s spheroid radius

C'(y) dimensionless concentration at the edge of the

diffusion-depleted zone g'=g/s
dimensionless concentration at the dimension-
less radius ¥ =r/s

In the case of gaseous solutes we have, by analogy, for the
partial pressure P(r)

Q ’ 4 ! !
PR)=B— -5 $(C'g)-C'(") ©
M
where additionally
B partial pressure in bulk medium
Ky Krogh’s diffusion coefficient in medium

In order to illustrate the application of the nomograms,
we are going to determine the O, partial pressure at a
depth of 100 pm into the above sample spheroid (diame-
ter 500 pm, diameter of central necrosis 100 pm, thickness
of diffusion depleted zone 50 pm, Q=4 -10"*ml O,/
(cm? tissue - s), K4/K,,=0.5) for an O, partial pressure in
the bulk medium of 140 mmHg. First, we calculate the
dimensionless coordinates n'=0.2, ¥'=0.6, and g'=1.2.
We conclude that we have to use the marked curve in
Fig. 2c. Next, we read the values of the dimensionless
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Fig. 3a, b. Dimensionless substrate concentration C’ at a spheroid
center and b half way into the spheroid as a function of dimension-
less radius of central necrosis »n'. The additional abscissae display the
corresponding spheroid radii s for viable rim thicknesses d given at
the left of each scale. In each panel, the two sets of curves describing
the contributions of the diffusion depleted zone and of the viable rim

concentrations at the edge of the diffusion-depleted zone
(abscissa =g’ =1.2) and at r'=0.6 being 0.058 and —0.210,
respectively. Finally, employing (3) (with s given in cm!)
we find the desired partial pressure P=74.3 mmHg.

Since the solution of the differential equation of diffu-
sion (A3) is valid independently of the sign of Q, it is
possible to apply the nomograms obtained to substances
which are produced instead of consumed by the tumor
cells, such as lactate. In this case Q is the volume-related
production rate and has a negative sign (“negative con-
sumption”). As a consequence, the nomograms have to be
used upside down with the ordinates given at the right
hand side. In the back transformation for the dimensional
concentration C (Eq. (2)) or for the partial pressure P
(Eq. (3)), a negative Q has to be inserted, so in effect, the
second terms of the right hand sides of (2) and (3) change
signs.

As an example, we determine the lactate concentra-
tion inside a spheroid. On the basis of previous measure-
ments in tumors (Gullino et al. 1967; Swabb et al. 1974),
a lactate production rate of 9.64 - 10~ ® mol/(cm? tissue - 5),
a lactate diffusion coefficient of 1.2 - 1073 cm? s ™! in the
medium and of 3.5 -107° cm? s~ in the spheroid, a lac-
tate free medium, i.e. Cz=0 mol/cm?® medium, and the
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towards the concentration of interest are parameterized by the di-
mensionless radius ¢’ of the diffusion depleted zone (upper set) and
by the ratio Dg/D,, of substrate diffusion coefficients in the medium
and in the spheroid (lower set), respectively. Dashed vertical lines
correspond to central Po, values at different stages of spheroid
growth (see text)

same spheroid geometry as above are assumed. Conse-
quently, we have to use the same diagram and the same
abscissae as before but this time with the curve for
Dg/Dy=3.5-10"%/12-107°=0.29. The dimensionless
concentrations read from the nomogram are 0.058 and
—0.361. Application of (2) with the appropriately modi-
fied sign yields a lactate concentration of 2.10 - 10~ mol/
(cm? tissue) = 18.6 mg/(100 ml tissue), at a depth of 100 pm
into the spheroid.

