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ABSTRACT A useful technique in studying the saturation of hemoglobin in erythrocytes or myoglobin in tissue is
cryophotometry, in which tissue is frozen for later spectrophotometric analysis. A general question associated with this
technique is whether the freezing process alters the chemical state. This paper presents a theoretical analysis of the
simplest model relevant to that question. We study the effect of rapid cooling on a spatially homogeneous chemical
reaction. The analysis shows that changes during freezing are negligible near the boundary to which the heat sink is
applied, but can be significant deeper in the sample. The distance from the boundary at which the changes during
freezing become appreciable can be expressed simply in terms of the chemical reaction rates and the thermal diffusivity
of the tissue. Detailed results are given for the case of oxygen and myoglobin in skeletal muscle.

I. INTRODUCTION

The technique of freezing tissue in vivo for later examina-
tion by spectrophotometry has proved a valuable tool for
capturing the instantaneous chemical state of living tissue.
This technique, called cryophotometry, has been used to
study hemoglobin saturation in erythrocytes (Grunewald
and Liibbers, 1969, 1975, 1976; Acker et al., 1978) and
myoglobin saturation in skeletal muscle (Gayeski and
Honig, 1978, 1981; Gayeski, 1981). An important question
associated with the technique is the following: How much
change occurs in the chemical state of the tissue during the
freezing process? There is little chance of obtaining an
experimental answer to this question, since the ability to do
so would obviate the cryophotometric technique itself. A
theoretical approach is also very difficult because of the
complexity of the events that are to be captured by
freezing. However, by using simple models to elucidate
mechanisms, we can acquire some insight into the effects
of freezing. In this paper, we study the most elementary
relevant model, namely, the freezing of a spatially homoge-
neous state of initial chemical equilibrium. In spite of the
simplicity of this model, a surprising amount can be
learned from it.

Consider a more detailed description of an example of
the kind of problem studied here. Suppose we have red
muscle tissue in steady state, with oxygen, myoglobin, and
oxymyoglobin in equilibrium. Now we suddenly apply a
low temperature heat sink (e.g., a metal block in contact
with liquid nitrogen) to one boundary of the tissue. A
freezing front will diffuse into the tissue. As the tempera-
ture drops, the chemical kinetic coefficients will decrease,
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but not in the same ratio, and the state of the system will
change. Near the boundary, the freezing occurs quickly,
and the deviation from the initial state is slight. Far from
the boundary, the duration of the freezing process is much
longer, and significant changes in the chemical state can
occur. One of the principal results of this paper is the
determination of the extents of these near and far regions.

Section 11 gives a general formulation of the problem. In
section III, there is a detailed development of the theory for
the case of spatially homogeneous reactions. Basic scale
relations are given there, as well as specific results for the
example of oxygen and myoglobin in tissue. Section 1V
contains (a) some remarks on the more complicated case of
spatially inhomogeneous composition, (b) a brief discus-
sion of more general thermal configurations than the one
analyzed here, (c) a discussion of the use of myoglobin as
an oxygen indicator in muscle tissue, and (d) a summary of
this work.

Il. GENERAL FORMULATION

Transport Equations

We suppose that we have three components of special interest denoted by
M, O, and MO (e.g., myoglobin, oxygen, and oxymyogiobin). The
processes that can change the concentrations are diffusion and chemical
reactions. For diffusion, we take Fick’s law with diffusivities Dy, Do, and
Dyo. For the reaction, we take

M + O = MO. n
We let G be the reaction rate (moles of M transformed to MO per unit

volume and time). There may be other reactions involving one of M, O, or
MO with other components not explicitly considered (for example, the
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consumption of oxygen by mitochondria). We let the net production rates
from these reactions be Ry, Ro, and Ry, (moles per unit volume and
time). Then the mass balances on M, O, and MO yields equations for the
three concentrations Ny, No, Nyo:

ONy /0t =v - (DyVNy) + Ry — G, (2)
ING /3t =V - (Do VNy) + R — G, 3)

and
ONpMo /0t = V - (Do YV NMo) + Ryo + G. 4)

In a typical experiment, we might begin in a steady-state situation,
governed by Eqs. 2—4 with the time derivatives zero. Then a low
temperature is applied to a boundary. This produces a space- and
time-dependent temperature T in the tissue, which in turn causes
variations in G, the R’s, and the D’s. To find the effect on the distribution
of the N’s, we must solve Eqs. 2—4, including the time derivatives, with the
given steady state as the initial condition. To do this, we must know the
temperature distribution, so we deal with that next.

