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ABSTRACT

The distribution of water content in a cell population exposed to
cooling at specified rates is calculated using a two-dimensional histo-
gram of properties representing the full range of cell surface area,
initial water content, reference water permeability and permeability
activation energy. Statistical techniques for combining the first 3
distributed properties into a single distributed parameter are described.
Criteria for observable intracellular freezing are defined in terms of a
minimum required cell water content and in terms of internal supercooling
or temperature, based on hypothesized spontaneous or assisted internal
freezing mechanisms. The latter criteria are shown to reduce to the
single criterion.of cell freezing temperature. The distribution of this
property is inferred from reported experiments involving rapid cooling
to subzero temperatures with immediate slow warming, conditions favoring
intracellular ice formation and lethal recrystallization. An argument
is presented showing how the distribution of cell freezing temperatures
can be obtained, alternately, from low cooling rate experiments per-
formed with varying amounts of extracellular supercooling. The fraction
of a red cell population expected to undergo observable intracellular
freezing (OIF) is calculated as a function of cooling rate and extra-
cellular supercooling using the distributed water transport results and
plausible values for the water content and freezing temperature criteria.
The fraction OIF surface above the cooling rate-extracellular supercool-
ing plane slopes upward from zero fraction at cooling rates less than
1000 K/min with supercoolings less than 4 K, to 1 at cooling rates above
~8000 K/min and with supercoolings above 6 K. Qualitatively similar re-
sults are obtained for lymphocytes but with more than an order of magni-
tude lower cooling rates for the transition from 0 to 1 fraction OIF.
Cryomicroscope observations of intracellular freezing are described for
both red cells and 1ymnhocytes with cooling rates over the range 10-1600
K/min and 10-1200 K/min respectively, and with supercoolings between 0
and 20 K. Good agreement exists between the analytical and experimental
results. The present observations support the assisted, membrane penetra-



tion hypothesis of cell freezing. Efforts during the freezing investi-
gations to improve and expand the capabilities of the cryomicroscope
includad: addition of digital reference signal generators capable of
reproducing nonlinear and high rate of temperature change protocols,
analysis of the thermal control system and design of a lead compensating
network and additional hardware, providing an order of magnitude band-
width increase over the previous 3 hz system, addition of extracellular
supercooling control, and addition of a video interface capable of super-
imposing temperature numerics at the frame rate on the video camera
signal.

Thesis Supervisor: Ernest G. Cravalho
Title: Matsushita Professor of Mechanical
Engineering in Medicine
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Thermal conductivity of viewing window 8.8x1073

[watt/cm-K]

16 dyne-cm/K]

Boitzman's constant [1.381x10
Flow passage length [cm]
Latent heat of fusion of water [6.01XI0]0 dyne-cm/mole]
Statistical moment of order n

Thermal mass [joules/K]

No. segments in the histogram appreximation of the
distribution of o

Mass flow rate [1b/hr][Kg/hr]

Mass flow rate corrected for low temperature stream
[1b/hr][Kg/hr]

Gp/A K, 6 [K/cm?]

/ﬁ7K;§ , 8.18 [1/cm]

No. moles solute [moles]
No. moles water [moles]
Initial no. moles water in cell [moles]

Mean of the initial no. moles cell water distribution
[moles]

Number of 1/2°C steps used to approximate a given
Tinear segment of a thermal protocol

No. segments in the histogram approximation of the
distribution of E

Osmolality [osmoles/Kg]

Osmolality of intracellular solution for subpopulation

with properties Qs Ej [osm/Kg]

Maximum value of oij [osm/Kg]
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Minimum value of oij [osm/Kg]

Width of 0-histogram segments: (0 . -0 . )/q
[osm/Ka] max ~ min

Observable Intracellular Freezing

2, dynes/cmz]

Pressure [1b/in
Regulator outlet pressure [psig]

Power dissipated in main Darlington transistor [watts]
Pressure drop [psi]

General pressure drop associated with ambient tempera-
ture streams [psi]

Pressure drop, general, asscciated with a cold
stream [psi]

Pressure drop across heat exchanger [psi]

Pressure drop in heat exchanger corrected for a
cold stream [psi]

Polyethylene glycol
Polyvinylpyrollidone
Distribution function for surface area [1/cmz]

Distribution function of membrane permeability
activation energy [moles/kcal]

Distribution function of membrane reference
permeability [dyne-s/cm3]

Distribution function of initial cell water
content [1/mole]

Probability distribution for cell freezing
temperatures [1/K]

Probability distribution function, or density function
of o [dyne-s-moles/cm®]

Probability distribution of normalized cell water
content
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Electrical power discipated in heater [watts]

Maximum power that can be dissipated in heater [watts]
Convective heat transferred to stream [watts]

No. of ¢-histogram segments

Gas constant [8.307X107 dyne-cm/mole-K], [1.QBGX1O'3
Kcal/mole-K]

Supercooling controller timing resistance, also used
in Appendix K [ohms]

Resistances in Appendix K; power amplifier schematic
[ohms]

Ballast resistance, see power amplifier circuit
schematic [ohms]

Feedback resistance in controller compensation leg
[ohms]

Gain-setting resistor in controller first stage
[ohms]

Electrical resistance of tin-oxide heater layer [ohms]
Clock period timing resistance [ohms]

Reynolds number

Radius [cm]

Capillary radius [cm]

Radius of solid phase nucleus [cm]

Radius of critical cluster of molecules, or nucleus

[cm]
Radius of viewing window, 1.25 [cm]
Standard deviation of surface area distribution [cmz]

Etandard deviation of the cell diameter distribution
H
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Standard deviation of membrane reference permeability
distribution [cm3/dyne-s]

Etaggard deviation of the cell volume distribution
cm

Standard deviation of cell freezing temperature
distribution [K]

Standard deyiation of the volume distribution
[cm3] or [p?]

Normalized standard deviation of the volume
distribution, SV/V

Standard deviation of a distribution
[cm5/dyne-s-mole]

Time allowed for a linear segment of thermal protocol

[s]

Time required for each 1/2°C step in a linear segment
approximation for a thermal protocol

Entropy change of solidification [dyne-cm/mole-K]
Laplace transform variable

Temperature [K]

Local viewing-window stream temperature difference [K]

Equilibrium freezing temperature of pure water
[273.15 K]

Ambient temperature [~298 K]
Temperature error [K]
Equilibrium freezing temperature [K]

Freezing temperature of intracellular solution
(non-equilibrium) [K]

Mean cell freezing temperature [K]
Initial temperature [K]

Reference temperature [298.16 K, 25°C]
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Coolant stream temperature [K]

Heater window temperature [K]

Final 1lumped window temperature [K]

Initial Tumped window temperature [K]
Difference between actual temperature at which

phase change begins and T_ . Supercooling prior
to phase change Te -7, ° [K]

Supercooling required for intracellular freezing
by assisted or spontaneous mechanisms [K]

Supercooling of intracellular solution Te - T, [K]
Supercooling of extracellular solution [K]

Time [s]

Clock period [s]

Final time [s]

Supercooling controller pulse period [s]

Number of elements in the histogram approximation
of the distribution of cell freezing temperatures

Number of freezing temperature histogram elements that
must be considered during cooling to a temperature
within the range of cell freezing temperatures

Flow velocity [ft/s]

Mean cell volume [u?]

Osmotically inactive volume [cm3]

Initial cell volume [cm3]

Cell volume at time intracellular freezing is
observed [cm3]

Red cell volume [1?]