3. Concentrations at fixed dimensionless radii
in the growing spheroid

On many occasions, the changes of concentration distri-
butions with spheroid growth are of particular interest.
Since the dimensionless size of the central necrosis
(=dimensional size over spheroid diameter) changes con-
siderably during spheroid growth, we would have to em-
ploy the whole series of diagrams (Fig. 2a—g) to deter-
mine the time course of the concentration at one single
dimensionless radius r/, which is a lengthy and tedious
procedure. This may be circumvented by introducing an-
other set of nomograms in which the respective roles of #’



and »’ (the dimensionless radius of the necrosis) in the
graphs of Fig. 2a—g as abscissal and parameter values
have been changed. Two nomograms for dimensionless
concentrations as functions of the dimensionless radius of
the central necrosis n’ at radial positions ' =0 (=central
concentration) and r' =0.5 (half way into the spheroid) are
displayed in Fig. 3a, b. Each nomogram is parameterized
by Dg/D,, (lower set of curves) and, in addition, by the
dimensionless radius of the unstirred layer g’ (upper set of
curves). During spheroid growth, the viable rim is typical-
ly of fairly constant thickness. For a constant viable rim
thickness it is possible to use the spheroid radius s in place
of n’ as abscissa. Five additional abscissal scales of spher-
oid radii are given, pertinent to viable rim thicknesses d of
150 pum, 175 pm, 200 pm, 225 um, or 250 pm, respectively.
These scales relate the values of #’ to the corresponding
spheroid radii for the respective viable rim thicknesses.
The drop in dimensionless concentration between the
bulk medium and the radial position # =0 or ¥ =0.5 may
then be found to be the difference between the ordinate
values of the appropriate curves from the upper and lower
sets. Note that the dimensionless surface concentration
(r'=1) may be obtained by using only the upper set of
curves together with the horizontal line C’=0 in the way
just described. This way of representation closely approx-
imates the experimental situation, because at least some
types of growing spheroids exhibit a rather constant vi-
able rim thickness of 150250 um and an accordingly in-
creasing diameter of the central necrosis depending on the
cell line and the growth conditions used (Mueller-Klieser
and Sutherland 1982 a,b; Mueller-Klieser et al. 1986).

Again, we want to illustrate the use of the diagrams by
an example (see Table 3). Suppose, we are observing the
above sample spheroid growing at a constant viable rim
thickness of 200 pm and with a diffusion depleted zone of
constant thickness of 50 pm. Suppose, furthermore, that
we are interested in the central Po, at growth stages char-
acterized by spheroid radii of 200 um, 250 pm, 300 pm,
400 pm, and 550 pm (line 1 of Table 3). We have to apply
Fig. 3a, choosing the abscissal radii from the scale for
d =200 pm. The dimensionless concentration drops (bro-
ken vertical lines in Fig. 3a and line 5 of Table 3) are the
differences between the ordinate values of the curves cor-
responding to the respective ¢’ values (lines 2 and 3 of
Table 3) and the curve appertaining to a value of D/
D,;=0.5(line 4 of Table 3). Applying Eq. (3) with the same
constants as above yields the central Po, values desired
(line 6 of Table 3).

Note from Table 3, that the central Po, decreases
drastically with increasing spheroid size at constant vi-
able rim and diffusion depleted zone thicknesses. This is
in accordance with experimental data obtained in several
types of mutlicellular spheroids at different stages of
growth (Carlsson et al. 1979; Mueller-Klieser and Suther-
land 1982a, b; Carlsson and Acker 1985). At s=550 um,
the calculated Po, becomes negative, which is not feasible
physiologically. We conclude that some of the assump-
tions made do not hold true any more for spheroids of
such a size. The most obvious possibility would be that
for the underlying set of parameter values spheroids of
this size must exhibit a larger central necrosis due to lack
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of oxygen. Another explanation could be a decreasing O,
consumption rate within the viable rim.

Alternatively, one can use Fig. 3a to find the largest
viable rim thickness which, at a given spheroid size, can
be sufficiently supplied with oxygen. From Eq. (3) (using
P(r)=0) we find for a 600 um spheroid that the drop in
dimensionless concentration must not exceed 0.099. Fig-
ure 3 a shows that this value corresponds to a n’ of about
0.68. Thus, n must be not be smaller than 408 um or the
viable rim cannot be thicker than 192 pm.

