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EDITORIAL

It has been proposed that all dying persons be frozen, penaing the development
of means for their reanimation.! It has also been suggested that this should
not be done at all until the capability for reanimation has been demonstrated.?
Perhaps there is a third position which can bridge that gap.

First, a glance at current capabilities. Cells of most types can be frozen and
thawed with some retention of viability, in an isolated state. With tissue
samples, there is a lesser degree of success. Attempts to freeze whole organs
or organisms and revive them have largely failed. 'Freeze now'' advocates assert
that the difficulties encountered with larger specimens generally stem from
thawing damage and from a lack of understanding of how to correct and repair
freezing damage. This contention may be correct, but it has not yet been satis-
factorily proven. On the positive side, were this premise verified, then funda-
mental feasibility of thc "'frecze now'" approach could be validated. '

More simply, if a whole organism is frozen now, and then small samples of all
important types of cells are rewarmed by various methods and shown to be viable,
then the possibility cf later reanimation is fundamentally demonstrated. It may
not be practical to rewarm an entire organism and revive it at this time, since
the development of a very advanced technology is required. Yet confidence can
be established that when such technology is developcd, those persons frozen
earlier by proven techniques will be potentially revivable. This is the most
immediate objective to be sought.

Several considerations are invelved in this demonstration of feasibility. First,
highly contrclled methods of freezing whole organisms must be developed, along
with similarly sophisticated means for extracting snall samples and rewarming
them. Experimentation must then be pursued until a whole organism freezing pro-
tocol exists which can Le veritied by rewarming samples of all important types

of cells with essentially complete retention of viability. At this point, it
will have been established that a low temperature state can be induced in whole
crganisms where cells are potentially viable. This level of conficdence is ex-
pected to be sufficient to induce the nccessary long term research for develep-
ment of the means of resnimation.

It is expected to be sufficient, since many persons will understand that the rest
of the task is primarily a matter of technological development. Each cell of

an organism frozen by the verified method will be able to be restored to a nor-
mal living state, individually. Noc cell of such an organism can then be regarded
as fundamentally ''dead'. The research that follows will result from the fact
that many will want it don<, and will support it. (continued on page 77)
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MATHEHATICAL MODELS OF
PERFUSION PROCESSECS

Art Quaife, M. A.

President, Trans Time, Inc.;
Scientific Advisor, Bay Area Cryonics Society

Veny Litthe empirnicad doilo 48 avallable concerning the actual efficacy of alteir-
naie procedunes fon greezing and thawing whole mammals to the temperaiure of
Liquid nitrogen. Tn onden to cuwnently formulate recommended procedunes for the
Anduction of soldid state hypothermic in iaumans, it 4& thus necessarny Lo nely part-
Ly upon extrnapolation from ihe results cf experdiments ireating the freezdng of
celis and ongans, and to an ever greaten extent upon theoretical analysis of the
effects of altemate procecures. In 2his paper, we fommulate mathematical models
0f many of the processes het Lake place dundng the inducticn of SSH An humans.
Primany focus of the trheciment {8 4o aralyze the nate of removal of heat §rom
the body, and the rate of buildup of cryoprotectant in the body cefds duning per-
fusion. Cpecific formulas cre also developed giving ihe quantity of crwyoprofect-
ant and the Length of time nequined to accomplish perpusion, the coodding progile
Zo be folliowed, and many othens. The conclusions cf the theony are used to form-
wlate a specific recommendaiion as o a best cwuvient perfusion procedure. In
many cases, the unknown velues of the body parameters appearing in the equationd
requine that approxdmaiing assumptions be made in crder Fo achdeve numerscal
hesults. 14 48 expected xhat these results will be nefined consdderably when
furnther infonmation becomes available concerning the values of these parametenrs.

Introduction

As currently conceived, the induction of solid state hypothermia (SSH) in the
human bedy takes place in three phases. During Phase I, the blood is replaced by
a suitable balanced salt solution and the body temperature is lowered to 0°C as
rapidly as possible. In Phase II, a concentration of cryoprotectant [assumed in
this pzper to be dimethyl sulfoxide (UMSO)] is built up in the body water, while
continuing to lower the body temperature in such 2 way as to remain in liquid
state. Phase III begins when the desired terminal concentration is achieved; the
body is then lowered to liquid nitrogen temperature where it is stered in solid
state. During the first two phases, systems will be required to recirculate
chilled perfusate through the body. This paper treats the mathematics of such
systems.
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Section I. Limitations of the Analysis.

One is faced with grave difficulties in attempting to formulate equations valid
during all of Phase I and Phase II perfusion. All of the physical constants in-
volved, such as diffusion and thermal conductivity, heat capacities, densities,
viscositics, and thus achievable flow rates, are temperature dependent. In most
cases, little data is available concerning the values of these constants at
temperatures well below 0°C. Even when there is theory available to predict
their temperature dependence, its inclusion would usually make the rest of the
analysis intractable. Thus, the equations developed herein can only be consider-
cd valid over limited temperature ranges; the values chosen for the constants
appearing therein should be those appropriate to that range.

A note on the choice of variables: In most equations developed herein, it would
be conceptually simpler if such variables as DMSO concentration and flow distri-
bution were expressed on a per unit volume of perfusate (or tissue) basis. But

in view of the fact that the two accurate graphs available giving freezing

point of DMSO solutions versus temperature both use concentration per unit wedight,
and similarly for the data presented in Table 1 below, we will instead use weight
concentrations. Appendix 1 gives the rclation between these two possible choices
of variables. We have also written the equations in such a way as to maximize
the formal analogy between heat conduction and diffusion.

Section II. facrocirculation of the Blood.

In normal circulation, there cxists a wide variation in the percentage of the
cardiac output delivered to different tissues. For example, on a per gram of
tissue basis, the kidneys receive over 150 times as much blood as do the skeletal
ruscles. Ve can approximate the normal blood flow by dividing the body into two
parts: (z) Strongly circulated tissue, consisting of the brain, heart muscle,
kidneys, and organs of thec hepatic-portal circulation (mainly the liver), and

(b) Wecakly circulated tissue, consisting of the rcmainder of the body. The
breakdown of these two parts is given in Table 1.

Tissue _ Mass Blood Flow

Strongly circulated 4.6 kg. 3.76 liters/min.

Weakly circulated 58.4 kg. 1.64 liters/min.
Table 1

Distribution of cardiac output in a €3 kg. man at rest.
[From (1), page 240]
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This division has important implications in the induction of SSH. During Phase I,
the vital internal organs, including the brain, will be cooled much more rapidly
than the rest of the body. In Phase II, it greatly limits the rate of buildup

of cryoprotectant in the greater bulk of the body, since it receives only about
30% of the total flow. '

Presumably the above figures for distribution of flow are altered during perfu-
sion subsequent to clinical death, due to cessation of the normal vasomotor regu-
latory mechanisms, and since the perfusate is being introduced and exhausted
abnormally through the femoral arteries and veins. The author does not possess
any information concerning the extent of this alteration.

Section III. Microcircu]at10n of the Blood;
Diffusion and Heat Conduction.

: ; S . . . . >
Let us consider a uniform medium whose temperature distribution is T(r,t), where
r and t represent position and time respectively. Then Fourier's Law determines
the change of temperature with time:

3T = pveT
3t

(1]

>
where V2 is the Laplacian operator; in rectangular coordinates,

ax2 3y? 922

The constant D is called the thermal diffusivity constant for the medium. This
quation, together with initial and boundary conditions, completely determines
T(r,t).

If we let C(?,t) be the concentration of a substance diffusing through a medium,
then precisely the same equation, with C replacing T, describes this diffusion
(Fick's Second Law). In this case, D is the di{ffusion constant for a pair of
substances. An excellent general reference to this subject is (2).

As chilled perfusate is circulated through the vascular system, heat transfer will
be effected, particularly in the capillaries. A typical capillary has radius

.004 mm., length .5 mm., and blood flows through at a rate of .5 mm./sec. [From
(1), pg. 43; see also (3), pg. 559 and (4), pg. 503].

Each capillary supplies the tissue immediately surrounding it, which we may

envision to be a cylinder of tissue coaxial with an inner cylinder representing
the capillary, as in Figure 1.
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capillary _

tissue _-
supplied

Figure 1

Roughton (5) calculates that for average tissue, b/a = 17.7. In strongly circu-
‘lated tissue such as heart muscle we have b/a = 2.5, while for poorly circulated
tissue, b/a = 125.

Suppose that we maintein the surface r = a of the capillery at a temperature Ty,
while the rest of the tissuc in the outer cylinder is initially at a temperature
Ti. We let T(t) be the avenrage temperature within the outer cylinder. Roughton
gives the solution to [1] in this case:

- , > ¢ /n LTyl
(2] T(r,t) - T0 i} ﬂ}: llo(xn{?O(rxn/a) "zJo(rkn/“)YO(xn) oxp uxnt
Ty - Ty n=1 | Jo(xy) a’
| -
|9, (bxp/2)
I-Wxﬁt }
—_ . o exp
31 T(t) - T, _ ~__-4 2: _ L a2 i
P
Ty - Tp (b/a)? - 1 1= ; J, (%) ]
|91 0/ j?