Temperature Distribution

Consider a semi-infinite slab of tissue occupying the half-space x > 0.
Initially, the slab has a uniform temperature 7,. At time ¢ = O, the
temperature on the boundary x = 0 is lowered to T and maintained at
that temperature. We assume that Ty < Tp, where T is the freezing point
of the tissue. At any time ¢ > 0, we will have the following situation: a
liquid-solid phase boundary at x = X(¢), frozen tissue for 0 < x < X, and
unfrozen tissue for x > X. In both the frozen and unfrozen regions there
will be a temperature gradient. For simplicity, we assume that the
thermal properties of the tissue are piecewise constant, and we use
subscript F for the frozen region, and subscript U for the unfrozen region.
Then the relevant parameters are the thermal diffusivities Dg, Dy, the
specific heats Cg, C, and the latent heat L. In general, the solid and liquid
densities would also be important, but, again for simplicity, we assume
that they are equal. Then the solution for T(x, t) is weil known (Carslaw
and Jaeger, 1959). It is given most conveniently in terms of a similarity
variable

o = x/2(Dgt)"?, &)

and a constant X to be defined below. The phase boundary is at ¢ = X, or
x = X() = 2\ (Dgt)'?, and the temperature is given by
T, + (Te — Ty) 2@ Lo =\
erf(\)
T(x,1) = " )
T, — (T, - T )e’fC[U(DF/DU) | =\
CT T erfeM(De/Dy) ']

The constant A is the unique root of the equation

e"P(—)\z) CUDUI/Z(TI — T%) c"P(—DF)‘Z/DU)
erf)  CeDe'(Tr — Ts) erfc[N(De/Dy)')
LA‘K”z
- 7
G-

For most purposes, it is sufficiently accurate to use constant thermal
properties of water and ice for the unfrozen and frozen tissue, respec-
tively. For water, we use the thermal properties at 290 K, about midway
between freezing and an initial temperature of T, = 310 K. The values are
Dy = 1.43 x 107" m?/sand Cy, - 4,180 J/kg/K. For the frozen tissue, we
use the values for ice at Tz = 273 K, since most of the events of interest
happen at temperatures near the high end of the frozen tissue range. The
values are Dg = 1.15 x 107 m?/s and Cy = 2,100 J/kg/K. The latent
heat of fusion is L = 3.35 x 10® J/kg. In an experiment using liquid
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nitrogen for the freezing, we have Ty = 77 K. For these values, we find
from Eq. 7 that A = 0.5676. The temperature profile is then obtained from
Eq. 6, and a plot is shown in Fig. 1. The position of the freezing front [x =
2\(Dgt)"/] is about 40 um for ¢ = 1 ms, near 400 um for ¢ = 0.1 s, and just
over 1,200 um for¢t = 1s.

Kinetics

The kinetic term G in the transport Eqs. 2—4 must be developed in more
detail. The reaction is given by Eq. 1, and we assume a second-order
forward (combination) reaction, and a first-order reverse (dissociation)
reaction. Then

G = ki NyNo — k;Nyo. (®)

The rate constants k, and k, will in fact vary with temperature. This
variation will depend on the particular reaction, but for present purposes
it is sufficient to use the van’t Hoff law:

k\(T) = k, (T )expl—-(H,/R)(1/T — 1/T))},
and

kAT) = ko(Ty)exp[—(H,/R)Y(1/T - 1/T))]. )

Here R = 8.32 J/mol /K is the gas constant, and H,, H, are the activation
energies for the forward and reverse reactions.