It ought to be mentioned, however, that in several
series of experiments the central Po, in spheroids showed
the predicted decrease with increasing diameter in the
lower size range, yet it appeared to slightly increase again
as the spheroids attained very large diameters (Mueller-
Klieser and Sutherland 1982a; Acker et al. 1984; Freyer
et al. 1984; Carlsson and Acker 1985). These observations
imply that parameters other than s also vary during
spheroid growth. The analysis of measured Po, profiles
as well as histological investigations are indicative of
a decrease in the thickness of the viable rim and of the
O, consumption rate Q with increasing spheroid size
(Mueller-Klieser and Sutherland 1982a, b; Acker et al.
1984; Freyer et al. 1984; Freyer and Sutherland 1985;
Tannock and Kopelyan 1986).

4. Sensitivity analysis

In Sects. 2 and 3 a formalism is provided which allows
one to find the substance concentration at a specified
position in a spheroid of known geometry and substance
diffusivity and consumption rate. In practice, only aprox-
imations to the numeric values of these parameters char-
acterizing the spheroid of interest are often known. This
raises the question of what errors have to be expected in
the concentrations obtained from the nomograms. An
approximate answer to this question may be given by the
following first order sensitivity analysis.

The dependency of the concentration C(r) at radial
position r on the parameters defining the spheroid is im-
plicitly contained in (A3) in the Appendix. These parame-
ters (and r) may be combined to form the “parameter
vector” p=(p;)=(r; n, s, ¢, Q, Dg, D,,, Cp). If we want to
emphasize the dependence of C on all its parameters, we
are going to write C(p) or C (r; n, s, g, Q, Dy, D,,, Cp)
instead of C(r). Let Ap=(Ap,) denote the “error vector”
corresponding to the parameter vector p which is made
up of the expected errors in the respective components of
p. To a first order approximation the error AC propa-
gated into C is

AC:=C(p+4p)—C(p)=V C(p)- Ap

oC(p) 0C(p) Ap;
=S M S

z op T e P, @
where V' is the gradient operator. The derivatives of C
with respect to r and the parameters n, s, g, 0, Dy, D,,, and
Cp may be calculated from (A3).

Equation (4) shows that the error introduced into

C(p) at a specific parameter vector p by some fractional
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Table 2. Po, profile and “sensitivities” evaluated from Table 1 for a “sample spheroid” (see legend of Fig. 1) at different radii. The figures give
the local deviation of the calculated Po, profile in mmHg corresponding to a 1% error in the respective parameter (i.e. 4p;/p,=0.01)

Medium Concentric zones and radial coordinate (um) Necrosis
300 50
Diffusion depleted zone Viable rim
300 250 250 200 150 100
Po, (mmHpg) 140 140 126.5 126.5 97.4 75.1 59.8 533
0Po, r
= 100 (mmHg) 0 0.675 0.810 1.621 1.029 0.566 0.229 0
0Po, n
—— (mmHg) 0 0 0.003 0.003 0.013 0.029 0.062 0.160
on 100
0Po, s
— (mmHg) 0 0 —0.408 —-1.219 —1.219 —1.219 —1.219 —1.219
ds 100
oPo, ¢
—— (mmHg) 0 —0.675 —0.675 —0.675 —0.675 —0.675 —0.675 —0.675
og 100
oPo, 2 (mmHg) 0 0 0.135 0.135 0.426 0.649 0.802 0.867
—= m —0. —0. —0. —0. —0. —0.
20 100 £
0Po, Dy ( ) 0 0 0.135 0.135 0.135 0.135 0.135 0.13
oD,, 100 8 ' ' ' ' ‘ 13
gPo, Ds (mmHg) 0 0 0 0 0.291 0.514 0.667 0.732
—= (mm . —0. -0 —0.
oD, 100 &
dPo, K
— (mmHg) 1.400 1.400 1.400 1.400 1.400 1.400 1,400 1.400
ap, 100