Molar volume of water [18.0 cm3/m01e]
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Initial volume of cell water [cm3]

Supercooling controller temperature-equivalent
firing voltage

Overall Darlington pair, base to emitter voltage
Controller output voltage
Output of first controller subsection [volts]

Collector to emitter voltage of primary current
carrying transistor of power amplifier [volts]

Output of controller compensation leg [volts]

Output of proportional leg of second controller
subsection [volts]

Emitter voltage appears across power amplifier
ballast resistor

Maximum power amplifier emitter voltage

Control system error

Steady-state control system error [volts]
Supercooling controller pulse period adjust voltage

Voltage across heater; power amplifier output
voltage

Maximum voltage that can be applied to the heater
Operational amplifier output voltage

Maximum op-amp output voltage

Output of reference signal generator [volts]

Peak-to-peak amplitude of a sinusoidal reference
[volts]

Power amplifier DC supply voltage

Window temperature-equivalent voitage; output of thermo-
couple amplifier



Greek Symbols

a

Window thermocouple output voltage
Thermocouple-amplifier voltage sensitivity [v/K]
Mole fraction water inside cell

Mole fraction water outside cell

Ensemble of distributed cell properties, KPRA/NWi
[cmb/dyne-s-moles]

h

Progerty, a , of the it subpopulation

[cmd/dyne-s-mole]

Mean of the a distribution [cms/dyne-s-mole]
Dummy variable

initia] ratio of no. moles salt to water in cell
Thickness of viewing window, .051 [cm]

Damping ratio of 2nd order hypothetical thermal
control loop

Contact angle of solid on capillary wall [degrees]
Valve position [turns open]
Viscosity, Appends. 1, J [1b/hr-ft]

Viscosity of an ambient temperature stream
[1b/hr-ft]

Viscosity of a cold stream [1b/hr-ft]
Chemical potential of ice [dyne-cm/mole]
Chemical potential of water inside cell [dyne-cm/mole]

Chemical potential of water outside cell
[dyne-cm/mole]

Reference chemical potential of water, a function of
temperature and pressure only [dyne-cm/mole]
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Density [1b/ft3]
Density of an ambient temperature stream [1b/ft3]
Density of a cold stream [1b/ft3]

Liquid-capillary wall interfacial energy
[dyne-cm/cm]

Liquid-solid interfacial energy [dyne-cm/cmz]

Solid-capillary wall interfacial energy
[dyne-cm/cm@]

Thermocouple amplifier time constant, 6.37><10_4 [s]

Thermocouple time constant [s]

Window time constant [s]
Controller phase shift [degrees]
Phase shift of first controller subsection [degrees]

Closed Toop phase shift of the thermal control
system [degrees]

Closed loop phase shift of the thermal control
system [degrees]

Phase shift of power amplifier transfer function
[degrees]

Phase shift of thermocouple amplifier transfer
function [degrees]

Phase shift of the heater window transfer function
[degrees]

Nondimensional cell water content, [Nw/NWi]

Nondimensional water content of subpopulation with
properties Qs Ej

Maximum value of ¢1j

Minimum value of ¢ij

Width of ¢-histogram segments: (cpmax - ¢min)/q
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CHAPTER 1
INTRODUCTION

1.1 Background

Low temperature preservation of biological materials is an emerging
technology with important applications in medicine, agriculture, and
biological research. Notable successes include clinical preservation of
blood [ 1, 2], cornea, spermatozoa and skin [ 3] as well as mammalian
embryos including those of mice and cattle [ 4]. Although attempts to
preserve large volumes of tissue, oi organs for transplantation have as
yet been unsuccessful, there are no fundamental reasons to prevent this
in the future; the primary obstacle is lack of sufficient understanding
of the mechanisms of freezing damage.

Several factors have been determined through experimental studies to
affect survival of cells exposed to freezing and thawing: the dependence
of survival on cooling rate is shown for several types of cells in Figqg.
1.1. Although the range of rates for peak survival and the peak height
are cell-specific, the curves are qualitatively similar. The influence
of warming rate on the survival of yeast [ 5] is shown in Fig. 1.2. The
survival of cells cooled at supraoptimal rates is increased by rapid warm-
ing while cells cooled at suboptimal rates are little affected. Similar
observations have been made for hamster tissue culture cells [ 6], marrow
stem cells [ 7] and red cells [8]. The effects of storage temperature

and time, important down to ~-60°C, become less significant at lower
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FIGURE 1.1 Dependence of survival on cooling rate for several cell
types cooled to -196 °C and thawed rapidly ( from Mazur

et al. [9] )
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temperatures [ 3,10], and can therefore be eliminated from consideration.
Dramatic improvement of post-thaw viability has been obtained with chemi-
cal additives in several types of cells. Low-molecular weight permeating
additives such as glycerol and dimethyl sulfoxide and non-permeating
polymers including PVP and PEG have provided protection under appropriate
conditions [11]. Figure 1.3 shows survival of marrow stem cells suspended
in Tyrode balanced salt solution with varied glycerol concentrations [ 7 ].
The presence of 1.25 M glycerol results in nearly two orders of magnitude
reduction in the optimal cooling rate and a factor of 3 increase in survi-
val. Similar effects have been seen in cryoprotected red cells [12].

Many of the observed phenomena can be accommodated by the two-factor
hypothesis of freezing injury proposed originally by Mazur [13,10,14].
The major features of this model are summarized schematically in Fig. 1.4.
The hypothesized combination of intracellular ice and solution effect
damage during cooling produces an inverted U-shaped dependence of survival
on cooling rate. Poor viabilities at suboptimal cooling rates are attribu-
ted to solution effects. The phase relationship between pure ice and in-
creasingly concentrated extracellular solution provides the osmotic driv-
ing force for cellular dehydration; low cooling rates allow sufficient de-
hydration to maintain equilibrium between intra- and extracellular solu-
tions. Exposure to these hypertonic solutions can produce substantial
time-deperdent damage even at ambient temperatures. Additionally, hyper-
tonic solutions are implicated in the thermal shock [15] and dilution shock

damage phenomena [16]. A single mechanism of damage, membrane component
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FIGURE 1.3 Effect of glycerol concentration on the survival of marrow

stem cells cooled to -196 °C and warmed rapidly [7]
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desorption, may underlie the solution effects [17].

The two-factor hypothesis associates cellular injury at high cooling
rates with formation of intracellular ice. At these rates, water trans-
port is insufficient to maintain transmembrane osmotic equilibrium result-
ing in supercooling and ultimate crystallization of water internally. The
transition cooling rates for observed intracellular freezing on the cryo-
microscope are shown for mouse ova, HelLa and red cells in Fig. 1.5 com-
pared to survival data [18,19,20,12]. With the exception of anomalously
low cooling rates for observed intracellular freezing in human red cells,
the evidence supports the connection between high cooling rate damage and
internal freezing; see review in [2T]. Recrystallization of internal ice
crystals is clearly a factor in the strong warming rate dependence of sur-
vival for cells cooled at supraoptimal rates.

Cryoprotective agents affect many of the processes that occur during
freezing and thawing. Permeating agents reduce membrane water conductivity
thereby reducing the cooling rate at which transmembrane osmotic equilibrium
can be maintained. This effect, which taken alone reduces the cooling rates
for observed intraceliular freezing, is partially offset by substantial in-
creases in the capability of the cell contents to supercool, providing more
time for osmotic equilibration. Protection is conferred primarily at sub-
optimal cooling rates for permeating CPA's and seems to result from the
ability of the CPA to reduce the ionic salt concentration by partially sub-

stituting for solvent water.
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1.2 Analyses of Intracellular Freezing

The pivotal role of water transport in determining the freeze-thaw
behavior of cells has led to numerous analyses of the problem
[22] through [35]. Some authors consider the critical phenomenon of intra-
cellular freezing and attempt to predict cooling rates at which it occurs.
The approaches usually involve combining water transport results with
criteria for internal freezing based on varied mechanisms of internal ice
formation: Toscano et al. pervorm a parameter study of the effectiveness
of internal nucleants in precipitating solidification of an average red
cell assuming spontaneous freezing by heterogeneous nucleation. Solidi-
fication by this hypothetical mechanism occurs over a range of tempera-
tures and with internal concentrations between physiological and NaCl
eutectic. A sharp cooling-rate transition separates cells solidifying
at higher temperatures, with substantial retained water, from those that
dehydrate and solidify below the eutectic temperature. For a specific
nucleator geometry, cell solidification occurs at a constant level of
internal supercooling. This is to be expected from the strong supercool-
ing dependence of the nucleation phenomenon. Toscano et al. imply that
solidification of the red cell in the higher temperature regime corres-
ponds to observable freezing on the cryomicroscope; the water quantity
required for observable freezing is not discussed.

A supercooling criterion was used by Cosman et al. [ 35] to establish
the transition cooling rate for observable internal freezing in a general-

ized cell. If internal supercooling exceeded a hypothetical value the
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cell was said to be internally frozen. At all cooling rates below the
transition value the cell was defined as unfrozen even though solidifi-
cation ultimately occurs. This analysis suffers from the same ambiguity
as that of Toscono et al.; the connection between freezing in the analysis
and experimentally observed internal freezing is not well defined.

Mazur [21] uses two approachas to calculate the probability of intra-
cellular freezing as a function of cooling rate: in the first, probabili-
ty is assumed proportional to the extent of internal supercooling evaluated
at the cell freezing temperature; this assumes an assisted mechanism of
internal freezing in which the membrane prevents external ice from seeding
the internal solution until a particular temperature is reached during
cooling. If this temperature were hypothetically -10°C and cooling pro-
ceeded rapidly enough to prevent dehydration, the internal solution would
be supercooled roughly 9.5°C, allowing for .5°C equilibrium freezing point
depression. Such a cell would have an internal freezing probability of 1.
A similar cell cooled at very low rates would have zero probability of
internal freezing. These probabilities have becn implied in the cited
article to represent fractions of a cell population that have undergone
observable internal freezing. The calculations do not show the response of
a cell population but actually show quantity of water relative to the
equilibrium amount inside a single cell when the freezing temperature is
reached. Two issues are thus confused in this approach: the quantity of
water that must solidify internally to have observable internal freezing
and the fraction of the population that meets the water quantity condition

when the freezing temperature is reached. Similar confusion exists in
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analysis of intracellular freezing by Leibo [18].