Here Jy and J; are the Bessel functions of the first kind, of order 0 and 1; Y,
and Y; are the Bessel functicas of the second kind, and X5 X, X ... aT€
the pesitive roots of the equation: 3

(41 J, (X)Y, (bx/a) - Y, (X)J, (bx/2) 0
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Now the thermal diffusivity of a medium is obtained from its thermal conductivity
K by the relation D = K/ph , where p and h are the density and heat capacity of
the medium. References (6) and (7) give values of X and ph for average bio-
logical tissue; in both cases, D = 1.1 x'1073 cm?/sec., which is the value we
will use. : : .

The author has written a computer program to calculate T and T from equations

[27 and [3]. Thermal equilibrium is reached very rapidly. In average tissue,
both T(b,t) and T(t) reach 99% of their final value in about .32 sec. Even in
poorly circulated tissue, 99% equilibration is reached in 15 seconds. These
times are very short when compared to the rate at which the temperature of the
perfusate (which determines T;) will change. As a consequeénce, during the circu-
lation of chilled perfusate, no significant thermal gradients will exist within
the tissue serviced by a capillary. Thus, the temperature at the walls of the
capillary will be almost identical to the average temperature of the tissue.

As an element of perfusate passes through the capillary, it will absorb heat

from the surrounding tissue. To determine the final temperature of the perfusate
upon emcrging from the capillary, one must solve exactly the same problem for

the inner cylinder r < a as was just treated for the outer region a < r < b.

The solution may be found in (2), which also gives graphs of T(r,t) and T(t)

as functions of Dt/a® (pg. 67 & pg. 72). When Dt/a? = 1.0, T has already
achieved over 99% of its equilibrium value. In our case, this occurs when

t = .00014 sec. Since the time of transit through the capillary is about 1 sec.,
we see that complete heat transfer will easily have been effected. '

Thus, the conclusions of the above discussion are:
A. Each tissue can be represented by a single temperature T.

B. Circulating perfusate will emerge from this tissue at the same
temperature T.

We will see léter; however, that significant thermal gradients will exist between
different organs.

Unfortunately, the same conclusions do not hold for DMSO diffusion through
tissues. The author has been unable to find a published value of the diffusion
constant for DMSO through biological tissue. We can obtain an upper bound on
this value by taking the diffusion constant for DMSO in water; how close the
true value comes to this upper bound depends largely on the extent to which DMSO
is slowed down in crossing cell and capillary membranes. Based upon its molecu-
lar weight, and the diffusion constants for other compounds in water [see refer-
ence (8)], we should have approximately

3 = ) 2
DDMSO,water = 4.5 x 107° cm%/sec

at 0°C. If we use this value in [2] and [3] , we find that 99% equilibration is
reached in about 78 seconds in normal tissue, and about 3700 seconds (1 hour!) in
poorly circulated tissue.
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These conclusions are in very'rough agreement with data cited by Pegg (S, pg.
173) who mentions equilibration times for vascular perfusion at 0 C of about 30
minutes (type of organ not stated).

Thus we sece that conclusion A will not hold for DMSO diffusion; significant grad-
ients will exist within individual tissue. The approximation that will be used
tc describe this state of affairs is given in the next section.

Section IV, Black Box Description of Heat Exchangers,
and of the Body as a Medium for DMSO Diffusion.

We consider a heat exchanger as in Figure 2:

T E l Tz
S h | S
inflow ; outflow
_ |
heat
exchanger
Figure 2

The exact relation between the temperature T, of the cutflow and that T; of the
inflow will depend upcn the construction of the exchanger, the type of controls
available, etc. For our purposes, we will consider a simple type of exchanger
wherchby the perfusate is brought in close proximity with a coolant, maintained
at a constant temperature Ty. For example, in Phase I the coolant would be ice
water at 0°C. In Phase II, it might be ethyl alcohol at dry ice temperaturc.

As an element of perfusate passes through the exchanger, it will undergo cooling
approximately according to Newton's law of cooling:

5 aT = A(Ty, - T
[5] = (Th )

where A is a constant characteristic of the exchanger. The solution to this
equation is:
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[6] T(t) = Ty + (T; - Ty) exp(-At)
and if tg is the time of transit through the exchanger, we get:
[7] T, = Ty = H(Tp - Ty) 0 <H<1

where H = 1 - exp(-Atg). (Note that T, and T; are measured at times differing by
ty; we ignore this minor difference).

Exactly the same considerations can be applied to the flow of a DMS0 solution
through the body. In that case, our conclusion would be:

(8] C, - C, = K(G - C)) 0<K<1

where C, represents the average body concentration of DMSO that the perfusate
comes in proximity with. This is not as precise as in the case of the heat ex-
changer, since the perfusate will primarily exchange with fluid near the capil-
lary walls, which is at a higher concentration than the average Cp. VYe nonethe-
less assume the existence of a K making this relationship valid. More precisely,
in Section VII we will use fwo constants Ks and K, to describe the body, corres-
ponding to the partition of body tissue given in Section II.

Section V. Cooling the Body.

We will now set up the equations describing the rate of removal of heat from the
tody. We censider a recirculating systen as in Figure 3.

The upper box represents the partition of the body tissue into strongly and weakly
circulated parts, of masses M; and My kg., and flows Jg and J,; liters/min., as
given in Section II. The total flow J = Jg + Jy is assumed constant. Throughout
this paper, we will use lower case letters to represent the fractional parts of
upper case quantities; i.e., ig = Jg/d, mg = Ms/(Ms + Mw), etc.
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>~

T1(t) h T, (1)

%
-]

oo o

A%

Heat Exchanger

Figure 3

The perfusate passes through a heat exchanger, where its temperature is lowered
according to equation [7]. We let

hy, = heat capacity of the body, in kcal/kg®C
hp = heat capacity of the perfusate
Pp = density cf the perfusate, in kg/liter
. From (10, p. 995), hy, = .83 at 37°C. During Phase I, h, will be close to that
of water, 1.0. Similarly, p_ = 1.0. These values would all be different in
Fhase II. We let P
r9] Tgo = Ts(0) ; Too = Tw(0)
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. . =T = Qe

In the case of greatest interest, TSo T 37°C.

We assume that the body is insulated, so that there is no gain or loss of heat
to the surroundings. We further assume that the production of heat energy via
metabolism has been arrested by oxygen deprivation. Then, since total heat
energy is conserved, the differential equations governing body temperature are:

dT
[10] hypMs_ 5 = hpepdo(Ty = Tg)
dt
[11] M I = hp oy (T2 = T,)
dt

[Note that we have tacitly assumed here that in passing through the body,

th.) out = (hp) in, and also that (p.) out = (p,) in. This will be true in
Phise I, but "involves a slight apprgximation in Phase II since DMSO concentra-
tion is different in the outflow than in the inflow. We note that at 20°C, DMSO
has a heat capacity of .49 and a specific gravity of 1.1 (11, pg. 219).]

The temperature T, is given by:
[12] Ty = §gTg + 3T,
Combining [7] with [12], we get:

[13] T, = HTp + (1 - H)(T + ijw)

Substituting [13] into [10] and [11], we get:

[14] iTs _ Ishpep ; : }
m — {({a - mjg - 1115 + (1 - W}, T, + HT,
s b
dT J h p
'II'
[15] W _ wWpp {(1 - W)j T+ [(1-H)j, - 1T, + HT}
it " s's W W
hWhp
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Note that these equations arc of the form:

- 4aT
161 S
(5 - iiimiinn - alTs + blTw - (al + bl)Th
dt
71 dT. ' '
[17] E_E. = a, T  +b,T, - (ap + b)) T,
t

These, and other linear differential equations appearing in this paper, are
most easily solved by the method of the Laplace transform [see, ec.g., reference
(12)], or can e solved directly [reference (13), pg. 4681. Ve let

[181 " v = \/(a1 + 15,02 + 4(ayb; - aghy)
REN A = a;p + b, *y

2
[20] T i

2

[21] Ay + 2, = a +b,

[223 Ay - Az =y

[23] MA, = agby - ayby

[247 (Ai - al)(Ai - by) = a,b, for i =1,2

Next, we let:

(251 Ay = SL0y - 5) (T - T) + 5 (T, - Ty

SO
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[26] A2 = 2L0; - )Ty - T) - by (Tyo - T)] ‘
[27] By = %-[(xl - a) (T - ) + 2, (Tgg - Tp)]

1
(28] By = ;'[(al = ) (T - Ty) - aZ(Tso - Th)]

Then, using the properties [21] to [24] of the A;'s, it is easy to verify direct-
ly that the solution to[16] and [17] is:

il

1291 T Arexp(h,t) + Ajexp(A,t) + Ty

[302 T

w

Blexp(klt) + Bzexp(xzt) + Ty

For purposes of comparison, suppose that we had treated the body as a single
unit, and ignored the difference in flow distribution ("uniform body' approxima-
tion). Then the equation governing the change in body temperature would be:

dT . 0
[31] b _ Pp'p

dt Mbh

H(Ty, - Tp)
b

whose solution is:

~Jhpep
[32] T, = Tp+ (T, - Tp) exp( - Ht)
Section VI. Phase I Perfusion.