Table 3. Central Po, of various spheroid sizes determined from the
nomogram in Fig. 3. Po, is calculated from C’ by means of (3).
Except for the spheroid radius s, the underlying data are the same
as assumed for the “sample spheroid” (see legend of Fig. 1)

Spheroid 200 250 300 400 550
radius s (um)

g . 1.25 1.20 117 112 1.09
C'(s; 9) 0.065 0053 0047 0032 0020
C'(s; Dg/Dy=0.5) —0.334 —0298 —0.247 —0.167 —0.100
AC'(s) 0399 0351 0294 0199 0120

Central Po,(mmHg) 774 54.0 36.2 151 =24

error in the i-th parameter Ap,/p, may be estimated to
be linearly dependent on Ap,/p; with the “sensitivity”
(©C(p)/Op;) - p;. Table1 lists these “sensitivities”.
Evaluation of the equations in Table 1 for the special
case of oxygen diffusing into the above sample spheroid
and for a few values of the radial coordinate r yields the
numerical sensitivity values compiled in Table 2. Each
column of Table 2 lists the Po, and the error propagated
into Po, by a 1% error in the respective parameter indi-
cated in the leftmost column. Propagated errors for other
percentages of parameter deviations may be estimated by
multiplying the tabulated values by these percentages. To
illustrate its use, assume that the expected error in the
measured spheroid radius s is +£25 pm or +10% of s.
Then the error propagated into calculated Po, in all of the
spheroid would be —1.22 - (+10) mmHg= F12.2 mmHg.
On the other hand, the same relative error of +10% in
the radius of the central necrosts would introduce an er-

ror in calculated Po, of +0.03 mmHg at the spheroid
surface and of +1.6 mmHg inside the necrosis. Thus, cal-
culated Po, profiles depend much more critically on mea-
surement errors in spheroid radius than in necrosis ra-
dius. Table1 and Eq. (4) may be used to calculate
composite errors and errors for different spheroid geome-
tries and substrates.

General discussion

The present approach assumes constant substance con-
sumption/production rates and diffusivities throughout
the viable rim of tumor spheroids. Analysis of measured
Po, profiles has shown that this is a realistic assumption
at least for EMT6 spheroids grown under various envi-
ronmental conditions (Mueller-Klieser et al. 1986). This
finding made it possible to describe the entire spheroid
system by seven parameters that are most essential for the
calculation of substrate concentrations in tumor cell ag-
gregates. If one wanted to display all these dependencies
by plotting the respective concentration profiles and want-
ed to consider, e.g., only five different values of each param-
eter, one consequently would have to draw 57=78125
curves. To arrange them with adequate clarity would re-
quire at least 5° =23125 individual diagrams, which would
be far beyond the scope of an original paper. Despite this
situation, the results obtained demonstrate that — under
the above simplifying assumption — a comprehensive
mathematical and graphical description of oxygen and
substrate distributions in tumor spheroids may be per-
formed by using appropriate coordinate transformations.



The resulting equations or nomograms may also be used
for analyzing the concentration profiles of substances that
are produced within the cell aggregates, such as lactate.

It has to be kept in mind that consumption and pro-
duction rates may be functions of the concentrations of
related substances, such as oxygen concentration influ-
encing glucose consumption and, hence, lactate produc-
tion. Depending on the extent of such interrelations, the
precision of concentration profiles predicted by the pres-
ent nomograms may be limited. On the other hand, future
application of the analysis developed here to concentra-
tion distributions measured may be useful for investigat-

ing local variations in consumption/production rates in

spheroids.