In the second approach taken by Mazur, probability of intracellular
freezing is zero for internal supercooling below 2°C and with volume less
than 10% of the pre-freeze volume and probability is assumed 1 for super-
cooling and volume greater than 2°C and 10%. The transition from zero
probability to 1 should occur with infinite slope at a specific cooling
rate if properties of a single cell are used in the water transport analy-
sis. The finite slopes actually shown are inconsistent with the stated
criteria of freezing; distributed cell properties are not mentioned. Again,
the issue of criteria for observable freezing in a single cell is confused
with the issue of the fraction of the population that meets the conditions
for observable freezing.

1.3 Scope of the Present Work

Some of the issues raised in the preceding review are considered in
the present work: 1) Can ‘intracellular freezing' be defined unambiguous-
1y in terms of cell water content? Confusion results at present from the
lack of consensus on the meaning of this phrase; some authors imply an
observable, detectable, or damaging solidification of 'substantial' quan-
tities of water inside the cell. Others have used the phrase to refer to
solidification of dehydrated cells containing Tittle or no ice. Defini-
tion of internal freezing is a necessary step in analyzing cellular re-
sponse to cooling at supraoptimal rates. 2) What are the 1ikely mechan-
isms of internal Tveezing? Can a common denominator be found for all of

these? 3) Can predictions of 'probability of intracellular freezing' as



-38-

a function of cooling rate be placed on a rigorous mathematical founda-
tion? If deterministic criteria can be defined for freezing in an in-
dividual cell, what distributed cell properties must be considered for
these predictions? A mathematical protocol for this calculation would
help eliminate the current confusion between freezing in individual

cells and in whole populations. 4) Can the very narrow transition cool-
ing rate range for observable freezing in unprotected red cells [20]
(Fig. 1.5) be understood in terms of narrow distributions of the appro-
priate red cell properties?

Experimental investigations of issues 2) and 4), using a cryomicro-
scope, were accompanied by random and often large values of extracellular
supercooling. The effects of supercooling, recognized analytically by
Silvares et al. [24,31] and in cryomicroscopy by Diller [20], include
dramatic reduction of the cooling rates required to produce observable
internal freezing. This effect was studied further, providing an addi-
tional test of the analytical methods developed in addressing issue 3).
Some of the difficulties encountered during these investigations, particu-
larly at cooling rates greater than 1000 K/min, were neutralized through
improvement of the microscope thermal control system; others necessitated
new hardware development. The high cooling rate problems were avoided in
a parallel study of human lymphocytes which undergo observable intracellu-
lar freezing at much lower cooling rates than red cells.

The overall analytical and experimental effort is documented here in

five chapters: General background and brief reviews of intracellular freez-
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ing analyses have been discussed in Chapter 1. Chapter 2 begins with a
short review of water transport in individual cells to establish the
basic equations and standard assumptions. Water transport in a cell
population is considered next by solving the transport equation using a
two-dimensional histogram of properties representing the full range of
possible values of cell surface area, initial water content, reference
water permeability, and activation energy for water permeability. Sta-
tistical methods are established in Section 2.2 for combining the first
three properties into a single distributed property. The advantages of
solving the water transport equation for n? rather than n* histogram
values, where n 1is the number of elements in each independent histo-
gram, are obvious. To the author's knowledge, the analysis of Section
2.2 is the first attempt to consider water transport in a cell popula-
tion rather than in individual cells. Section 2.3 is a review and dis-
cussion of the most plausible mechanisms of ice formation in cells:
spontaneous nucleation, and seeding by external ice through the cell mem-
brane. Depending on the mechanism, one criterion for intracellular freez-
ing is shown to be internal supercooling or absolute temperature. A
second criterion, that cell water content exceed a specified fraction of
the initial water content, is established in Section 2.4. Justification
is provided to combine the spontaneous nucleation and assisted criteria
for internal freezing into a single criterion; temperature must be below
the cell 'freezing' temperature. A class of experiments involving rapid

cooling to specified high subzero °C temperatures with subsequent slow re-
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warming to room temperature is invoked to establish the shape of the dis-
tribution of these cell freezing temperatures. The details of this class
of experiments had not previously been explained within an analytical
framework.

The distributed water transport analysis of Section 2.2 is combined
in Section 2.5 with the criteria for intracellular freezing. The
‘probability' of intracellular freezing in red cells is described rigor-
ously as the fraction of the population with observable internal freezing.
This again, may be the first attempt to consider distributed properties
of the cell population in an analysis of intracellular freezing. Extra-
cellular supercooling is introduced in Section 2.6 adding an extra dimen-
sion to the cell freezing problem. A1l of the analytical results are
presented compactly in a surface representing the fraction of the popula-
tion with observable freezing above a plane defined by the cooling rate
and extracellular supercooling.

Chapter 3 contains a short description of the current cryomicroscope
system, sample preparations and cryomicroscope operating procedures. The
chapter refers to appendices which document the analyses performed to im-
prove the thermal control Toop as well as detailed design information for
other system elements. These are provided to support further development
of the experimental system, and to facilitate operation and maintenance of
the existing system.

Observations of intracellular freezing are described in Chapter 4 for

human red cells and lymphocytes over wide ranges of cooling rate and extra-
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cellular supercooling. Interpretation rules for deciding whether or not
a cell has undergone intracellular freezing are discussed.

The analytical predictions of Chapter 2 are compared to the experi-
mental results for red cells in Section 5.1. Analysis and experimental
results for lymphocytes are compared in Section 5.2. The major findings
of the present work are summarized in Section 5.3. Suggested future re-

search, Section 5.4, is the last topic addressed.
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CHAPTER 2
THEORY

2.1 Water Transport in Individual Cells

The quantity of water transferred across a cell membrane, and its
dependence on cell properties as well as the thermal history, is a
crucial factor in assessing nature and extent of ciryoinjury. A model
for water transport in biological cells cooled without protective agents
is briefly derived here following the assumptions of Mazur [22], but with
notation similar to that of Levin [25], Pushkar et al. [29] and Lynch and
Diller [30]. Equation (2.1) expresses positive cell water efflux in
terms of the transmembrane chemical potential difference [36,37 ]:

KA .
o= Oy (2.1)

The chemical potential of water in Eq. (2.1) is expressed below as a

function of temperature, pressure and activity [38]:
my = wy (T,P) + RT onoa (2.2)

Solution ideality or Raoult's law, Eq. (2.3), equates activity and mole
fraction, defined in Eq. (2.4). The number of moles of solute, N , is

twice the nominal amount for ionic salts such as NaC%:

= X (2.3)
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X = —W (2.4)

Considering the cell and its suspension isothermal, isobaric, and ideal,

Eqs. (2.1), (2.2) and (2.3) combine to yield Eq. (2.5):

KP A RT
Jy = —5— (an X

W v (2.5)

i 0
W o0 Xw )

Equilibrium between pure ice and aqueous extracellular solution

can be expressed using Egs. (2.2) and (2.3) as:

Wy = uﬁ(T,P) + RT 2&n Xw (2.6)
This can be rearranged to obtain
H u'(TsP)
X, = o - AL (2.7)

W RT RT

The temperature dependence of 2n XN can be found at constant pressure

by differentiating Eq. (2.7) with respect to T [38]:

aen X _o1 /T 1 /T
Tar |, R T R~ oT
I "
RT?
L
= W (2.8)
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Equation (2.8) is integrated assuming constant Lw from the equilibrium
freezing temperature of pure water to the solution temperature, T ,
giving an expression for the solution-ice two phase equilibrium states
in the extracellular medium:

L

X, = fL-- ) (2.9)
0

—i|—

The cell membrane water permeability temperature dependence is
usually expressed in either the exponential form of Eq. (2.10) or the
Arrhenius form in Eq. (2.11):

b(T-Tp)

Kn = Kyp € (2.10)

p PR

E/R(§ - 7 )

K = K TR (2.11)

p PR €
Both forms adequate]y describe the observed membrane permeability
temperature dependence over the limited temperature ranges that have
been reported. The arguments advanced by Levin [26] support the Arrhenius
form as a more logical choice, hence Eq. (2.11) will be used here.
Equations (2.5), (2.9) and (2.11) combine to give Eq. (2.12) for

the cell water flux:

E,1 0
dN Ko ART -E1_1 N
W _ Kpp RUT -7 W
- " W C “‘;?""[e R 1Lan( ‘i§ﬁ$§:°
W (2.12)

L

W, 1 1

o T S N
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The definitions for the cooling rate, B , and the nondimensional cell
water content, ¢ , in Eqs. (2.13) and (2.14) are introduced into Eq.