We will use the above results to develop cooling profiles for the 63 kg. refer-
ence man of Table 1. We assume that it is possible to achieve a perfusion flow
of 4 liters/minute, 33 oppcse’ to the resting cardiac cutput of 5.4 liters/
mirute, and reduce Jg ane J proportionally.
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Esmond (14) gives values of H for a number of different heat exchangers. At flow
rates of 4 1/min, the best of them have a value H = .4. If we take Th = 0,
Tso = Two = 37°C and substitute these values into our model, it becomes:

[33] Ts = 12.3 exp(-.017t) + 24.7 exp(-.428t)
[34] T, = 37.6 exp(-.017t) - .6 exp(-.428t)

Notice that the last two terms vanish very rapidly. Thus, the model predicts
that T falls very quickly to about 12°C while T, remains relatively near 37°C;
from this point on, both Tg and T, fall to 0°C at the same exponential rate.

For comparison, with the same assumed parameters, the "uniform body" approxima-
tion becomes:

[35] T, = 37 exp(-.0306t)

These three functions are plotted in Figure 4.

In most studies of body temperaturc in man, the body is divided into a coxe zone,
consisting of the cranial, thoracic and abdominal cavities, and parts of the
ruscular mass; and a peripichad zone, consisting primarily of the skin and some
of the subcutanecus tissue (1, pg. 528). The core temperature, as recorded by

a rectal or esophogeal thermometer, is sometimes taken to represent the tempera-
ture of 2/3'of the body, while the skin temperature is taken to represent the
remaining 1/3 (10, pg. 994). Our model implies that large thermal gradients

will exist even within the core zone during vascular cooling. Such severe grad-
ients are apparently not encountered in clinical hypothermia.

There are twe possible explanations for this discrepancy: (a) The strongly
circulated organs of mass Mg are, quite naturally, those with the highest meta-
bolic rate. Thus, during hypothermia, their greater rate of heat production
counteracts the cooling effects of the chilled blood; and (b) Probably less
important, there is heat transfer by conduction from adjocent organs. The
assumption in our model that oxygen deprivation has effected arrest of metzbolism
is not strictly true, and no attempt has been made to correct for the heat trans-
fer between adjacent organs., Thus, our model almost surely overestimates the
rate at which the vital organs of mass Mg are cooled.

A more serious source of potential error is that mentioned in the last paragraph
of Section II. I believe that the partitioned model should predict quite well

if the proper values of the flow distribution during perfusion can be ascertained.
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In clinical hypothermia, the Leat exchange unit is normally placed in series (as
we have done), since placing it in parallel would require a larger priming
volume for the external circuitry, and it is undesirable to have to dilute the
blood to this extent. In Phase I perfusicn, however, we are not faced with

this limitation. A more desirable placement of the heat exchanger [similar to
that employed by Manrise Corporation in its prototype perfusion machine; sec
reference (15), Section 59.0] is contained in Figure 5:

promm_ —
Body
T1 T,
-~ /‘
J oy J
Ji-J Heat Jy-J,
Exchanger *
Y
A,
Ty 44
|
i
Reservoir 4
Figure 5

With this circuitry, effluent is mixed with chilled perfusate in the reservoir
beforc returning to the body. While the flow rate J is limited by the physio-
logical pressures tolerable within the vascular system, the flow rate J; can be
raised to much higher levels. This permits much more rapid removal of heat from

the system.

All of the equations developed in Section V apply equally well to this case; we
need only choose the appropriate value of H which makes equation [7] valid.

Yith high enough flow rates Jj, we should be able to achieve T, = Th, i.e.,
=1,
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In this section, we have assumed that all Phase I cooling takes place in closed
circuit mode. However, in practice it will first be necessary to operate in
open circuit, at least until all of the blood has been flushed out. This will
require perhaps 20 liters cf perfusate, or about 5 minutes of open circuit flow.
This will not materially affect the time estimates given above for total Phase I
perfusion. But in virtue of the very rapid cooling it is possible to give the
vital organs, and most importantly the brain, it is highly desirable that this
initial perfusate be pre-chilled.

Section VII. Cryoprotection.

We next treat the problem of building up the concentration of DMSO in the body
water to the desired terminal level. We consider a recirculating system as in
Figure 6:

J Source

Cq
Vo Jg(t)

Cp(t)
Cy(t) N Mp
Jd(t)

1 Reservoir

Sink

v
\

<

Figure 6
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The circuitry is quite similar tc that used in Section V for the removal of

heat. The functions C~, Cy» €, and C, represent DMSO concentration in kg/kg per-
fusate. We have shown in  Section III that significant gradients will exist
within body tissue; thus the functions (g and C; are avenrage corcentrations in
kg/kg liquid phase. The lower box is an external reservoir. In order to con-

- tinually increase the concentration of DMSO in the perfusate, we have provided
for a source of perfusate at a (higher) concentration Cq to flow into the reser-
voir at a rate Jy(t) < J, while perfusate of lower concentration C, is drained
off at the same rate. The source Cq must be prepared so as to contain the same
concentration of salts as in the base perfusate.

We could also consider continuously adding perfusate to the (much larger) reser-
voir without draining off old solution. At first sight this might appear more

efficient, since no DMSC is sent down the drain. However, Appendix 2 contains a
proof that this second method requires more DMSO than the method we employ above.

We assume that the reservoir is kept well stirred, so that DMSO concentration is

uniform throughout. As a consequence, the concentration of the perfusate leav-
ing the reservoir will be exactly the (average) value in the reservoir, namely

Cp'
We let
Hg = mass of the liquid phase (watcr) within Ms
W, = mass of thc liquid phase (water) within M,
WP = Mp (for symmetry)
Wb = Ws + Ww

W= W+ W, * Wp (the total mass of liquid involved).

We again let

F = . = . ]
'36] CSO CS(O) g CWO w(O) ; Cpo CP(O)

In the case of greatest interest we will have Cgp = Cyo = 0, but we also allow
for the casc where a prior perfusicn has built these up to non-zero values.

In accordance with the model developed in Section IV, we assume the existence of
constants K, and Ky such that:

[37] Cs - Cp = Ks(Cg - Cp) 0<Kg <1

43



MTR - JUNE 1972 VOL 2 - 10 2°3

[38] G- C = KiCy - Cp) 0 <Ky <1
and we define

[39] K = jgKs + Ky

Now the concentration C; is given by:

rao] C, = 3465 +i.Cy

By using the three linear relations [37, 38, 40], the six (time dependent) concen-
tration functions appearing in Figure 6 can be reduced to the three independent
functions Cg, Cy, and Cp.

Since the total mass of DMSO is conserved, it is easy to sec that the differen-
tial equations governing these functions are:

f dC d el
[41] WsZs | Jgpp(Cy - C3)
dt
; dc
1 - - -
(42} LR N (R Ve
dt
[43] w _dC pfJCc, + @@-J3)C -JC]
4 —F = Ppliatg &t "<%p
dt

(In this Section, as in Section V, we ignore changes in the density of the per-
fusate as it passes through the body).

Now from equations [37, 38, 40], we have:

[44] Cp = Cp* igKs(Cs - Cp) + §uK,(C, - Cp)

Substituting [37, 38, 441 into [41, 42, 43], wec get:

JKop
[45] EE§ - 55STD (Cp - ¢)

dt W
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[46] EEW - vaKwa C c
dt ¥, - &)
- dC
[477 p._ Cre o s .
el s Wallq = C) + (0 - I DT K G - C) + 3K (€ -G

Together with the initial conditions [36] and the known function J,(t) (depending
upon the perfusion method; see below), these thrce equations complétely determine
the three concentration functions Cs(t), C,(t), and Cp(t).

At this point, we will consider three different methcds of introducing cryonro-
tectant inte the body, which correspond tc three different choices of Jd(t).

Method A. No Additicnal UMSC Added to the Reservoir.
We assume that J = 0; i.e., that the perfusate originally placed in the reser-

voir is allowed “to recirculate until some desired level of cquilibration is
achieved. It has previously been suggested that the whole perfusion process be
carried out by iterating this method in discrcte steps, each step requiring the
replacement of the (equilibrated) perfusate in the reservoir with a new perfusate
of higher concentration.

We first let

1 o
Ce = ff MsCoq + MyCyg * HrCpo)

it should be clear that Cg, Cy,, and Cp will all converge to the final value Cf.

Now from [45, 46, 477 with Jq = 0, we get:

, ac , dC dc
[4€] Weos W w o Wp__p —
dt dt dt
F49] WgCo(t) + W Cu(t) + WpCp(t) = const.