For the general case represented by Eqs. 2—4, one must also develop
detailed expressions for Ry, Ry, and Ryo. In addition, the temperature
dependence of the diffusivities must be dealt with. For the special case of
spatially homogeneous reactions considered in this paper, such informa-
tion is not needed.

For qualitative discussions in the remainder of this paper, we will find
it useful to introduce two new temperatures, Tg, and Tg. We define T to
be the temperature at which the kinetics begins to be affected. This is
clearly not a precise concept, but, as a working definition, we take T to be
the temperature at which the more rapidly varying kinetic coefficient has
changed by 10%. Then from Eq. 9 we get

Ts = Ti/[1 + (RTi/Hoax)l0g.(1/0.9)], (10)

where H,,, is the larger of H,, H,. The second temperature, T, is the
temperature at which the cooling process is significantly advanced.
Again, this is not precise. For purposes of qualitative discussions, we may
define T as the temperature at which both kinetic coefficients are no
larger than 10% of their original values. Then from Eq. 9 we get

Te = Ti/[1 + (RT,/Hys)log, (10)], (1

where H,,;, is the smaller of H,, H,. These temperatures correspond to
values of o equal to o5 and ¢, and to times, for a given x, of

ts = x2/4DFU§, tE = x2/4DF(7|23. (12)
T T T T T T T T T
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FIGURE 1 Temperature T (Kelvin) vs. the similarity variable ¢ =
x/2(Dgt)'/?, where x is depth, ¢ the time, and D the thermal diffusivity of
the frozen tissue. The initial temperature is 310 K and the boundary
temperature 77 K. The phase boundary is at ¢ = 0.5676.
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In subsequent discussions, we will refer to the duration At of the cooling
event, defined by

At = tg — t5 = (x*/4Dg)(1 [op — 1/0d). (13)

II1. ANALYSIS FOR HOMOGENEOUS
REACTIONS

Reduction of Equations

To simplify the mathematical problem, we assume spatially homogeneous
reactions (thus no diffusion terms) and we drop the consumption terms
Ry, Ro, and Ryo. Then Eqs. 24 reduce to ordinary differential equations
for the concentrations

dNy /dt = —G,dNy /dt = -G, dNyo/dt=G. (14)
These equations have two immediate integrals: the quantities

Ny = Ny + Nyo (15)
and

Nro = No + Nyo (16)

are both constant in time. These two integrals allow the reduction of Eq.
14 to a single first-order equation, which is best written in terms of the
fraction saturation

S = Nuo/Nrm. an
The equation is
dS/dt = k\Npy(Sy — S)(1 — S) — k,S, (18)
where
Su = N1o/Nrm. (19)

Because Sy is the ratio of total O to total M, it is an upper bound on the
saturation for given Nyo and Nqy.

The basic mathematical problem is to solve Eq. 18, where Sy, and Ny
are given, and k,, k, are determined by Eq. 6 for T(x, ) and Eq. 9
for k\(T'), ky(T). In addition, we must specify an intial condition for
S: S(0) = S,. We suppose further that, before the cooling starts, the
system is in steady state (which in this case means equilibrium). Then Sy
and S satisfy a relation obtained by setting the right-hand side of Eq. 18
tozeroatt =0:

Su =81 + kS /TN (1 — Sp)]. (20)