(2.12) to obtain Eq. (2.15):

B = - dT/dt (2.13)
N
o = N:— (2.14)
1
) Bl
Kpp ART "RUT™T L
do _ Fer R W1 ]
4 . e () =g (=701 (29)
W Wi

6 = 1 at T = T, (2.16)

There are many assumptions inherent in the development of Eq.
(2.15), some of which have been discussed in detail in the literature.
Table 2.1, reproduced with changes from Mazur [21], summarizes the
assumptions, the likely magnitude of the errors introduced, and refer-
ences. The assumptions with the greatest potential impact are items
5, 8 and 9. The case for extrapolating above 0°C permeability measure-
ments to subzero temperatures using Eq. (2.11) is supported by Papanek's
human red cell results [39] in the +25 to -10°C range. Introducing per-

meability osmolality dependence of the form found by Rich et al. [40] and
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TABLE 2.1

ASSUMPTION ERROR MAGNITUDE REFERENCES

1. Intra- & Extracellular Small 22,23,24,28
Solution Ideality

2. Extracellular equilibrium Negligible 22
between ice and solution
once extracell. nucleation
has occurred.

3. Constant latent heat, Lw Negligible 22,24

4. Constant number of moles of Small 22,31
intracellular solute

5. Above 0°C permeability Major 22,24,26
temperature dependence
extrapolates to below 0°C

6. Thermal equilibrium between Negligible 22,23,32
the cell and suspending
medium

7. Constant cell surface area Small 22,23

8. Permeability osmolality Moderate 24
independence

9, Intracellular chemical Small to 27,29
potential equilibrium Moderate

10. Transmembrane pressure Negligible 41

equilibrium
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Blum and Forster [42] may be premature in 1ight of the osmotic flow,
rectification interpretation of Farmer and Macey [43]. Papanek's
results for RBC exosmosis in hypertonic saline solutions do not show
permeability osmolality dependence. Finally, the assumption of intra-
cellular chemical potential equilibrium does not significantly affect
the calculated cell water content for cooling rates below ~5000 K/min
(in RBC's) [27].

2.2 Water Transport in a Cell Population

The importance of the cell water content has led many authors to
pursue solutions to equations similar toEq. (2.15). Although analytical
solutions are possible for Timited cases [33], numerical techniques have
been used by all authors referenced in Table 2.1, due to the nonlinearity
of the problem. Solutions have been obtained for a variety of cell types
and thermal protocols but in all cases for a single cell at a time, with
specified properties. The response of the entire cell population is in-
ferred from the analyzed response of the "mean" cell. More realistic
simulations of cell freezing should include the effects of intrinsic dis-
tributions of cell properties.

The properties whose distributions are required in analyzing water
transport for a cell population, referring to Eq. (2.15), are area,
reference permeability, initial water content and activation energy.
Table 2.2 summarizes the statistics of these properties for the human red
blood cell. The red cell was chosen for study because of its role as a

model cryobiological system, which results from its relatively simple



TABLE 2.2

HUMAN RED BLOOD CELL PROPERTIES

STANDARD
PROPERTY MEAN DEVIATION SCALING & UNITS REFERENCES
K 1.45 3 10" 11 _€m® 40,42,43,44
PR ) - dyne-s 2T
A 135 16 1078 cm2 45
Nwi 3.72 .78 X1O-]2 moles 45, see text
E 3.3 .33 Kcal/mole 44
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internal structure, abundance of biophysical data and ready availability
for experiments.

The value listed for the mean reference permeability was represen-
tative of the literature values [40,42,43]. The standard deviation was
estimated from scatter shown in [44]. The mean initial number of moles
of water was computed from the mean initial volume of 94 p3 quoted in
[45], and the water volume ratio of .717 + .005 reported by Savitz et al.

[46], using the relation:

V..
wi = LY (VL;)]/VN

=
1

(2.17)

v, (.77,

The standard deviation of the initial number of moles of water is
estimated by assuming that all of the observed cell volume variation is

due to variations in water content such that:

The values listed for the mean and standard deviation of the membrane
permeability activation energy are similar to those reported by Vieira
et al. [44].

A significant question concerning measurement statistics, such

as those in Table 2.2, is whether the variations observed represent in-



-50-

trinsic distributions of properties or scatter in the measurements. The
area and water content values represent, unequivocally, the intrinsic
distributions. The membrane permeability and activation energy values,
however, more likely result from experimental uncertainty, particularly
because the stop-flow technique used to obtain these values observes the
mean averaged volume change of many cells simultaneously and should there-
fore give the mean permeability. The values listed can certainly provide
a starting point for analysis.

Simplification of the water transport analysis for a cell popula-
tion results from grouping the distributed properties and finding the
distribution of the ensemble. One such group is readily apparent in

Eq. (2.15) and is defined below:

(2.19)

Mathematical techniques for finding the distribution of a function of
distributed variables are discussed by Wozencraft [47]. The application
of these techniques to Eq. (2.19) is pursued in detail in Appendix A
assuming independent, normally distributed, contributing variables. The
moments of the resulting distribution can be computed using two methods
whose comparison serves as a check on the calculated distribution. De-
finitions of the moments for the first method are listed in Eqs. (2.20)
through (2.22), from Appendix A. Notation essentially follows that of
Papoulis [48] and Wozencraft [47].
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MO z J P, (B dg = 1 (2.20)
Moo= Ex(a) = a = I 8 p(8)ds (2.21)
M2 = S; = Ex(a?) - Ex?(a)

= f B p, (B)dB - a? (2.22)

The integrals in the above equations must be evaluated numerically over
a suitably large range of the dummy variable, B . The moments can also
be found without first computing P, using Eqs. (2.23) and (2.24), which

are derived in Appendix A:

- - - ROR(L
M.l = EX(G) = o = KPRA ( Nw-|)
(2.23)
_ooq [
= Kpp A J B Paui 98
- - 1
- <2 = 2 2 2 2 L
My = S5 = (S + Kpp)(Sp+ A )(J () Puuid®)
(2.24)

2

oo T
- [Ken A ( ——

Again, numerical integrations are required to evaluate the moments. The
results obtained by these methods, listed in the first two lines of

Table 2.3, compare favorably, corroborating the calculated distribution.
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TABLE 2.3
COMPARISON OF MOMENTS
OF THE DISTRIBUTION OF o/V,,
M M1 M2

METHOD, SOURCE 0 )
[DIMENSIONLESS]  [cm?/dyne-s] [ (cm?/dyne-s) "]

Appendix A Egs. _7 _
(A.21)-(A.23), Text .999 2.990x10 .7545x10
Eas. (2.20)-(2.22)

14

Appendix A Egs. -7 14
(A.24), (A.25) 1 2.991x10 .7597x10

Appendix B Egs. -7 -14
(B.17), (B.18) 1 2.989x10 .6754x10

Contributing distribution statistics:

3 K = -]] = "]]
[cm3/dyne-s] KpR 1.45x10 SK .3x10
[ cm? ] A = 135x1078 s, = 16x107
- - -12 i -12
[ em® ] Nw].Vw = 67x10 SNinw 10x10

12

Note: A smaller value nf SNwi (.56x10"'“ moles) than that listed in

Table 2.2 was used in.calculating the above moments.
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Figure 2.1 shows the distribution, Py, > compared to a Gaussian
with moments M1 and M2 from Table 2.3, line 2. Substitution of the
Gaussian for Py is justified by the close correspondence between the
two curves. The simplification resulting from this substitution can be
extended further by using a third method for computing the mean and
variance which does not require numerical integration. A power series
expansion of the function a 1is obtained in the vicinity of the contribu-

ting means, KPR s A and Nw1 » and then integrated term-by-term using

the definition for the mean:

M] = Ex(a) = o = J J Ja Pk Pa Prwi dKdadN (2.25)

A complete derivation of the power series expansion and moment evaluation
is performed in Appendix B. The closed form, truncated expressions for
the first and second moments are given below in Eqs. (2.26) and (2.27)
with numerical results in Table 2.3, line 3 for comparison to the first

two methods considered

= ~ = 2
M] = ﬂ + ﬂ3 SNWi (2.26)
Wi Wi
r Rz RRZ
S s o= s Ay, R, Ker A
My = Sa SK( : ) + SA( - ) + SNwi( = ) (2.27)
Wi Wi Wi

The series approach yields moments for the distribution ~f o that are

reasonably close to those obtained by more precise methods, with the sub-
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stantial advantage of requiring no numerical integrations. This approach
is used in subsequent analysis.