By setting t = 0, we find that const. = WCf. Thus,
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[50] Cp(t) = $§ [WCr - WsC () - W, (t)]

The above equation simply ex¥resses the fact that the total mass of DMSO present
is conserved. Substituting [50] into [45] and [46] yields:

[s17 dCq JsKspE

dt W W

[~(ws + WG - WGy + wcf]

s'p
(527 dC, I Kp
aiin —' = =B [aWgC, - (W, + WG, + WC]
dt TyWp 8
which are of the form:
dc ;
[53] s - 40 +e G- (d +e)C
dt
[54] dCy, dC. +e,C, - (d, + e,)C
af. = 2vs 2w 2 2°°f
t

These equations are of exactly the same form as [16] and [17], which were. pre-
viously solved. The soluticns are thus:

It

[55] Cg () Drexp(Ait) + Dyexp(A,t) + Cg

[56] Gy (1) Ejexp(At) + Ejexp(Ayt) + Cp

Wherc the A's,D's, and E's are determined from the d's and e's in exactly the
same manner as in solving [1£] and [17].
Since the author has no estimate as to the values of Kg and K, and since I will

later recommend a better perfusion method, no graphs or numerical estimates of
approach to equilibrium zre provided.
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Method B. Constant Perfusate Concentration.

|

We assume that J, is regulated in such a way that CP is maintainced at the con-
stant value Cpo. Then [45] and [4€6] become:

[57] dCyq JSKSDE

m— 2 Chn - Cq

dt W (Cpo = )
[58] dCy _ JwKwa

- (Cpo - Gy)

dt Wy

These equations are easily solved:

~JKgP
[59] Cs(t) = Cpp * (Cso - Cpo) exp(——=2 1)
S .
5 ~JyKyP
(607 Cu(t) * Cpo * (Cyo - Cpo) exp(——=E1)
W
Equation {43] becomes:
[61] 0 = oplgCq + (0 - IC, - IC,]
so that
CY)o - 1
[e2] Jg = J 40—
Cg - C

Using 144, 59, and 60] onc obtains an explicit expression for J,(t). However,
unless very sophisticated control mechanisms were available, it is unlikely
that the resulting equation would ever be used to regulate J, (t). In practice,
it would be much simpler to continuously monitor the concentTation C, in the
reserveir, and add and drain in such a way as to keep it (nearly) constant.
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Method C. Constant Gradient Across the Body.

VOL 2 -~ 23

We increase Jd in such a way as to maintain C% - C, at a constant value.
i

solving the equations, it will be helpful to

We let
[63] We = We/My 5wy = W /Wy
[64] kg = jgKg/K ; k, = J,K/K
[65] C = ks(Cpo = Cso) *+ ky(Cpo - Cyo)
[66] Cho = WsCso * W,Cyo
(677 L = fffgl
Wy
Now our assumption is that C, - C; = const. From [44], we have:
[68] cpf- c, = Ke

and again using [44] , we get:

[e9] Cp = KgCg + kG + C

Substituting [09] into [45] and [46] , we have:

[70] dég kg
- " W L [(kg - 1)Cg + kyC, + C]
k k
S w
= e L (-C, + C, + C/ky)

48
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[ni wa . _sw g © - €

dt " y @ Crkgl

We again solve these equations by the method of the Laplace transform. If we let

kSkW
[72} )\ = W W .
S w
w(k =-w
[73] Ay = qm-+JL4L_~£ C
k Ky
[74] Ay = LC
[75:] /\2 = CSO - .['\0
w (k. - w.)
[76] By = Cpo * L Seli BN o
ksky
[77] B, = LC
t7e] B, = Gwo - By

Then the solutions to [70, 71] are:

[79] Co(t) = Ay + At + Aexp(-At)
[80] Cu(t) = By + Bit + Bexp(-At)
Let us consider the case of greatest interest, where Cgy = Cyo = 0. Then we

have Cpo = 0, and C = Cpo. Substituting the A's and B's into [79] and [80]
yields:
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JKp W (k -w)
[81] Cs(t) = Cpy b g HBn & 0« axp ey}
Wy ksky,
JKe wo(k - w)
[82] Cu(t) = Cpp —L ¢+ 2L ¥ 1 exp-at) ]}
Wy kK,
If we substitute [81, 82] into [68] , we get:
" JKp (k. - w)2 | |
[83] Cp(t) = Cpo U+ Pt + 53 [1-exp(-at)]}
iy kskw |

Note that [81, 82, 83] all contain the transient term in exp(-At). Once this term .
has vanished, Cs’ Cy, and Cp all increase linearly with t, and at the same rate.

For the sake of reference, we will again solve the equations in the uniform body
approximation. In this case we have Wy = jg» Kg = K, = K, so that ks 5 Wes
Thus, the solution is:

JK
[84] Gu(t) = C By
e , po wb
r _ JKp
[85] CP{-Q = Cho(+ _U_P. t)

b

Returning to the partitioned body case, the flow Jy necessary to maintain the
constant gradient across the body is obtained from [47]:

dC o)
[86] —P = B [J,C,-C)+ (J-JI)(K )]
dt Wp e p d” " PO
W, dC
, FE'E‘P * JKGy,
[e7] g, = &
Cd - Cp + KCpO

%n ixplicit expression for Jd(t) is obtained by substituting for CP from equation
831.
L
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This perfusion method cannot be continued indefinitely, since Jgq cannot exceed
J. Note that by the time this limit is approached, the transient term in [83]
will have essentially vanished, and so we will have dC /dt JKppL /Wb Thus,
from [87], this constraint is:

W

rssl (W‘E’ + 1) JKCp,
J o>
Cq - Cp + E{Cpo
W
[89] Cp £ Ca 32 Koo

0f the three perfusion methods treated in this section, Method C seems clearly
the best. It builds up the concentration of DMSO in the body water as rapidly

as possible, subject to the constraint that we never exceed a specified gradient
across the body. This constraint is approximately the same as spec1fy1ng a max-
imum allowable DMSO gradient within the body. I recommend carrying out the
entirc perfusion this way, at least until Cp reaches the desired terminal concen-
tration Cg, at which time Method B should be adopted.

Further results concerning this method will be developed in Section IX.

Section VIII. Freezing Point of DMSO-Water Solutions

References (16¢) and (17) both give graphs of the freezing point of DMSO-water
soluticns as 2 function of weight concentration of DMSO. These graphs are not
entirely in agreement; in thc range C = .4 to C = .5, the graph in (17) lies
about 4°C higher than that in (16). It is not clear how this difference should
be solved, since:

R. The graph in (16) is readable to an accuracy of about 1/2 degree, but the
accuracy of the data is not stated; and

B. Although the text of (17) indicates that their measurements are accurate to
within 1°C, the graph itself is only readable to within about 3°C.
In Figure 7 we have given a composite of these two graphs, which is based pri-

marily upon the data given in (16).
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The auther has carried out a multiple regfession on the computer to determine
the best polynomial fit to Figure 7 between C = 0 and C = .55. The best fit is
given by: '

r901 Tep  -.4+12.8C - 162.3 C% - 123.0 C3

Passing to a fourth degrce polynomial did not reduce the error sum of squares.
With this approximation, the cstimate of standard deviaticn is 6 = .81, and the
maximum observed error in prediction is 1.1°C.

Almost as good a fit is obtzined with the simpler polynomial:

[91] - Tege = 26.1 C - 252.1 C2

A

In this case, o = .97, and the meximum observed error in prediction is 1.6%.

Refercnce (17) states that the formation of a DMSO trihydrate, which occurs at

C = .59, prevents reaching temperaturcs lower than -63°C in liquid phase
(approaching this concentration from the side C = 0). But the authors mention
the possibility that the presence of salts in the sclution (as we will have) may
prevent the formation of this trihydrate, climinating thc trihydrate eutectic
crystallization that otherwise occurs at C = .55, If this is true, then the
lowest temperature achicvable in liquid nhase is obtained by extrapolating the
outer curves to their intcrsection. (17) gives this temperature at between
-105°C and -115°C, but this author’s oxtrapolation (shown in Figure 7) gives
this temperature at abcut -22°C, obtained when C = .64.

Section IX. Phase II Perfusion.

The approach to Phase II perfusion that we will develcp is based upon recommenda-
tions coriginally set ferth by Gouras (18), which in turn were based primarily
upon the work of Farrant [(19); sce also (9)]. 1In this approach, we attempt to
progressively increasc the ccncentration of DMSO in the body cells as temperature
is lcwered, in such a way as to prcvent any freezing of cell water until the
lowest temperature pessible. This method completely avoids one of the major
sources of damage that normally occurs in the freezing of tissue, the toxic
effccets of the high conceontrations of salts that result when cell water freezes
out.
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A major problem in attempting to utilize this approach is to estimate the actual
concentration of DMSO within the body cells as perfusion is carried out; for
this purposc, we will utilize the theory developed in Section VII.  The tempera-
ture dependence of the constants involved, and the unknown values of Kg and K,
will require us to make 2 number of compromises in order to obtain numerical
results. These approximaticns will be detailed as they arise.

In order to achieve the simultaneous removal of heat from the body and buildup

of cryoprotectant, we unite the circuitry of Figure S with that of Figure 6,
resulting in the circuitry of Figure 8:

Body

Heat
Exchanger

A

sink

~ —————— C » ——————

P

Reservoir

Figure 8

In light of the possibility mentioned at the end of Section VIII, we will recom-
mend achieving the final concentration Cg = .64 of DMSO in the body water. Thus,
we assume that the recommended Method C of Section VII is employed until the
perfusate concentration C, reaches this value Cg. At this time, Method B is
adopted until the body cogcentration of DMSO reaches a value sufficiently close
to Cg.  In order to carry out this approach, it is necessary to select values for
the two parameters Cpp and Cq. It will be useful to first develop further con-
sequences from the tgeory of Section VII before considering the factors that
govern the choice of values for these parameters.
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Part A. Relation Between Cj, Cg, and C.