Conditions for Successful Capture

Consider now the conditions necessary for small changes in saturation
during freezing. To begin with, there is the obvious condition that the
boundary temperature Ty be sufficiently low to stop the reaction. Thus
both of the kinetic times [Nryk,(T)] ™' and [k(Tp)] ™' must greatly
exceed the typical storage time of the specimen (assuming that storage is
also at temperature Ty). This condition is necessary but not sufficient,
since changes in saturation will occur during the cooling. If the duration
of the cooling is much less than the kinetic time scales, the change in §
will be very small. If, on the other hand, cooling is slow compared with the
kinetics, then it is possible to get significant changes in saturation. The
duration of the cooling was discussed in section II, Kinetics, and the time
is given by Eq. 13. The most important thing to note about At is its rapid
increase with depth x. This is a direct consequence of the diffusive spread
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of the temperature profile as it propagates into the tissue. The duration At
should be compared with the kinetic times. More specifically, we can
assert that very little change in S will take place during cooling provided
At is much less than the shortest kinetic time scale. The shortest kinetic
time scales occur at the high initial temperature. The reciprocals of these
scales are k,(T;)Nny and k,(T}). For accurate capture of the reaction, we
require that (Af) ™' be much greater than the larger of these. A sufficient
conditon, symmetric in the two rates, is

1/At » K = k) (T))Npy + k5(T)), (21)
or
X < (4D¢/K)/(1/ — 1/dd). (22)

Eq. 22 defines the spatial region in which capture of the state by cooling is
assured. The completion of the discussion requires values of o5 and og. As
we shall see in an example in section I1I, for the particular case of oxygen
and myoglobin with liquid nitrogen providing the cooling, we get T = 300
K and T = 247 K, so that 65 = 0.7, o¢ = 0.5. For these values, Eq. 22 may
be approximated by

x* « 2D /K. (23)

When the condition (Eq. 23) is satisfied, cooling should capture the state
with very little change in saturation.

In general, the violation of the inequality (Eq. 23) will be associated
with significant changes in saturation. There is one exceptional case,
however, that deserves special notice. If H, < H,, then the saturation will
increase during freezing. If, in addition, the initial value S; and maximum
value Sy are close, the reaction is constrained by the depletion of the
reactant O. Then the maximum possible change in S is small, and the
inequality (Eq. 23) becomes irrelevant. The condition for this situation is
Sy — S) << 8§, or, from Eq. 20,

ky(Ty) « Npyky(Ty). (24)

Thus a successful capture can occur even with slow cooling (Eq. 23
violated), provided (a) equilibrium saturation shifts upward with decreas-
ing temperature (H, < H,), and (b) the dissociation reaction is much
slower than the combination reaction (k, << Nqyk,).

An Example: Oxygen and Myoglobin

By way of example, we apply the concepts developed so far to the reaction
of oxygen and myoglobin in skeletal muscle, with the reaction being
captured by freezing with liquid nitrogen. The thermal parameters are
then the same as in section I1, Temperature Distribution. For the kinetic
parameters, we use the following values: rates k, = 2.40 x 10" cm®/mol/s
and k, = 655" at T = 310 K, and activation energies H, = 5.5 kcal/mol,
H, = 19 kcal/mol (Antonini, 1965). For the myoglobin concentration
Nru, we use the three values 5 x 1077, 5 x 1072, and § x 10~* mol/cm?,
which cover the range of interest for skeletal muscle (Wittenberg, 1970).

Consider first the reaction rates at the final temperature. From Eq. 9
we get [ky(Tp)] ™' = 1.5 x 10% yr, [N1vky(T)] ™' = 502 d for Nqpy = 5 x
107", and longer for the other values of Nyy. Even though the applica-
bility of Eq. 9 over such a wide temperature range is somewhat question-
able, the margin is large enough to be confident that T = 77 K is low
enough to stop the reaction.

We consider each of the three values of myoglobin concentration in
turn. For Nqy = 5 x 10~° mol/cm? (a very low value for skeletal muscle),
the inequality (Eq. 23) becomes x << 112 um. To verify this condition for
capture, we have used the Runge-Kutta method to integrate Eq. 18
numerically, for an initial value S; = 0.5. Fig. 2 (curve a), shows S, the
final saturation after complete cooling, as a function of depth. The change
induced by freezing is <1% for x up to 25 um, <3% for x up to 50 um, and
a little over 10% at x = 100 zm.