The number of independent distributions that must be considered in
a water transport analysis for a cell population has been reduced in the
preceding discussion from 4 to 2. The distributed cell water content can
be found by creating a 2-dimensional histogram for the cell population by
value of o and E and then solving Eq. (2.15) numerically for each histo-
gram group. The 2-dimensional histogram is built from 1-dimensional histo-
grams such as the one illustrated for a in Fig. 2.2. The histogram
plateaus representing the fractions of the population with properties Qi s
are calculated from the distribution function of o where the number of
plateaus, m , is 12:

6S

- . __a
fai = pa(ai) = (2.28)

The normal distribution for o in Fig. 2.2 is given by Eq. (2.29):

'I -2
- 757 (o5 - o)

p (o) = —L__ e T (2.29)

o /on S

a

Each element of the histogram can be expanded in an orthogonal
histogram by sorting the cells by value of E . Figure 2.3 shows the
correspondence between the 2-dimensional joint probability distribution
surface and the approximating facets of the resulting 2-dimensional histo-

gram. The height of a particular facet above the a-E plane represents

the fraction of the cells with properties Qss Ej . The sum of all of
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the fractions must add to 1 ; m and n are the numbers of segments of the

contributing histograms of o and E :

(2.30)

ne-13
-
.
-+
]
—

e~z

1 ai Ej

i=1

Equation (2.15) is rewritten below in terms of the cell properties o s

Ej corresponding to the fraction of the cells, fai . ij :

E.
dp.. o RT =L (1.1 L
i - :,ﬁB[e ROT TR ][2"(5%)'%(%'%” (2.31)

—|—

Numerical integration of mxn variants of Eq. (2.31) gives at any tempera-
ture, mxn values of ¢

Histograms of ¢ can be found at a particular temperature by
dividing the total range of ¢ into q segments and then summing the con-
tributing cell fractions for each segment. This is expressed for the kth

¢ segment in Eq. (2.33) while noting that the segment width is defined

as:

Ay = )/q (2.32)

(¢max " Omin

Lfoi v Ty = Tk

{2.33)

V¢ij3[¢min + (k'] )A¢’ = ¢'|,J =< ¢m-in + kAq)]
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Since all of the ¢ij are, by definition, within the total range of ¢ ,

the total fraction of cells in q segments of ¢ must be 1:

q

kzl f¢k = 1 (2.34)

Solutions to Eq. (2.31) for red cells with m,n = 20, & = 5.49x107°

cm®/dyne-s-mole, Sa = 1.67><10'6 cm®/dyne-s-mole, and B = 10" K/min, are
shown in Fig. 2.4 using the histogram form discuésed above with q =15 .
A flowchart for the algorithm used to obtain these solutions is provided
in Appendix C. The curve labeled equilibrium reflects Eq. (2.9) and re-
sults for all cells when cooling proceeds at infinitesimal rates. The
curve labeled mean is obtained when mean values of all cell properties
are used in Eq. (2.15). Substantial divergence of the water content
occurs at the lower temperatures shown in the figure. The implications
of this divergence will become apparent later, in the discussions of
intracellular ice formation.

The driving force for osmotic equilibration appears indirectly in
Fig. 2.4 as the difference between the water content of a particular cell
group and the equilibrium water content. The results can be shown more
directly in terms of driving force by using osmolality as a measure of
cell water content. The relationship between freezing point depression

and osmolality is given in Eq. (2.35):
0 = (To - T)/1.858 (2.35)

Freezing point depression and mole fraction are related by Eq. (2.9) for

an ideal solution:
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T, =T

0
T

an X

L
W
= - — 2'36
T (2.36)

Eliminating (T0 - T) from Egs. (2.35) and (2.36) effectively relates the
osmolality to the chemical potential of water, recalling Eq. (2.2):

RTT
0

= 20 X ( T.858 [,

0 = (2.37)
Since mole fraction expressed in terms of ¢ is already available in

the solution process for Eq. (2.31), little additional manipulation
provides the results in osmolality form. Histograms of the cell popu-
lation osmolalities are obtained by dividing the total osmolality range
into segments, sorting the mxn osmolalities into these segments and
summing fractions for each segment as was done for the ¢ histograms.
Equation (2.38), for the fraction of cells in the k'th osmolality segme:t,
is analogous to Eq. (2.33):

= f (2.38)

! foi TEj 0k

¥ 0,200+ (k-1) 80 < 0,5 <0 .+ k0]
Equation (2.39) expresses the same requirement as Eq. (2.34), that the q

fractions of the population must sum to 1:

q
f = 1 (2.39)
k=1 Ok
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Osmolality histograms with q=15 , for red cells cooled at 10* K/min
are shown in Fig. 2.5. The curve labeled equilibrium, Eq. (2.35), repre-
sents extracellular ice-solution phase equilibrium as well as transmembrane
osmotic equilibrium, as in Fig. 2.4. The osmolality of the mean cell shown
in Fig. 2.5 corresponds also, to the curve shown for the mean cell in Fig.
2.4. A noteworthy difference between the two presentations, aside from
the compression of the high water content histograms in the osmolality
domain, is the temperature at which the maximum departure from equilibrium
occurs. In Fig. 2.4 the maximum difference between the mean cell and
equilibrium curves occurs at ~ -4°C, whereas in Fig. 2.5 the maximum differ-
ence occurs at ~ -13°C. Misleading in representing the underlying thermo-
dynamics, the water content presentation has the advantage of correspon-
dence to cell volume, which, unlike osmolality, is readily cbserved in the
laboratory. Both presentations adequately depict the metastable condition
of the intracellular solution resulting from subcooling or incomplete de-
hydration.

The steps taken to obtain the distributed response of a cell popula-
tion to the osmotic changes accompanying freezing in suspension, are
summarized in the flowchart of Fig. 2.6. The assumptions made during the
analysis are listed in Table 2.4 by number, according to the associated
flowchart step. Assumptions that have not been discussed previously in
this chapter are 2a, 2c and 7.

The distributed cell properties are considered independent for the

following reasons: there is no a priori reason for linking the permeability
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DEVELOP WATER TRANSPORT MODEL FOR A
SINGLE CELL COOLED IN SUSPENSION
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TABLE 2.4
ASSUMPTIONS IN THE
DISTRIBUTED WATER TRANSPORT ANALYSIS

FLOWCHART STEP ASSUMPTION
(1) See Table 2.1
(2) (a) Distributed properties are independent

(b) Literature values for property statis-
tics reflect intrinsic distributions
and not measurement uncertainties

(c) Properties are distributed normally

(3) Combined parameter o 1is distributed
normally
(4) Simple expressions for moments of o

are adequate

(7) Finite number of 2-D histogram elements
does not bias results



-66-

parameters KPR and E to the other properties or to each other in the
absence of a predictive, mechanistic model for the cell membrane. Geo-
metrical relationships between area and volume do not extend to area and
water content due to the decoupling effects of the distributed osmotically
inactive fraction of the cell volume, Vb’ and the existence of membrane
folds in some cell types.

Normal distributions are assumed for the cell properties for the
following reasons: many characteristics of biological systems are normally
distributed, measured red cell geometrical properties [45] match these
distributions well, and mathematical manipulations are simplified. Finally,
there are no compelling arguments in favor of any other distribution for
the properties. The last assumption, that a finite number of histogram
elements does not distort the results, is difficult to justify in general.
This question was addressed specifically for red cells by reducing the
number of 2-D histogram elements from 400 to 144. Results similar to those
presented in Figs. 2.4 and 2.5 were obtained. Alternate simulation tech-
niques that assign values of the properties cell by cell using random
number generation can serve to check the current method, but again, the
number of simulation points required, cannot be determined in advance.