We can obtain numerical estimates of the rate of buildup of Cg and C, as a func-
tion of Cp if we make the simplifying assumption that Xg = K, so that kg = jg
and ky, = j,. We use [€1, 82, 83] and consider times large encugh that transient
terms in cxp(-At) becomes negligible. Thus we have:

JKp w, (G, =~ w))
[92] Colt) = Cpp [—R g ¢ =]
" Isdy
JKe, ws(j, - W)
[93] Cu(t) = Cpo [—L ¢ + vl Sy
”b Jst
) JKe,, (ig - wg)?
[94] Cp(t) = Cpo [1 + t + —
(G Jedey

from which we see that:

W
[0¢] Cs(t) = Cp(t) - 73- Coo for large t
Js
W,
[96] G, (t) = Cp(t) - ;4- Cpo for large t
W

From data given in (1, pg. 302), we have that W_ = .73 Mg, W, = .62 M, and

Wy, = .63 M. Thus, using our 63 kg. reference man of Table 1, we have:
[97] wg = .08 ; W, = .92
98] is = .70 jw  -30

and sc we have:
[ec] €y

[100] C

°

Cp - .1 €po for large t

14

w = Cp - 3.0C for large t

po
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Thus, while the concentration Cg keeps right up with C,, the concentration Cy

eventually falls 3 Cpo behind.

It should be pointed out that the eventual lag (Cp - G,) which develops gives a
measure of the maximum DMSC gradient that is encountered in the body during per-
fusion. Compare equation [100] with the uniform bedy model of equations [84, 85]
in which (C, - Cb) maintains the constant value Cp,. Wc see that, with the same
choice of C,,, three times larger gradients are encountered in the partitioned
body model gs in the unifeorm body model.

p,

Part B. ~ Length of Time and Quantity of DMSO Required.

An estimate of the length of time required to rcach Cp = Cf can be obtained from
equation [94]:

: b
[101] te -

Note that this formula is based upon the unrealistic assumption that the product
JK remains constant throughout Phase II perfusion. For this reason, no numerical
estimate for the value of t. will be provided. An estimate can be obtained if -
the average value of JK over this temperature range can be ascertained. The for-
mula does serve the purpose of showing that the total perfusion time required

is essentially inversely proportional to the value chosen for CpO'

The total quantity of DMSO required to carry out the Method C part of Phase II
perfusion depends upon the choice of de and Cy, and is given by:
e
CPOWP + ) Cdpde(t)dt
0

[102]  Q(ChosCa)

where J4(t) is obtained from [87] and [86]. The integral that results from this
substitution cannot be evaluated in closed form. We can, however, evaluate this
integral if we use the uniform body approximation [85] to determine Cp(t) in [87].
In this case,

S6
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tew
pp(WE'JK + JK) dt

[103] QCposCa) = CpoWp + Cy e
Ca = Cpo (1 + 'i?Ja t) + KC

J (0]
o b ¥
te
) . JKp .
Q = CpoWp - Cqliy, + W) logfcy - Cpo (1 + .ﬁgﬂ.t) + KCpol
(6]

Cg - CPO * XCpo ,

ro4] QCposCyq) = cpowp + CalWp + W) log(
Cd - Cf b KCPO

where zbove, 'log' is the nafwral logarithm.

Note that this expression is independent of J, and so is not affected by the fact
that J decreases at low temperature .

As a function of C__, this expression assumes its minimum value when Cpo—= 0, as
-.can be verified by the usual method of solving the equation BQ/BCPO = 0. In this
cas¢, we have:

[105] Q(0+,Cy) = Cy(Wy + W) log (E——j-z* )
d - “f

Herc, the "0+" is to indicate that the quantity Q is the limiting value as Cpo
approaches zero from the plus side. (Of course, no perfusion of DMSO at all
takes place when we actually have Cpo = 0).

It can be seen from equations [95] and [96] that the uniform body approximztion
becomes exact when C,g -+ 0. Also, in this case, the whole of Phase II perfu-

sion can be carried out by Method C; since Cb = Cp, there is no need for (and

no further DMSO required from) Method B.

b?
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part €. | Choice of

We now have encugh information to weigh the factors involved in choosing a value °
for C,,. There are at least two advantages to choosing a small value for this
parameter:

A. As shown in Part B, the total quantity of DiSO required is minimized.

AL, DMSO gradients within the body are minimized, reducing osmotic stresses. In
this connection, see the remarks at the end of Part A of this section. If the
partitioned body model proved to be the case, one would choose a value of Cpo
only 1/3 as large as one would select in the uniform body model.

The only disadvantage to such a choice is the length of time required to complete
the perfusion [equaticn 101], which exposes the body to toxic concentrations of
DMSQ for undesirable periods of time,

On the basis of these considerations, it appecars to the author that a reasonable

compromise choice is Cpo = .05. This value will be assumed throughout the rest
of the paper.

Part D. Choice of Cy

A major consideration in choosing Cq is to minimize the total quantity of DMSO
required, as expressed in equation [105]. By again setting dQ(0+,Cq)/dCq = 0,
we find that Q(0+,C,) assumes its minimum value when C4 = 1; i.e., when the
source is pure DMSO. In this case, again using the 63 kg. reference man, we can
obtain a numerical estimate of the quantity of DMSO required. From [105], we
have:

1

1 (5 + 40) log(——)
1 64

[106] Q(0+,1)

]

46 kg. DMSO

On the other hand, there are at least two reasons for choosing a value for Cd
less than 1:

58



MTR - JUNE 1972 VOL 2 - NO 2-3

A. DMSO has considerable hecat of solution; Reference (15) gives this value as
60 cal/gm. Prediluting the DMSO with the balanced salt solution employed would
allow much of this heat to be evolved prior to use, rather than placing the bur-
den for its removal on the heat exchanger.

A4, Pure DMSO freezes at 18°C, and thus cannot be prechilled significantly. But
if, for example, we chose C3 = .8, the solution can be chilled to as low as -34°C
without freezing.

With this choice of Cd,'we have:

[167] Q(0+,.8) = 58 kg. DMSO
which entails roughly a 25% increase in thc quantity of DMSO required. This does
not seem prohibitive, and so we will recommend Cd = .8 as the source concentration.

It must be pointed out that the end value obtained in [107] is based upon assumed
values fcr a number of parameters (in particular, bedy weight), and upon several
approximating assumptions which tended to underestimate the actual amount of

DMSO required. The author recommends that in preparing fcr an anticipated per-
fusion, at least 100 kg. of DMSO be kept on hand -- especially if the prospective
patient is of above average body size.

The quantity of DMSO required can be greatly reduced if an efficient method for
extracting DMSO from the effluent can be developed. In this case, no DMSO

need be sent down the drzin -- after extraction, the DMSO is simply added to the
source Cj.

F. R. Chamberlain reports tc me that a relatively simple method to accomplish
this extraction can be developed. His propesed scheme will be the subject of a
later MTR article. If such a method were perfectly efficient, then the theore-
tical minimum value of the quantity of DMSO required could be approached:

f1e8] Qmin = (Wp + W,) Cf = 29 kg. DMSO

where we have used the same valucs for the parameters as werc employed above.

Part E. Removal of Body Heat Versus Buildup of Cryoprotectant.

The choice of Method C for introducing cryoprotectant into the body still leaves
open the question of the best temperature profile for removing heat from the

body. In order to profitably discuss this question, we will employ the uniform
body approximations appearing in equations ?32] and [84], since this will allow
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us to cancel a number of temperature dependent quantities against each other.
The results obtained below would be e¢ssentially the same if we treated the two
parts Mg and M, of the body separately. For further simplification, we use
[91] rather than [9C] to describe the DMSO-water freezing curve. We also assume
that theoheat exchanger is cooled by a liquid at dry ice temperature, sc that

Ty, = =-79°C

h .

To complete the description of the Phase II perfusion procedure to be employed
requires specifying a function Ty (C,), which gives the desired body temperature
to be obtained as a function of the body concentration of cryoprotectant.
Ideally, this dependence is chosen in such a way as to minimize the total damage
done to the body due to exposure to toxic concentrations of DMSO, decay and
other harmful reactions that continue to take place in the body, and other dele-
terious effects. The determination of the optimal function is a problem to be
solved by the methods of the Calculus of Variations. Since the complexity of
assessing the damage dene to the body, and the temperature dependence of the con-
stants involved, both meke this a rather difficult problem, the author intends
to defer an attempted solution as the subject for a later article. For the pre-
sent, we will assume that the optimal approach is to make T, hug the freezing
curve Tf' as closely as possible. This sclution would surely be optimal if the
product SK, which determines the rate of buildup of cryoprotectant in the body,
remained constant all the way down to -63°C. [See alsc (9), which proposes
using this presumed solution in experimental organ preservation.

Thus, the focus of this Part will be solely to demonstrate that Ty (Cp) can hug
the freezing curve. I.e., using Method C to build up cryoprotectant in the body,
the heat exchanger will still be able to remove body heat rapidly enough as to
maintain Ty = Tg,.