For a larger myoglobin concentration, Ny = 5 x 107 mol/cm?, the
condition for capture (the inequality Eq. 23) is x << 43 um. Again we
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FIGURE 2 Final myoglobin saturation S vs. depth x (um) for initial

saturation 0.5. Myoglobin concentration of 5 x 10~° mol/cm® (@), and 5

x 107 mol/cm? (b). The initial temperature is 310 K and the boundary

temperature 77 K.

have verified this by a numerical integration, and Fig. 2 (curve b) shows
the final saturation Sy for an initial saturation S; = 0.5. For those values,
the maximum saturation (saturation at oxygen depletion) is Sy = 0.5542.
For x > 250 um, the saturation reaches this value. For a freezing change
of <1%, the numerical calculations show that we must have x < 25 um,
and the change is around 10% at x = 80 um.

For Nyy = 5 x 1077 mol/cm’, a value of myoglobin concentration
typical of red skeletal muscle, we have k,/(k,Npy) = 5.4 x 1077, hence
Sum — S << S|, and the situation is entirely constrained by available free
oxygen. For S, = 0.5, for example, we get (from Eq. 20) a maximum
saturation of Sy, = 0.5054. Because H, < H,, the saturation will increase
during freezing, and it is therefore constrained to be between S;and Sy, a
variation of only ~1%. Thus the parameter values for this case are
particularly fortunate for the capture of reactions by freezing.

As an example of the effect of boundary temperature, we also consider
the case Ty = 197 K, corresponding to dry ice. Then the kinetic times at
the final temperature are [Npyk,(Tg)] ' = 0.014 s (for Ny = 5 x 1077
mol/cm?), and [ky(T)] "' = 8.4 days. Clearly the dry-ice temperature is
not low enough to capture this reaction. It is true that, for this value of
Nqy, the oxygen-depletion constraint discussed above will limit the
change of S during the experiment. However, subsequent storage at
dry-ice temperature would allow the still-active specimen to pick up
environmental oxygen. For lower values of Ny, the situation is worse.
Fig. 3 (obtained by numerical integration of Eq. 18) compares, for Ny =
5 x 107%, the liquid nitrogen case (curves marked a) with the dry-ice case
(curves marked b). Both the saturation S and temperature T are shown as
functions of time, at a depth of x = 50 um. In the dry-ice case, the
saturation continues to increase rapidly even after the temperature has
dropped to within a few degrees of Ty. The case for using a low boundary
temperature is clear!

IV. DISCUSSION

Concentration Gradients

In the present calculations, concentration gradients have
been ignored. There are actually two possible sources of
such gradients. First, the existing steady state that is to be
captured by freezing may have concentration gradients.
This important case will be dealt with in a future paper.
Second, even in an initially homogeneous case, concentra-
tion gradients will be produced by the cooling process itself.
Just recall that the saturation changes discussed in an
example in section III are depth dependent. If these
gradients were large, then the assumption of spatially
homogeneous reactions would not be consistent. We show,
with some simple estimates, that the cooling-induced con-
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FIGURE3 Myoglobin saturation S and temperature T (Kelvin) vs. time ¢
(in seconds) at a depth of 50 um for a boundary temperature of 77 K (a)
and 197 K (b). Myoglobin concentration of 5 x 10~° mol/cm’.

centration gradients are in fact small enough to be safely
ignored. The basic idea is straightforward. Mass diffusion
is much slower than thermal diffusion, so there is little time
for mass rearrangement during the cooling process.