2.3 Mechanisms of Ice Formation in Cells

The formation of ice in biological cells during lTow temperature
exposure has been observed over a range of temperatures and is influenced
by the presence of ice in the suspending medium. Table 2.5 summarizes the

observed freezing conditions by cell type. Internal freezing in most of the



-67-

TABLE 2.5

INTRACELLULAR FREEZING TEMPERATURES

WITH AND WITHOUT EXTERNAL ICE PRESENT

INTERNAL FREEZING TEMP.
EXTERNAL ICE EXTERNAL ICE METHOD OF REF./REMARK
CELL TYPE PRESENT NOT PRESENT ELIMINATING
EXTERNAL ICE
Sea Urchin -4 - -8°C Lower than Suspension 49
Eggs -8°C in
Silicone 0il
Spirogyra - 7.7°C Lower than Supercooling 50
-12.4°C of
Suspension
HelLa -13°C
Mouse Ova -45°C 51, (in
1 M DMSO)
Yeast -10 - -15°C -40 - -47°C Safflower 01l 52,53,54

Emulsions
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cells listed occurs at ~-10°C in the presence of external ice and at
significantly lower temperatures in the absence of exteryal ice. It is
reasonable to conclude from these observations that external ice plays an
important role in intracellular freezing. A significant exception is that
of mouse ova, which undergo internal freezing, even in the presence of
external ice, at -45°C. This is in the range where spontaneous freezing
of water has been observed in small samples [55,56]. Although no single
mechanism is capable of explaining all of the observed phenomena, only a
few mechanisms are required to account for the majority of the observa-
tions, and are marked by substantial similarities. These mechanisms are
reviewed here to establish criteria for use in simulations of freezing in
a cell population.

Hypothesized mechanisms for internal freezing can be categorized
as spontaneous or assisted. Two related mechanisms for spontaneous ice
formation are homogeneous and heterogeneous nucleation. Homogeneous nu-
cleation involves random accretions of molecules or nuclei which serve as
substrates for subsequent growth to macroscopic size. The accretion
process is aided in heterogeneous nucleation by the presence of surfaces
which promote ice structure in the surrounding liquid.

The free energy of formation of a spherical cluster of molecules of
the solid phase with radius, ry o consists of a contribution from the
release of latent heat as well as a term for the energy required to in-
crease the surface area of the cluster [57]:

4r rﬁAGLS

AGN = - ——T—V—w— + 41'[ r; OLS (2-40)
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A critical radius, such that further growth of the cluster is thermodynamical-
ly favored, can be found by setting the derivative of AGN with respect to
N from Eq. (2.40), to zero. The size of the critical cluster and the

free energy of its formation are given in Egs. (2.41) and (2.42) respective-

ly:
rk = 20.g V,/06 (2.41)
0‘3 V2
AG* = AG - lom LS W (2.42)
N N rx 3 AG?
N LS

The bulk free energy change for the liquid to solid transtormation can
be derived by noting first, that by definition:

If AHLS and ASLS are considered constant witk temperature, and with

ASLS defined as AHLS/T then AGLS becomes:

e ]
AGLS £ AHLSAT/Te (2.44)

The assumption of constant -AHLS and ASLS leads to significant error
if the departure from equilibrium is large enough. Hoffman [58] con-
siders the temperature dependence of these terms and proposes the simpli-

fied expression of Eq. (2.45) to replace Eq. (2.44):
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AG . = M AT (-%l ) (2.45)
e

The rate of formation of stable clusters is highly dependent on
the energy barrier, according to Eq. (2.46):

-(AGE/k,T)
N""B (2.46)

Ilae
The energy barrier in heterogeneous nucleation is reduced by a factor,

9g » which depends on the shape of the substrate [59,60]:
AGS = 9 AGﬁ (2.47)

Thus, for both homogeneous and heterogeneous nucleation, the rate of
appearance of stable clusters goes as Eq. (2.48), which combines Egs.

(2.42) (2.45) and (2.46):

3 2 [N
os Vu Te

16
993 W K AT T ) (2.48)

I oe

The relative magnitude of the nucleation rate is illustrated in
Fig. 2.7 as a function of temperature for constant supercoolings of 10.0
and 10.1°C. The shape factor, ge , was set equal to 1; the interfacial
energy, o;g Was assumed constant at 22 ergs/cm? [56] and the equilibrium
freezing temperature, supercooling and absolute temperature are related by

the definition: AT = Te - T . The reference value of I was calculated
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FIGURE 2.7 Relative nucleation rate as a function of temperature and
supercooling
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using AT = 10.0°C, T = 263.15 K and Te = 273.15 K. The tremendous
sensitivity of the nucleation rate to supercooling compared to tempera-
ture is clearly evident: rate increases 20600 times as much per degree of
supercooling as per degree of absolute temperature. If intracellular
freezing were to occur, therefore, by heterogeneous or homogeneous nuclea-
tion, strong dependence on internal supercooling should be observed.

A b]ausib]e assisted mechanism of intracellular ice formation,
proposed by Mazur [53,10], involves seeding of the internal solution by
external ice through 'pores' or channels in the cell membrane. Arguments
for the existence ot the pores are presented by Solomon [61], who calcu-
lates equivalent pore radii from semiempirical models combined with tracer
diffusive and osmotically driven, water flow measurements.

The Gibbs free energy change associated with solidification in a
capillary [62] is analogous to that for a cluster of molecules in homogene-
ous nucleation in that the process is driven by release of latent heat,
and surface free energy changes. The free energy of solidification per

unit length of capillary is given in Eq. (2.49):

M6 = —5—2 ¢ 2 e (o) - oge) (2.49)

W

The equilibrium contact angle, 6 , shown in Fig. 2.8 is related to the

interfacial energies in Eq. (2.50):
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FIGURE 2.8 Equilibrium contact angle at solution-ice-channel
interface
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The propagation temperature, T , for ice in a capillary can be found by
substituting Eqs. (2.44) and (2.50) into Eq. (2.49) while noting that
AG = 0 at equilibrium between the solid and 1liquid phases:

2°LS coso Te Vw

T -T = (2.51)
e AHLS rc

The membrane channels could conceivably contain pure water driven
from the cell by osmotic forces, intracellular solution, or extracellular
solution. In the first case, the equilibrium freezing temperature is a
fixed value and internal seeding would depend on absolute temperature
rather than internal supercooling. If the channels contain internal solu-
tion, the equilibrium freezing temperature changes with cellular dehydra-
tion and seeding would therefore depend on the supercooling of the in-
ternal solution. Seeding of the internal solution by external ice would
not be possible if the membrane channels contained extracellular solution.

Values of Te - T are listed in Table 2.6 for contact angles
between 0° and 75° and pore radii between 4 and 28 R. The equivalent
pore radius of 4.5 R calculated for the human RBC [61] in conjunction
with expected contact angles of 0-25° give ice-solution interface equili-
brium temperatures substantially lower than values of about -10°C observed
for intracellular ice formation, listed in Table 2.5. Larger contact
angles and/or larger pore sizes are needed to account for the observations.

The existence of a distribution of pore sizes with some pores

substantially larger than the others is not excluded by the equivalent
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TABLE 2.6

DEPRESSION OF FREEZING POINT

FOR SOLUTION IN A MEMBRANE PORE, (Te-T) [K]

PORE RADIUS [A] CONTACT ANGLE, © [DEGREES]
0 30 60 75
4 89.8 77.8 44.9 23.3
12 30.0 25.8 15.0 7.8
20 18.0 15.6 9.0 4.7
28 12.8 1.1 6.4 3.3
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pore model. Only one large pore is required to seed each cell; cell-tc~
cell variations of the largest pore size would lead to variations in
freezing temperature within the population. The question of larger
contact angles in the pore hinges on the possibility of a more ordered
liquid in the channels than is seen in bulk. These issues as well as
the more fundamental question of the validity of using bulk properties
to describe the behavior of matter on a submicroscopic scale have yet to
be resolved.

Criteria for intracellular freezing that are apparent from the pre-
ceding discussion include: internal supercooling must exceed that required
for nucleation by heterogeneous or homogeneous mechanisms, or absolute
temperature must be below or internal supercooling exceed that required
for growth of ice through a membrane channel.

2.4 Criteria for Intracellular Freezing

The water transport results of Section 2.2 provide a starting point
for analysis of freezing in a cell population, and its dependence on the
thermal history. Some of the questions that remain to be considered are:
what fraction of a cell's initial water content must freeze internally
in order to produce a lethal or damaging condition, and how does this
fraction relate to that required for cryomicroscopic observability as
‘flashing' or darkening. How is nucleation temperature or supercooling
required for internal ice formation distributed in the cell population?
The first question is complicated by the additional factor of crystal size.

Growth of small crystals into larger crystals during the warming has been
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shown directly, or by implication [21,63,5] to increase the lethality

of a particular quantity of ice inside a cell. The amount of ice required
before lethal recrystallization can occur has not specifically been
established. The fiirst question can be approached indirectly by con-
sidering the established connection between intracellular freezing and
decreased viability observed on the cryomicroscope, [Reviewin 21,19,51]
and the large fractional cell volumes at which observable intracellular
freezing (OIF) occurs. Large fractional volumes at the observed moment

of intracellular freézing imply large fractional cell water content. The
few observations available support the statement that intracellular freez-
ing occurs at volumes, VOF/Vi , greater than ..7 [64, §4.1]. Since the
volume of intracellular water, Vwi/V' is also . .7, the requirement

i
for observable freezing in terms of ¢ can be written:

o > nor __Wor = )My Yor - Y (2.52)
OF > W.. TR V. '
Vi VW
> ~ 05 )

A similar condition can be written in terms of osmolality by using Egs.