We first note that from [91],

dT¢..
[109] » 26.1 - 504.2 G
dcy,

But on the other hand, thc¢ maximum rate at which we can reducc body temperature
is obtained from [21] and [84]:

dT dTb dCy,

— —————

dCb dt- dt

|

hprH

hbeKCpo

n

(Ty - Tp)
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So we see that as Cp increases and T, decreases, dTgp/dC, becomes more and more
negative, while dT, /dC, becomes less and less so. Thus, 1t will be most difficult
for dTy,/dC, to keep up with dTg./dC, as the terminal concentration Cg is approached.
Now the lowest temperature we will attempt to achieve is Ty = -62°C, when Cp = .
.55. [Reference (17) gives Tgy (.55) = -63° + 1°CJ}. At this point we have:

der
[111] ac, = ‘—252

- At the very low flow rates that will prevail at this temperature, the heat ex-
changer will become nearly perfectly efficient, and we will have H = 1. The
worst case assumption we can mzke (for the thesis we are trying to establish) is
that K = 1; its value will certainly be much less. Using these values in [110],
we get:

dr 1
2] 2 o e31.l [50. (6)] = -258
ac, .83 1 .05

This value exceeds (negatively) the value in [111], which establishes our
contention. :

Part F. Procedure for Phase II Perfusion.

In this part, we describe in greater detail the step by step procedure to be used
in carrying out the recommendations of Part E. We will address some of the
practical questions of mcasurement and coentrol, and provide methods for handling
the expected deviations from our thecretical predictions resulting from the
approximations and idealizations of the models we have employed.

In order to give a numerical discucsion of Phase II perfusion, we will now
postulate values for several morc parameters. We assume that at 0°C it is
possible to maintain a flow rate of J = 2 liters/minute, and that the volume of
the external reservoir is Wp = 5 liters. Note also that for our 63 kg. refcrence
men, the volume of the blood in the circulatory system is about V. = 5 liters

(1, pg. 280). We will also assume in this part that DMSO concentration is moni-
tored by measurement of the specific gravity of the perfusate and the effluent.
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Initial Stages of the Procedure.

We begin by preparing ~ quantity of perfusate at concentration Cpq =

sufficient to fill the external reservoir, and to displace all og the Phgse I
perfusate currently in the vascular system, amcunting to a total of over 10
liters of perfusate. Five or more liters of perfusate are now allowed to flow
threugh the body, while the flushed perfusate is sent to the drain, and then the
reservoir is filled with the remaining five liters. Note that the length of time
required to flush the circulatory system is approximately V./J, which under our
assumptions is 2.5 minutes. :

At this pcint we measure the concentration of the effiuent, and thus make an
initial determination of the value of K. From cquation [68], we have:

TIST: | "Bk o e
(1131 . 1 =

This value of K is used to select the initial source flow rate Jgq, according to
equation r87] Note that this equation contains the term dC,/dt, for which we

could substitute either the partitioned body model of [82], or the uniform bedy
model of [85]. As emphasized repeatedly in Section VI, the actual situation at
this point surely lies somewhere between these two extrcmes. Note that:

dc ¢, JIKe (kg = wg)? |
el B - B _Prg, 2~ 7 (partitioned body model)
= ,015K (with assumed parameter values)
[115] EER _ CpoJKep (uniform body model)

(with assumed parameter values)
= ,0025K

Thus we see that 4initially there is a large difference (a factor of 6) between
this value as determined by the two different models. (This difference disappears
as soon as the transient terms in the partitioned body model vanish).

Substituting into [87] and using the assumed parameter valucs, we have:
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.23K liters/minute (partitioned body model)

[116] J4(0)

i

[117] Jq(0) .15K liters/minute (uniform body model)

In practice, an 1n1tlal value cf J3 lying somewhcre between these two values
should be chesen. Of course, effluent is sent down the drain at the same rate.

Further Regulation of Perfusate Concentration.

Ideally, from here on we would regulate C, in such a way as to maintain CP - Cy =
.05K, However, there are twc practical considerations which mitigate against
this procedure:

4. The initial determination of K made above is subject to a considerable degree
of error; and

AL. K is not truly a constant. As perfusate temperature is lowered, K will
increase as a consequence of the reduced flow rate J, but will decrease as a
consecquence of the rcduced rate of DMSO diffusion within the body. The net effect
is very likely to be a reduced value of K. ‘

We emphasize again that the goal of this methcd is to maintain Cp - C; at a con-
stant value, since this will result in the body concentration increasing at the
same rate as (er Cy). 1In light of the expected deviations from constancy that
will result from either 4. or {{. above, we need to specify a mcthod for restor-
ing this constancy. The method is the same in either case.

uuppose that after an interval of time, C; has crept clecser to C,, so that Cp -G
is smaller than at the previcus measurczent. One night expect that the remedy

is to 4ncrease Jgq (or enu1va1ently, dC,/dt) in order to restore the constant
difference. However, if Ci is apprcacﬂlng C,, this indicates a xeduced value of
K, i.e., that the body is not taking up DMSO as rapidly as was previously assumed.
Thus in fact the remedy is just the opposite, we decrease dC,/dt, and continue to
do so until C, - C) remains constant. By the same argument, if C, - Cj becomes
larger, we must Lncrease dC /dt (i.e. Jy) until this difference remains constant.

In order to supply sample curves for all of these functlc‘nc during the initizal
stages of perfusion, we make the additional supposition that K = .2. Figure §
gives thc concentration curves that result from the partitioned body model. Note
that the effects of the transient terms in this model become negligible within
about twc hours. Figure 10 gives similar curves in the uniform body model. In
Figure 11 we give the initial source flow rates Jy corresponding to each of these
two models.
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Control of Perfusate Temperature

We will assume that it is possible to maintain adequate perfusion flow all the way
down to -62°C. This assumption may well prove unrealistic, or may require perfu-
sion to be carried on for an inordinate length of time. In this case, perfusion
will have to be accomplished at higher temperatures. In any event, the procedure
detailed below (as outlined in Part E) gives perfusate temperatures that one
shculd not fall below.

If any methods for directly measuring the minimum body concentration of DMSO are
available, then one would simply lower the body temperature in such a way as to
never fall below the freezing curve given in Figure 7. Lacking such means for
direct measurement, as we almost certainly will, we must rely upon the theory
developed above.

Using the partitioned body model, we can use equaticn [100] to obtain an estimate
of the minimum body concentration of DMSO as a function of the perfusate concen-
tration. This equation, valid for large t, is very conservative in the early
stages of perfusion (compare with Figure ¢, where it becomes valid in about two
hours). This, however, makes little difference to the reccmmended cooling profile,
since one cannot begin to lower bedy temperature below 0°C until a substantial con-
centration of DMSO has built up in the bedy (e.2., one cannot achieve even -5°C
until the ninimum body cencentration is at least .20).

But due to the adjustments in perfusate cencentration required to compensate for
the errors 4. and 4{. mentioned above, equation [190] may not continue to give a
close estimate of the actual minimum DMSO concentration 'in the body. Fortunately,
it is relatively easy to makc a direct calculation cf the body concentration of
DMSO from the data that will be recorded during perfusion. For if we let U(t) be
the total amount of DMSO t2kcn up by the body up until time t, we have:

-t
fig] u(t) =j J(opCp - p1C)dt

(¢]

This equation, which simply expresses the conservaticn of the total amount of

DMSO present (net body uptake is the difference between the inflow and the outflow),
is valid in any model, regardless of changes in J, K, or any other parameter.
(Compare this with equations [41,421: The only difference is that here we have
explicitly allowed for the chenge in perfusate concentration as it passes through
the body. Since we are now assuming that specific gravity is used to monitor

DMSO concentration, values cf both py and p; will be readily available, and so we
arc making use of the slight additional precision that their small difference
permits).
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Since all of the quantities appearing in the integrand of [118] will be contin-
ucusly monitored during perfusion, the integral can be continuously evaluated by
any cne of the standard nurcrical methods., In Figure 12, we give a samplc work-
shect for calculating this integral, using the simplest of numerical methods,. the
trapezeidal rule. The format of the calculation assumes that measurements are
made at irregular time intervals. The formulas would be somewhst simpler if all
observations were made at constant time intervals, but in actual practice they
will be male much more frequently during the early stages of perfusion (when we
are still fixing the true valuc of K) than in the later stages. CGlightly greater
precision in calculating this integral would be obtained by the use of Simpson's
rule, with a minor increase in the complexity of the running calculation. (See
any calculus textbook for a discussion of these alternate methods for evaluating
definite integrals).