Consider the estimates that establish this. As discussed
in section II, Kinetics, we may identify a temperature Ty,
somewhat below the initial temperature, at which the
kinetic rates have begun to change, and a lower tempera-
ture Tg at which significant changes in the kinetic rates
have taken place. These temperatures will correspond to
fixed values o and o5 of the similarity variable ¢ (Eq. 5).
At time ¢, these two temperatures will be located at xg =
205(Det)'? and xg = 205(Dgt)"/2. The thickness of this
region of active change will be

Ax = x5 — xg = 2(05 — o) (D5t)'?, (25)
and its center will be roughly at
xc = 0.5(xg + x5) = (0 + 05) (Det)'2. (26)

The duration of the event at x is given by Az (Eq. 13) with
X = Xx¢, and this is the time available for mass diffusion in
the vicinity of xc. If D is the maximum mass diffusion
coefficient of the three components M, O, and MO, then
the characteristic time t;, required for mass diffusion over a
distance Ax is, in order of magnitude

tp — (Ax)*/D = 4(os — o5)’ Dyt/D. 7

Thus the ratio of time available to time required for mass
diffusion is

D (UE + 0'3)3

Atftp = — .
/ ° Dg 16(0s — op) (0'130'5)2

(28)

The numerical coefficient involving the ¢’s is of order 1.
[For example, for the values o5 = 0.7 and o = 0.5 chosen
in section III, in Conditions for Successful Capture, Eq. 28
becomes At/ty, = 4.4 (D/Dg).] Because the mass diffusion
coefficient D is generally much less than the thermal
diffusivity D, there will be negligible mass diffusion
during the cooling process. For example, for oxygen and
myoglobin, the maximum D is that of free oxygen, D = 2 x
107* cm?/s—so that D/Dg = 1.7 x 107>,
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Other Aspects of the Thermal Problem

In the thermal calculations of section II, Temperature, it
was assumed that cooling proceeds at a fixed low boundary
temperature. This requires good thermal contact between
the heat sink and the specimen. Two factors that could
degrade the thermal contact are a frost layer, or a vapor or
air layer. Consider first the frost layer. The thermal
properties of the frost are close to those of the frozen tissue.
Thus in the theory of section III, we may correct for the
frost layer by interpreting the depth x to be the sample
depth plus the thickness of the frost layer.

Correcting for a vapor or air layer is more difficult and
we do not consider it in detail here. In any case it is
something to be avoided if possible, since it could lead to
appreciable slowing of the cooling process, which in turn
decreases the size of the region in which the initial state is
correctly captured.

All of the calculations here have assumed the tissue to
be a semi-infinite slab cooled at one boundary. A more
realistic configuration is that of a slab of finite thickness
either (a) cooled at both boundaries, or (b) cooled at one
boundary and insulated at the other. These two cases are in
fact the same. By symmetry, case (a) with width 2W is the
same as case (b) with width W. The problem is made much
more difficult by finite slab width. An approximate treat-
ment is discussed briefly by Carslaw and Jaeger (1959, p.
293). A full numerical treatment would be feasible but
laborious. Wollenberger et al. (1960) treated the case of
finite slab width, but they neglected the latent heat of
fusion, an approximation that leads to serious errors in the
temperature distribution.

For short times, the solution for a semi-infinite slab can
be used to describe a finite slab. From Fig. 1, we see that,
for our particular example, the temperature is still approxi-
mately equal to the initial temperature for ¢ = 1. Thus the
effects of the boundary cooling only penetrate to o = 1, that
is, to x = 2(Dgt)'/2. Now consider a slab of width W
insulated on one boundary (or a slab of width 2 cooled
from both boundaries). Then the condition for using the
present theory is that ¢ at W be one or greater: W =
2(Dgt)'?, or

t < W2/4D;. (29)

We may translate this into a condition on sample depth.
Once again we use the temperature Ty at which appre-
ciable changes in the kinetics have taken place. This
temperature, corresponding to ¢ = og, occurs at depth x at
time ¢ = x*/(4052Dy). This will be in the range of validity of
the theory provided that x?/(40¢’Dg) < W?/4Dy, or

x=<ogW. (30)

If, for example, T = 250 K, then o = 0.5, and samples to
a depth of about 0.5W are reliably analyzed with the
theory presented here for a semiinfinite slab. It is impor-
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tant to note that these numbers may be somewhat different
for different boundary and initial temperatures, but the
same concepts will allow the calculation for other cases.