(2.4), (2.14), (2.35), (2.36) and (2.52):

0 < .58 (2.53)
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The additional requirement for OIF is that temperature be below the
freezing temperature, or internal supercooling exceed that required for
spontaneous or assisted nucleation in the observed cell:

T < Tf
or

ATV > AT (2.54)

= f

The criteria for OIF in Egs. (2.52), (2.53) and (2.54) are illus-
trated for a single cell in Figs. 2.9 and 2.10 which use the nondimensional
water content and osmolality representations discussed earlier. The
mechanism of cell freezing determines the importance of temperature rela-
tive to supercooling of the cell contents. Curves assumed at -6°C
freezing temperature, and 5.5°C superceoling for.internal
nucleation, are drawn for comparison. Additionally, the trajectories of
states for similar cells cooled at rates B] and sz, with B] > 82 .
are shown. The combination of the water content, and temperature or super-
cooling conditions, produces a region in which observable intracellular
freezing is expected. The curve labeled B] passes into this region
hence the cell cooled at this rate forms OIF. Dehydration of the cell
cooled at B2 returns the cell to equilibrium before the criteria for OIF
are satisfied.

An important feature of the region of OIF in Figs. 2.9 and 2.10 is
its relative insensitivity to the mechanism of internal ice formation.

Equivalent cells cooled at B] , differing only in assumed mechanism of ice
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formation with T = - 6°C for one and ATf = 5.5°C for the other, would
be indistinguishable in their observed responses. Indeed, over a range
of ccoling rates for which OIF is expected, only a minor internal freezing
temperature dependence on cooling rate would distinguish cells freezing
by a supercooling mechanism from those freezing by a temperature related
mechanism. The current state of cryomicroscope instrumentation makes
determination of the mechanism of freezing based on freezing temperature
cooling-rate dependence unlikely, as this would require reproducible tempera-
ture measurements within . .2°C.

The similarity of supercooling and temperature criteria for OIF
allows significant simplification of cell freezing analyses by allowing
use of a cell freezing temperature, Tf » independent of mechanism. The
distribution of values of this cell property can be found experimentally
without knowledge of other cell properties through the following procedures
and reasoning: Groups of cells are cooled at rates well above those known
to produce OIF, to a series of subzero °C temperatures and in each case
the percentage with OIF or percentage survival, observed. A1l cells satisfy
the water content criterion for OIF at sufficiently high cooling rates.
Internally frozen cells accumulate as the temperature goes below the
freezing temperatures of individual cells, resulting, then, in the cumula-
tive distribution of cell freezing temperature. This process is illustrated
in Fig. 2.11 for a group of cells cooled rapidly to -6°C. The distributions
of properties, affecting the water transport, result in a range of ¢ , but

all cells in this range contain sufficient water to manifest OIF. The
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integral of the hypothetical distribution of cell freezing temperatures
gives a single point on the cumulative distribution function for the
fraction of cells containing OIF. This is stated mathematically for the
case shown, in Eq. (2.55):

-6°C

f dT (2.55)

Prs

0F|'6°C ~.54°C

This process must be repeated for different final temperatures to repro-
duce the entire fraction OIF curve.

Experiments of this type have been reported in the literature, but
with no attempt to derive distributions of cell freezing temperature.
Figure 2.12 shows experimentally determined lethalities for mouse ova in
saline [18], and hamster fibroblasts [65] in 5% V/V DMSO, cooled rapidly
to various final temperatures and warmed slowly. Similar data have been
reported for ova in glycerol and DMSO [18], for P. tularensis in gelatin
saline [66] and for yeast in distilled water [52]. The solid curves in
each figure are the cumulative distribution functions obtained by integra-

ting assumed normal distributions of cell freezing temperature. The means

and variances of the assumed distributions were chosen casually to provide

a reasonable fit after integration, to the experimentally determined

points. The primary assumption required in inferring the distributions
of freezing temperatures from the lethality observations, is that lethali-
ty results from observable intracellular ice formation and/or related

events such as bubble formation [50] and recrystailization during slow
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warming. The lethality-OIF connection was discussed earlier and has been
directly established for several cell types including mouse ova.

A brief summary of this discussion includes the following salient
points: (1) Observable intracellular freezing and lethality are closely
related. (2) One condition for OIF is the presence of at least 50% of the
initial water in the cell. (3) The second condition for OIF is that
temperature be below the nucleation temperature or supercooling exceed
that required for nucleation. (4) Supercooling and absolute temperature
conditions for internal ice formation can be combined into a single
criterion to replace item (3), namely that temperature be below the cell
freezing temperature. (5) Distributions of freezing temperature in a
cell population can be determined indirectly from experiments that in-
volve rapid cooling to subzero (°C) temperatures. (6) Cell freezing
temperatures are normally distributed.

2.5 Fraction of Cells with Internal Freezing: Dependence on Cooling Rate

The fraction of a cell population that undergoes observable intra-
cellular freezing during low temperature exposure can be determined by
combining the criteria for ice formation, discussed in Section 2.4, with
the distributed water transport analysis of Section 2.2. The incremental
fraction of cells that forms OIF at a temperature within dT of T in
the range of cell freezing temperatures, is given by the product of the
fraction of cells that freeze at T , prlT dT , and the fraction that

meets the water content criterion, defined in Eq. (2.56):
1.0

fo5 = | Py b (2.56)
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The incremental fractions with OIF must be summed over temperature to find

the total fraction, expressed in Eq. (2.57):

T
for |, - [ (g * fo.5)dT (2.57)
-.54
The integral of Eq. (2.56) must be evaluated continuously during the
temperature integration of Eq. (2.57) since the cell fraction meeting the
water content criterion changes with time as dehydration proceeds. The
probability density function for cell freezing temperature can be assumed

Gaussian, based on the discussion in Section 2.4:

~(Te- T /28,
prg = —— e | T (2.58)
VT St

Solutions for f0F are immediately available for 2 cases: at high
relative cooling rates, Eq. (2.56) is always 1 and the problem reduces to
evaluating Eq. (2.55). In this instance, distributed water transport has
no effect on the fraction of cells with observable internal freezing. In
the slow cooling rate extreme, Eq. (2.56) goes to zero before the range of
cell freezing temperatures is reached, resulting in fOF =0 in Eq. (2.57).

A numerical approach for finding the fraction of cells with OIF
continues the methodology discussed earlier by partitioning the population

to obtain a histogram of cell freezing temperatures. The sum of the cell
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fractions represented by u histogram elements must always be 1:

u
fT = ] (2.59)
=1 'fe
A three-dimensional histogram of cell properties results from the indepen-
dence of the cell freezing temperature distribution. Each of the u
freezing temperature groups contain mxn cells corresponding to the

ranges of o and E . The discrete equivalent of Eq. (2.57) for cooling

to a temperature within the freezing temperature range is written as:
ul

OFp | - 221 frealfos s
, =

f )

2.60
Teo (2.60)

The discrete equivalent of Eq. (2.56) for the cell fraction mecting the
water content criterion becomes:

=3 (f (2.61)

f
$>.5 L

.o fl)
ai Ej
Isz

This summation is performed for all 1i,j pairs associated with water
content greater than .5.

The algorithm used to find fOF in Eq. (2.60) is summarized in
the flowchart of Appendix D. The computational steps associated with
updating the ¢ matrix, from the distributed water transport analysis,

are embedded in the new algorithm. The solution method can be visualized
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by considering a stack of u identical distributions of cell water
content at temperatures above the first freezing temperature histogram
element. The water transport problem for any stack layer remains that
of solving for the mxn elements discussed in Section 2.2. When the
highest freezing temperature element is reached, the first stack layer
is 'peeled' off and evaluated for the water content criterion of observ-
able freezing. This corresponds to the summation in Eq. (2.61). Dehy-
dration continues for the u-1 stack layers until the next freezing
temperature histogram element is reached. The second stack layer is
then 'peeled' off, evaluated for OIF and the fraction summed with that
found for the first stack Tayer. This summation for u' layers corres-
ponds to that of Eq. (2.60).