Possessing this information as to the total DMSO uptake by the body, we can further
keep a running estimate of the minimum bocdy concentration of M4SQ, which parallels
equation {100]. Regardloss of whether or not the partiticned body model, as mani-
fested in [100], continues te hold exactly, we can use it as a worndt case assump-
ticn for the purpose of determining the minimum body concentration of DMSO. Now

in this model, wc sce from equation [29] thet Cs cventually (almost) catches up
with €,. When this occurs (after the transient terms vanish), we can easily see
that the minimum concentration in the rest of the body is given by:

U() - HC,(8)

W,

{119} C,(t) =

We will use this estimate of the minimum body concentration to control the temper-
ature Tp of the perfusate. Tp is chosen to lie just above the freezing curve
given in Figure 7, with Gy used for the x-coordinate. We have previcusly demon-
strated in Part E that the heat exchanger should have no difficulty in removing
heat from the perfusate rapicly enough tc nermit following this profile. But, as
has previously been emphasized, the reduced rates of flew and of diffusion at low
temperatures are very likely to prevent following this cooling profile all the way
down to -62°C. Another limiting facter may simply be the time (and energy) avail-
able to the perfusion team. Note that it is very easy to keep a running estimate
of the further time required to complete Method C perfusion, if perfusion is to
be continued at the curtent temperature. One simply evaluates the current slepe
of the Cp(t) curve frem the data sheet, and uses the equation

64 - CP
[120] time until completion = —.

ac
oo

dt
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Recorded Data Caiculated Data

Patient's Weight M, = Estimated W

"

Estimated Wiy

t J Pp CP pl Cl A B A U Cw
o Jo | ope | S0 | P10 | S0 || A 0 0 0 0
t1 Jy ep1 | Cp1 | P11 Cn £y By Ay U Gyl
tn In Ppon | Cpn | P4y Cin Ay Bn Ay Un Cyn
;

Formulas for Calculated Data

Wy = .053M,

W, = .575M

A= J(pPCp - 7,Cy)
By = (A, + Aq.q)/2
b=ty - 4

Up = Up-1 * Byby

Gun = Uy - wscpn)/ww

Figure 12

Sample worksheet for calculating the total body uptake U of DMSC, using the
trapezoidal rule for integration. From the running values of U we can at any
time calculate C, the estimated minimum body concentration of DMSO.
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Whenever this time becomes prchibitivé, further efforts to lower perfusate tem-
perature should be discontinued, and perfusion carried out at the ‘current temper-
ature.

When the terminal concentration Cg = .64 is reuached, we switch over to Method B,
and maintain this constant perfusate concentration. We continue to estimate

the minimum body concentration of DMSC by the method of calculation given in
Figure 12. (COf course, the product ppCp remains constant from here on, which
leads to a simplification in the calculations). Perfusate tempcrature is regula-
ted in exactly the same way as in Method C perfusion.

In determining when to cease Mcthod B perfusion, we have two possible criteria to
use:

4. The calculated minimum body concentration (Figure 12) yields Cw = .64, But
accumulated measurement and computational errors over the full course of perfu-
sicn will render this number not cempletcly accurate.

{L. The concentration of the effluent is Cl = G4, But ncte that due to the
expected decrease in X as temperature is lowered, C; could be fairly cleose to .64
while Cy remains some distance away.

So we sce that it is important to continue perfusion until €; is verified to re-
main stable at .64 for some period of time. This final approach to equilibrium
will be quite slow, cspecially at very low temperaturcs.

Phase II perfusion terminates when the desired equilibrium is achieved. At this

point Phase III boegins, whercky the body temperature is lowered to -106°C for
storage in solid state.

(references on page 74)
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or inversely,

£]262 Fd =

1 1 1

Pyla  Pg Py

These relations are valid at any temperaturc, when we substitute values of pg
andé p, correct fer that temperaturc. In particuler, at 20°C we have:

1
[127] Cd =
1+ (L_ 1)
Fa 1.1
11 Fy
T 11+ Fy
and inversely,
11 Ca
[128] By = ¢
11 - Cd
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Appendix 2. Proof that the Recommendcd Method
of Adding and Draining DMSO is OUptimal

Consider the alternate procedure, where DMSO is centinucusly added to the (much
larger) reservoir without draining any off. We have:

Source
, Cd
| S
s——d G I
Cy(t) Wp Cp(t)
J Reserveir d

Figure 13

The differential equaticn gcverning thi:z process is:

d(Cp¥p)
o) —— = T
[12¢] ” pp(3C, + JCy - p)

In this case the mass Wp is not constant, but rather we have dwp/dt = pp{;. Thus:

dc

P o
[130] p E;_.+ Cppp a = pp(JC1 + Jde - JCP)
and so
W, dC -
s PP . 5
[131] Jd = -F;-—'(-;{* + ] (Cp - Cl)]/((“d - Cp)
P
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wherecas from [43], we have:

Wy dCp
2] g, = [ 2T
4 Py dt

_ 1 ;
URNCE cl)J/(cd - ¢)
Now since Cl < C,, we have that Jy < J§, as claimed.

P &0
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STATUS OF THE MANUAL

Phase II of the manual (Instructions for the Induction of Solid State
Hypothermia in Humans) is in preparaticn, but because of its detailed
nature (it will be based upon the theory of the precceding article) this
material will be thorcughly reviewed and critiqued by Mr. Quaife. Several
revisions may be necessary before the material is suitable for inclusion
in the manual.

Two systems for implementing Phase II will be described, one of which is
assumed to have many automatic features, while the other is constrained
to employ only the minimum degree of equipment complexity and sophistica-
tion. It is envisioned that the latter method will be used as a primary
means of accomplishing Phase II operaticns at this time, pending the
development of better cquipment, and will later be used as a back-up or
emergency procedure only. The method using the lesser sophistication of
equipment will be less costly to implement, from a hardware standpoint,
but it will require a large and highly trained team. Correspondingly,
the system based on highly automatic equipment will be far easier to
operatc.

This material will be finished and mailed to MTR subscribers who own
manuals as quickly as possible. We realize the urgency asscciated with
the availability of this information and will do our best to avoid
unnecessary delays.
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whereas from [43], we have:

[13

Now
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10.

11.
12.
13.
14.

. Wy dCp
. PP - g ’
2] g, = [2-E [Lp—Clﬂ/(Cd-Cl)
. . Pp dt 4
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_*L/jREVIEWS OF EXISTING LITERATURE;

ice formation vs. cell survival

This study points out that the formation of intracellular ice chystals
may not be Zofakly imcompatible with viability in certain cells. The
degnee and cause 0§ cryoinjury vary from celld to cell.

["The Ultrastructure of Small Bowel Epithelium During Freezing", by T. HMakita,
A. Khalessi, F. M. Guttman, and E. B. Sandborn, CryobicLogy, 8:25-45, 1971.]

The well established concept that intracellular ice is a principal factor in
cryoinjury has been supported, according to the authors, by little concrete
evidence. This study of the damage caused by the formation of intracellular
ice approached the problem in two ways. First, a replica was made while the
cell was frozen (temperatures not cited) and the ultrastructure examined.
Second, cells which were treated with various cryoprotective agents, frozen,
and subsequently thawed, were studied to draw a correlation between the result-
ant viability of tissues and the changes in the ultrastructure of the cells.

This study was performed on segments of the small bowel of dogs. Various con-
centrations of DMSO, glycerol, and a mixture of these two were utilized by
intravascular perfusion. A freeze-etching device was employed for production
of the replicas. In order to assess the damage caused by the freezing and
thawing, the frozen tissues were compared with control and perfused tissues
that were not frozen. Each specimen was biopsied (a) before freezing,

(b) while frozen, (c) immediately after thawing, and (d) in specimens which
survived from 4 days to 2 months after the experiment. The text is well sup-
ported with 33 different photographs of the tissue replicas.

Glycerol and DMSO (and a combination of the two) were compared as to their rela-
tive effectiveness as cryoprotective agents in the preservation of ultrastruc-
ture detail as well as the prevention of the formation of ice crystals. It was
found that a combinaticn of 10% DMSO and 10% glycerol resulted in the Least
amount of change to the ultrastructure of the cell, Surprisingly, though, the
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specimens with a lower percuntage of ice crystals did not show an increased in-
cidence of survival. The greatest survival rate was experienced in segments
perfused with DMSO even though the amount of ice formation was greater.

The most significant effect of the freczing and thawing was shown to be membrane
permeability. The capillary endothelial, intestinal epithelial, and interstitial
cells varied in their ability to withstand the cffects of freezing, the first
being nmore vulnerabt:le than the others.

'"From these studies’, the authors conclude, "it becomes evident that cclls and
intact organs may survive freczing and thawing under conditions which allow
considerable intracellular ice crystal formation and even quite severe damage to
the plasma membrane of endothelial and other cells', They also suggest that
studies which include further observation of cellular ultrastructure and function,
membrane permeability, and survival of tissues may contribute valuabie informa-
tion in this field leading to an improved understanding of the mechanism of cryc-
injury and methods for adequate protection during freezing and thawing procedures.

LLC

o9

Editorial (continued from page 27)

The next hundred years or so, barring a catastrophic end to civilization, should
include advances in medicine and gerontology opening up the eyes of everycne to
a proper view of humsn life, as potentially endless, full of activity, enjoyment,
and growth. Accidental deaths and residual fatal illnesses will be handled in

a way that seeks to return lifc to those who die. Vhether or not the means of
rcanimation have been develouped, those who are dying will be frozen.

But few persons will be frozen without a demonstration of feasibility such as
that described above. HMost will demand prcof that the procedures used will, at
the very least, lead to a state in which all cells are potentially viable. This
much we must do alone, now, without the general support of scciety. If we do
not takc this first step, we may not have a chance to take many others. We must
offer proof that what we are doing produces results.

Have you noticed how fast the years keep going by? There is no time to waste!

References
1. Prospect of Immontality, R.C.W.
Ettinger, MacFadden.
2. Suspended Animation, Robert
Prehoda, Chilton.