Also, it should be pointed out that average consump-
tion rates in spheroids are dependent on spheroid size
(Freyer and Sutherland 1985; Mueller-Klieser et al. 1986).
This has to be taken into account, e.g., when determining
substrate concentrations in the center of spheroids as a
function of spheroid size. Such an analysis may be biolog-
ically relevant, since predictions can be made of the
growth stage at which the center of spheroids will eventu-
ally become hypoxic. If, in contrast, substance concentra-
tions in the center of growing spheroids have been mea-
sured, Fig. 3a and Egs. (3) and (4) may be used to deter-
mine the time course of average substance consumption/
production rates in the viable rim during growth.

Previous experimental and theoretical investigations
have failed to show a depletion of a single substrate or a
toxic concentration of a single waste product as a cause of
cell death in spheroids (Mueller-Klieser and Sutherland
19824, b; Mueller-Klieser et al. 1986). This is another
field in which the present approach may be useful, Statis-
tical analysis of various combinations of substrate con-
centrations obtained from the procedure suggested may
reveal biological mechanisms which contribute to the
development of necrosis. Furthermore, the extent of
changes in substrate concentrations upon manipulation
of inhibitors of the cellular respiratory activity, may be
predicted on the basis of the present nomograms. Finally,
the framework presented allows for a parameter sensitiv-
ity analysis with regard to the determination of consump-
tion rates Q and diffusion constants Dy, from measured
concentration distributions by regression analysis which
will be subject to further investigations.
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Appendix

In order to calculate the concentration C of a metaboli-
cally active substance at a given time ¢ and a given loca-
tion inside a multicellular tumor spheroid the differential
equation of simultaneous substrate diffusion and con-
sumption/production has to be solved. The general form
of this equation may be written as

oC
5 =V@0ro-0 (A1)
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where V is the gradient operator D is the diffusion coeffi-
cient or diffusivity and Q is the substance consumption/
production rate. In the case of a gaseous substrate, the
driving forces for diffusion are partial pressure gradients,
not concentration gradients. Therefore the concentration
C has to be replaced by the partial pressure P and Q has
to be divided by the (local) solubility.

Analytic solutions have been obtained for a number
of special cases and for a variety of boundary conditions
(for reviews see: Grossmann et al. 1984; Mueller-Klieser
1984 a; Freyer and Sutherland 1986). In the special case of
tumor spheroids, the diffusion geometry is assumed to
exhibit spherical symmetry —i.e. the concentration distri-
bution depends solely upon the radial coordinate r —
making a transformation to polar coordinates advanta-
geous. The present study is to describe spheroids under
steady state conditions, i.e., D, Q, and the boundary con-
ditions are constant with time. Thus, 8C/0t vanishes, and
(A1) may be transformed to yield

d*Cc 2dcC
D<dr2+;a>—Q=0 (A2)

Equation (A2) is to be solved for muiticellular spheroids
cultured in stirred media. Previous investigations have
shown that at a certain stage of growth, these spheroids
develop a central necrotic region, surrounded by a rim of
viable cells. Furthermore, the cell aggregates exhibit a
diffusion depleted layer of unstirred medium at their sur-
face (Mueller-Klieser and Sutherland 1982 a). Taking into
account appropriate boundary and interface conditions,
Eq. (A2) was solved by Mueller-Klieser (1984 a) for these
different regions resulting in a set of equations, a slight
modification of which is given below:

Cy r>g
1 1
Lot sersa
M
Cy— 9 (s°—n?) 11
3D, s g
n<r<s
Cir)= 1 —_ = s 2+E_E
6D s r
0 ., 3<1 1)
Cp— (s°—n)|-—-
3D, 5 g -
r<n
0 [, 2n ) -
- — =3
6D, 5°+ . n (A3)

where the following notations are used:

Dy, Dg diffusion coefficients in the medium and in the
spheroid, respectively

0] volume-related substrate consumption/produc-

tion rate (negative in the case of production)

radii of central necrosis, spheroid, and diffusion-

depleted zone, respectively

Cp substance concentration at the interface between
stirred medium and diffusion-depleted zone
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If there is emphasis on the dependence of C on not only
r but also the parameters defining the “spheroid system”
we use the notation C (r; n, s, g, Q, Dy, Dy, Cp).