Myoglobin as an Oxygen Indicator

We consider briefly the implications of the present calcula-
tions for the use of myoglobin saturation as an indicator of
oxygen concentration. As the results of section III show,
the myoglobin concentration is a crucial parameter. For
very low myoglobin concentrations (5 x 10~° mol/cm?),
typical of fibers of very low aerobic capacity, accurate
capture of the state by cooling at liquid nitrogen tempera-
ture requires a shallow sample depth {(on the order of 50
um or less; see Fig. 2 a). If dry ice is used instead-of liquid
nitrogen, the situation is much worse. There are then
appreciable errors induced by cooling even at a depth of 50
um (see Fig. 3 b). Actually, such low myoglobin concentra-
tions are difficult for another reason: they give very weak
signals for the spectrophotometric measurements.

The situation for red skeletal muscle of large animals
such as dog and man is very much better, since the
myoglobin concentration is around 5 x 10”7 mol/cm’.
Then, as the analysis in section III shows, the limiting
factor is the depletion of free oxygen. Even if all the
initially free oxygen becomes bound to myoglobin during
cooling, an initial saturation of 0.5 increases only to about
0.505, well within the limits of experimental error. In this
oxygen-constrained regime, parameters such as sample
depth and boundary temperature become unimportant.
There is simply no possibility of a significant shift in
saturation during cooling.

The above conclusions are consistent with the experi-
mental results of Gayeski and Honig (1981). They mea-
sured myoglobin saturation in dog gracilis muscle, a tissue
with a myoglobin concentration on the order of 5§ x 1077
mol/cm’. They found that the distribution of saturation
values measured in a given sample was the same at a depth
of 50 um as at 500 um. They also compared saturation
measurements in two gracilis muscles from the same dog,
when one was frozen with a copper block at liquid nitrogen
temperature and the other with the block at dry ice
temperature. Again they found identical distributions of
myoglobin saturation values.

One major difference between the present theoretical
work and the experiments is the presence of concentration
gradients in the experiments. Until the theory is extended
to include such gradients, we cannot draw any final
conclusions about the capture of concentration gradients
by cooling. However, the mechanism discussed above,
namely, the limiting of saturation changes by oxygen
depletion, is operative in more complicated situations with
gradients. Thus there is reason to be optimistic that
myoglobin saturation is a good oxygen indicator, even
when concentration gradients are present, provided the
myoglobin concentration is high.
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Summary

The question studied here is fundamental in the under-
standing of the cryophotometric technique for capturing
the state of living tissue. The question is the following:
What are the conditions necessary to ensure small changes
in the chemical state of tissue during freezing? The model
used here is a semi-infinite slab of tissue in which thereis a
spatially homogeneous chemical reaction. The tissue is
frozen by the application of a low temperature to the
boundary. The kinetic equations for a reaction of the form
M + O = MO are analyzed for a freezing process, with
temperature-dependent rate constants, and a temperature
distribution determined from the heat equation. The calcu-
lations show that regions near the boundary are cooled
rapidly and experience little change in composition during
cooling. Regions further from the boundary may undergo
significant changes in composition during the freezing. The
length scale that separates near and far in this context is, in
order of magnitude, given by (2Dgt)'/?, where D is the
thermal diffusivity of the frozen tissue, and f¢ is the
shortest time scale associated with the chemical kinetics.
More precisely, if x is the depth into the tissue from the
cooled boundary, then there will be little change of satura-
tion during freezing for x << (2Dgtx)'’, and there may be
a significant change for x > (2Dgt)'">.

Other factors can influence the change in composition
during freezing. If the reaction is such that saturation
tends to increase with decreasing temperature, then the
change during freezing can be limited by the depletion of
one of the reactants. This happens, for example, in muscle
tissue with a high myoglobin concentration, where the
change in saturation during freezing is limited by the
depletion of oxygen.

This work owes a great deal to Drs. T. E. J. Gayeski and C. R. Honig.
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