F. R. Chamberlain
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total blood washout

This procedure for trheating a hepatic coma involves total body per-
gusion with chilled perfusate similan to that employed in Phase 1 of
the induction of s08id state hypothenmia. Data on cooling rates
achievable were acquired, as well as funther conclusions that the -
use of blood proteins may be of value in preventing fludid buildup in
tissues. . . ‘ ‘

["Asanguineous Hypothermic Total Body Perfusion (TBW) In The Treatment of Stage
IV Hepatic Coma", by G. Klebanoff, D. Hollander, A. B. Cosimi, W. Stanford, and
W. T., Kemmerer (all of the USAF MC), in the Journal of Surgical Research,
12:1-7, January, 1972.

All the blood of a dying adult male was temporarily replaced with chilled ring-
er's lactate, following which fresh blood was administered with rewarming.
Perfusate (10°C) was injected at a rate of up to 2.4 liters per minute into a
femoral artery and removed from both a femoral vein and the jugular. During
perfusion, body core temperatures dropped from 37°C to their lowest values

(21.5°C esophageal and 24.5°C rectal) in ten minutes. pH fell from 7.34 to 6.92
in this same period, and hemocrit dropped to a low of one percent. Blood replace-
ment was complete 15 minutes after the beginning of perfusion, and body tempera-
ture was up to near normal 25 minutes later.

The patient first mace marlked imprcvement and was ccnsious of his surroundings
in contrast to a former quasi-comatose condition. Still, a massive infection
developed (apparently unrelated to the perfusion procedure) and pneumonia con-
tributed to the patient's death from respiratory failure about five days follow-
ing the blood wash out.

Despite diuretic treatments following perfusion, accumulations of fluids in the
tissues were excessive and these contributed to the pulmonary congestion that
deepened into pneumonia. Colloids were not used in the perfusate and the authors'
evaluation was that albumin might have had a beneficial effect, since the
patient's normal blood protein stores were probably largely depleted.

The authors conclude that thc treatment had a generally beneficial effect (not-
withstanding the outcome) and that the technique would be developed as an import-
ant adjunct to the treatment of disorders where only total blood replacement can
provide the necessary conditions to start a patient on the road to eventual

recovery.
FRC
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manual of survivatl -

The British Cnyogenic Socdety has pubLished a "Manual of Survival
which contains a very broad coflection ¢f concise statements con-
cerndng dafely, nescue, and the avoddance of dangerous orn harmful

habits.  Majon sections include "Indoons", "In the Open”, "Traveling
by Car", "Traveling by Fail”, "Traveling on Water’, "Eating and
Dninkdng", "Smoking”, "12&ness", "General”, "1 the Wonst Comes %o
the Wonst", and "Saving Othen People". In Braitish cumrency, the
price (gor non-members) 48 &0p. The British Cryogenic Society's
gddaeaa A5 339 Easiwood Road, Rayleigh, Essex, SS6-7LG, Great
nitadn, . ,

FRC

9 9

expert design guidance in bictechnology

now available free

Tae below note was published in Procuct Engdneerdng, December 21, 1970.

"Engdneens can now get free expert design guldance on products proposed
gor use by doctors and hospitals. The service 48 avallable §rom the
Amerdean Tnsitute of Blologdcal Sciences, 3900 Wisconsin Avenue, N.W.,
Washington D. C., through its Blodnstrumentation Advisony Council
headed by Dr. John H. Bussen, executive secrefany. The Aervice 48 An-
tended %o help engincerns dealing in mechanical and electronic problLems
avodd design mistakes found too frequently An sysitems promofed fon
dealing with Living organisms. The AIBS service won't substitufe
totally for having trained bilofLogical consullanis but may steen engin-
eens past some hazards in early developmental stages.”

¢ 9

P

Correction to Volume 2 - Number 1. The last sentence on page 4 should
read as fcllows: 'In a second group, after removal, the l{vens were
flushed and cooled with Cz, then stored for 6-7 hours at 4-6°C before
‘ being transplanted."
I
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Question: Regarding Phase I in the instruction manual (Instructicns for the
Induction of Solid State Hypcthermia in Humans): In section 58.0 (subsection
58.1.8) you state that open circuit perfusion is to be run until the Donor's
bedy core temperatures are near 0°C. Weuldn't it be just as effective to
replace open circuit perfusicn with recirculation once the blood censtituents
have been removed? Blood wash-out would, in most cases, cccur prior to the
accomplishment of temperature regimes near 0°C and result in a savings in the
cost and required ameunt of perfusate.

Answer: When recirculation is first begun, as indicated in 58.1.8.1, sodium
chloride (salt) will begin to build up in the perfusate, as the intracellular
constituents in the perfusate go into thec tissues and rcplace the salt that is
present at normal body temperatures. Thus, the perfusate becomes 'contaminated"
with salt and periodic flushing of the entire system (as suggested in 58.1.8.2)
should be beneficial in continuing the replacement of intercellular constituents
with thosc similar to intracellular constituents. This point is also made in
58.3.2.4, where salt buildup and the necessity for pericdic replacement with
fresh perfusate is stressed. If it is practical to run open circuit from start
to finish in Phase I, this would be the most desirable mode of operation.

Question: In section 59.0 (subsection 59.4.2) of the SSH instruction manual, it
is recommended that formaldahyde (37% U.S.P) be used to sterilize the injection
apparatus. Should the formaldahyde be used full strength, or should this be
diluted? :

Answer: In artificial kidneys a 2 percent solution (50:1 dilution) of the 37
percent formaldahyde is used for sterilizaticn. Thus, the actual fraction of
formaldahyde used is (.37)(.02) = .0074 or 3/4 of one percent. This diluted
mixture is left in contaect with the equipment for nc less than 2 hours in
effecting satisfactory sterilization. The fractions and percentages given above
for mixing this sterilizing agent are volumetric ratios.
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Question: The elimination of air bubbles from the system during connection of
the tubing from the injecting apparatus to the cannulas in the Donor is dis-
cussed in section 60.2 of the manual. It is stated that hemostats were used to
close off the vessels (to be cannulated) before the incisions were made. How-
ever, secticn 55.0 "Cannulation Techniques and Procedures'', makes no mention of
this. Was this just omitted from the earlier section as an oversight, or is
this a contradiction of recommendations?

Answer: In the appropriate paragraphs of 55.0 (55.2.2.4, 55.3.3.4, and 55.4.2.3)
menticn is made of applying hcmostats to both sides of the vessel, but only for
those cases where thc circulatory system is under pressure (heart lung resuscita-
tor still in use). In fact, hemostats should be applied in all cases, as a pre-
ventative measure to ensure air pockets do not develop in the vessels. Future
revisions of 55.0 will be changed to show this measure as a practice to be used
in preventing air bubbles from being formed.

Question: Section 62.0 refers to cascs where Phase I and Phase II procedures are
carried out in separate facilities. Under what circumstances would this be done?

Answer: Phase II requires relatively sophisticated and expensive equipment, so
centrally located Phase II centers will most often serve a number of outlying
Phase 1 facilities where the immediate and time critical cooling and initial
perfusion must take place. After these initial steps are taken, time will be
available for transportation of the Doncr to the nearest Phase II center.

Ave there questioms regarding the inluctiin ~f €8H which have been nuzzling
you? Are there parts of MIR articles or the Manrise instruction manual
which are unclear? No matter how elementary, or how complicated, your ques-
tions might seem to you, chances are they have been bothersome to others as
well, Perhaps, instead of questions, ycu have observations and recommenda-
tions which would interest other readers of MTR. In many cases, these ideas
will be new to both MIR readers and its writers.

Sc that readers can benefit from all questions, comments and suggestions re-
ceived, Forum will print these followed by answers or appropriate comments.
You are urged to submit your questions and other contributions to FORUM,
Manrise Technical Review, Box 731, La Canada, Califcrnia, 91011. Please
mark: "For Publication' at the top of your correspondence. If you wish to
have your name withheld, please write 'withhold" after your signature.

There is no need for reticence. We are all engaged in a struggle to develop
an entirely new area of knowledge in the most rapid and effective way. MTR's
fundamental purpose is the sharing of ideas, and in FORUM, all are welcome

to perticipate. '
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PRICE LIST

January 1, 1972

I. WMARISE TECH!!ICAL REVIEW, a bimonthly publication

A. Current Subscriptions; U.S., Canada, Mexico

$1.70 per issue; (6.00 per year

B. Current Subscriptions; foreign

$8.00 per year (surface mail)
£12.00 per year (air mail)

C. _§ggk Issues

$2.00 per copy (surface mail if foreign)

II. INSTRUCTIONS FOR THE INDUCTION CF SOLID STATE HYPCTHERMIA
IV RUTANS, an instruction manual.

A. Initial Furchase. Comes with 3-ring binder and all
current revisions, changes, and uew sections inserted.

Cryonics Society Members:

$£15.00 (U.S., Canada, Mexico)
$18.00 (Fereign; surface mail)
3522.00 (foreign; air mail)

Others:

00 (U.S., Canada, Mexico)
.00 (Foreign; surface mail)
00 (TForeign; air mail)

B. Changes, Revisions, and New Sections. These are
supplied ONLY to owners of manuals who alsc subscribe
to the Manrise Technical Review, as part of their sub-
scription. There is no additional charge for this
service. Since all manuals are sold in an up-to-date
condition, no "back-issues' of changes, revisions, etc.
are available. In this way, the distribution of ob-
soleted material never occurs.




MANRISE TECHRICAL REVIEW

MANRISE CORPORATION
P, O, Box 731 La Canada, Calif, 91011