Determination of Dg /D, from the slopes
at the spheroid surface

From Egs. (A3) the slopes of C(r), dC/dr, may be directly
calculated. Let dC/dr(s™) and dC/dr (s ~) denote the limits
of dC/dr, if r approaches s from above or from below,
respectively. Then we have

dc . Q 1N s s

o) m 3DM< r2>(s ") p, A4
d_C(—)_ li _& _2r+2_n3 _DM-

70 lm—gh -

Description of concentration distributions
in tumor cell aggregates by dimensionless coordinates

We now define the dimensionless radial coordinate r'.

’

r .
r'=—-; and accordingly n'=
S

L9
59 ==
S

“ | S

_Tl)s

Substituting this into Eqs. (A3) and substracting Cj from
either side yields:

0 r>g
Q0 1/1 1
= B -nH (=== 1<r<yg
3. 0=1) (= r<g
—is:“(i—nq)1 1—1,
3Dy, s g .,
CH-Ca=1{ ¢ PN
= L2 1_ /2 2 3 __
6DSS < re4+2n v )
1 1
_ 9 sS(1—n?)={1-—=
3D, s g
rlsn!
_ _Q_ 52(1 +2n/3 _3n/2)
6Dg (A5)

From Egs. (A5) it is obvious that there is a linear depen-
dence of C(r) — C, on the consumption/production rate Q

D
M (1 +2nr3_3n12)

Table 4. Unstirred layer thickness (in um) in Belico spinner flasks
(at 190 rpm) for some substrates/waste products and for different
spheroid radii

Substrate/waste product Radius (um)

200 400 600
Oxygen 76 gl 68
Glucose 68 63 60
Lactate 70 65 62
Hydrogen ion 86 81 78

and the spheroid surface 4z 5%, which may be eliminated
from the right hand sides of (A5) by division of both sides
by Q - s%. Multiplication of either side by D,, reduces the
dependence on both diffusion coefficients D,, and Dy to
the dependence on the ratio D,,/Dg alone. By rearrange-
ment of (A5), the number of independent variables present
in the right hand sides is minimized. Defining the left
hand side to be the dimensionless concentration C':

_ Dy (C(r - 5)—Cp)

C'(r) 05 (A6)
we have the transformed set of (A7):
r>g
1<r<yg
1 _ 53
_<1__,>(1 T wersi (A7
g 3
rr S n/

The dependence of C’ upon the parameters other than r’
is restricted to the variables D,,/Dg, ¢, and »'. In analogy
to the above notation, C' may therefore be written as
C'(r;n, g, Dy/Ds).

From this set of equations the dimensionless concen-
tration profiles in Figs. 2 and 3 have been calculated for
different parameter values. To achieve a most convenient
application of the diagrams, the origin of the dimensionless
concentration scale was positioned to the spheroid surface.

In the case of gaseous solutes, such as oxygen, the very
same set of equations and diagrams will apply, if concen-
trations C and diffusion coefficients D,,, D are replaced
by partial pressures P and by diffusion conductivities
K,;, K (Krogh’s diffusion constants), respectively.

Assessment of unstirred layer thickness

Mass transfer coefficients k,, of unstirred layers surround-
ing spheroids have been determined by Casciari (1989). k,,
is defined by

substance flux=4 - s? - k,, - (Cy— C(s)).



Using (A3) the substance flux into/out of the spheroid
may be calculated and substituted in the definition for k,,,
yielding:

k,-s*-(s"t—g " )=Dy.

From this equation, the unstirred layer thickness g — s can
be calculated as a function of k. Casciari (1989) gives mass
transfer coefficients (in terms of Sherwood numbers) for a
number of substrates and waste products. In Table 4, cor-
responding unstirred layer thicknesses are listed for
spheroid radii of 200, 400, and 600 pm.

m
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