The fractions of cells with OIF are shown in Fig. 2.13 using red

cell properties with ff = -6°C, ST = .,5°C and u =30 . At the high-
est cooling rate shown, all cells undergo OIF and the curve reproduces
the integral of Eq. (2.60) with Eq. (2.56) always equal to 1. This is
the same result as would be expected from the discussion in Section 2.4
for rapid cooling to the indicated find temperatures. The ultimate
fractions OIF attained over a range of cooling rates are shown in Fig.
2.14. The wide range of cooling rates over which the fraction of cells
with OIF goes from O to 1 results primarily from the distribution of ¢
and not from STf as demonstrated by the relatively small effect of

changed STf . These results will be compared to experimental findings

and reported analyses in Chapter 5.
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2.6 Fraction of Cells with Internal Freezing: Dependence on

Extracellular Supercooling

Supercooling and nucleation of the cell-suspending medium as much
as 20 K below the equilibrium freezing point, is common in small sample,
freezing studies. Rapid precipitation of pure ice follows nucleation,
with ice-solution equilibrium maintained during subsequent cooling.
Sufficient cooling power is available, at least in cryomicroséope work,
to avoid temperature rebound as the latent heat is removed, thereby
allowing uninterrupted linear cooling.

The existence of the supercooling effect and the possibility for
its control offer a unique tool for studying intracellular ice formation.
Figures 2.15 and 2.16 illustrate the states of the suspending medium and
hypothetical cell populations prior to, and after extracellular ice for-
mation at -6°C. Supercooling prevents cellular dehydration until after
external nucleation, increasing the fraction of cells meeting the water
content criterion for OIF. The fraction of cells that freeze by an
internal supercooling-dependent mechanism prior to external nucleation
is given by Eq. (2.62):

-.54°C-AT®

dT (2.62)

for Pre

-.94°C

This fraction will build during cooling and if external supercooling is
great enough, a significant fraction of cells freezes visibly. Equation

(2.62) also represents the fraction of cells with observable freezing
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just after passage of the external ice front, if internal freezing occurs
by an 'assisted® mechanism. External supercooling offers, therefore, a
way to distinguish between assisted and spontaneous mechanisms of cell
freezing.

After the external nucleation event, the additional fraction of
cells that undergoes internal freezing depends on the distributed water
transport-cooling rate, as was the case in Section 2.5 with no external
supercooling. At moderate to high cooling rates, all of the cells in
the population meet the criteria for OIF. Very low cooling rates allow
the cells to achieve equilibrium through dehydration such that the frac-
tion OIF does not increase after external nucleation.

Low cooling rates combined with extracellular supercooling provide
an alternate method to that of Section 2.4 for finding distributions of
cell freezing temperature. In this approach, a series of observations
of fOF are performed at a suitably low cooling rate, for a range of
external supercooling. Each experiment provides a single value for the
cumulative distribution of cell freezing temperatures, as shown for a
hypothetical normal distribution of Tf centered at Tf = -6°C 1in Figq.
2.15. The freezing temperature distribution can be found by differentia-
ting the experimentally determined cumulative distribution. The litera-
ture unfortunately contains few data with which to test this hypothesis.
Experimental results for human red cells and lymphocytes, obtained as
part of the present work and discussed in Sections 5.1 and 5.2 can be used

to estimate the freezing temperature distributions by this approach.
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The numerical technique for finding fOF as a function of ex-
ternal supercooling and cooling rate uses the same algorithm, shown in
Appendix D, as that of Section 2.5. The only change required is to lower
the starting temperature of the dehydration analysis to reflect the amount
of supercooling. Should this starting temperature fall within the range
of cell freezing temperatures, an initial leap in the algorithm performs
the summation of Eq. (2.63) which approximates the integral of Eq. (2.62):
u'

f

f
OF'Tf . < (.58-ATO)<T
u =1

(2.63)

f(u'f]) Tfe

This equation derives directly from Eq. (2.60) with Eq. (2.61) equal to
1 before dehydration of the population begins. After extracellular nu-
cleation, Eq. (2.60) is used with the lower 1imit of summation replaced
by u'.

The results of Fig. 2.17 were obtained using red cell distributed
properties and cooling rates between 10 and 10000 K/min. A normal dis-
tribution of cell freezing temperatures with ff = -6°C and STf = ,5°C
was assumed. The curves shown for cooling rates between 10 and 100 K/min
match the expected cumvlative distribution of cell freezing temperatures.
At higher cooling rates, progressively less external supercooling is re-
quired to produce internal freezing in a given fraction of the population.
These results as well as those of Section 2.5 are summarized in the fOF
surface above the cooling rate-extracellular supercooling plane in Fig.
2.18. Figure 2.14 appears as the fOF versus cooling rate face of Fig.

2.18. The curves perpendicular to this face representing the supercooling
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dependence of fOF , are redrawn from Fig. 2.17. Contour lines are shown
for fOF = .1 and .9.
2.7 Summary

Theoretical and analytical techniques developed in Chapter 2 to cal-
culate the fraction of a cell population with observable internal freezing
are overviewed in Fig. 2.19. Among the inputs to the analysis are the ex-
ternal thermal conditions of cooling rate and supercooling as well as
statistics for distributed cell area, initial water content, reference
water permeability and permeability activation energy. The distribution
of water content in the population is calculated by solving the governing
water transport equation for mxn values of independent cell properties,
o and E . The distribution of o 1is derived from the area, water
content and reference permeability distribution. Two criteria are estab-
lished for observable freezing of a particular cell: water content must be
greater than 50% of the initial value and temperature must be below the
cell 'freezing' temperature. The latter condition is applicable regard-
less of whether internal freezing is precipitated by external ice or
occurs spontaneously. Distributions of cell freezing temperatures can be
determined indirectly from cell survival after rapid cooling to specified
temperatures followed by slow warming. These distributions can also be
determined from slow cooling observations with varied extracellular super-
cooling. Each of mxn groups of cells can be formed into u sub-elements
by value of freezing temperature. The water content criterion is applied
to each sub-element as temperature goes below the associated freezing

temperature during numerical solution of the water transport equation. The
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fractions of the mxn groups that meet the water content condition at
each intermediate temperature are summed to form the fraction of cells

with observable internal freezing.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Cryomicroscope

The primary tool used in the experimental program is the cryomicroscope,
an instrument enabling observation of biological cells subjected to prede-
termined temperatures and rates of change of temperature. The present sys-
tem, diagrammed in Fig. 3.1, incorporates additions and refinements to
hardware developed at M.I.T. by Diller [67], Ushiyama [68] and McGrath [69].
A Zeiss Universal Research microscope with 60 watt illuminator, 7 mm work-
ing distance condenser with .63 numerical aperture (NA) and .60 NA 25x or
.75 NA 40x objectives provide the observer with a 250-800x image of cells
on the viewing stage. The image can be recorded for future study by a
monochrome video camera or by motor driven Nikon or Zeiss manual, still
cameras. A 1ight meter can be switched into the optical path for conven-
ience in setting the still camera exposures.

Timing-temperature uncertainties associated with the use of the chart
recorder foot-switch event marker at high temperature change rates resulted
in development of the video interface. This device superimposes updated
temperature numerics on each video field. Inputs to the system [70] are
the video camera signal, amplified thermocouple voltage, horizontal and
vertical synchronization signals from a GBC model CTC6000 camera, and field
counter reset signal. The output is the video camera signal with 16 super-

imposed characters in the format: T = tttet K; F = fffff, where fffff
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is the number of video fields since the last counter reset and ttt-t is
the Kelvin temperature to the nearest .1K, updated at the beginning of
each field. The horizontal and vertical position as well as the width of
the characters can be adjusted. The video interface is discussed further
in Appendix E.

Ice nucleation in the cell suspending medium generally occurs ran-
domly with supercooling as large as 20°C. Some degree of control of the
supercooling can be exercised by judicious placement of the cell-retaining
coverslip on the viewing stage and by adjustment of coolant flow rate and
temperature, all of which affect the thermal gradients within the cell
medium, More authoritative control of the degree of extracellular super-
cooling is afforded by a mechanical device which automatically sprays a
small quantity of liquid nitrogen at the edge of the cell sample during a
cooling protocol. Supercooling controlier design and operation are described
in Appendix F.

Thermal control of the specimen is effected by balancing the convec-
tive cooling power of a gaseous nitrogen stream with electrical power
dissipation in a transparent coating on the window of the viewing stage. A
feedback control loop fncorporating thermocouple, control, and power
amplifiers, shown in Fig. 3.2, adjusts the heater power to drive the window
temperature close to the reference signal equivalent temperature. The
reference signal can currently be produced by three techniques, each with
unique strengths and weaknesses: analog, hardwired digital and micro-

processor. All of the reference generators provide a 0-10V output, corres-
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ponding nominally to a temperature range of -200 to +200°C. The analog
system, adapted from earlier hardware, is based on a Teledyne-Philbrick
integrator whose time constant can be changed by switched resistors.

Linear cooling and warming have been demonstrated with the analog reference
over the range: 10°C/min to 1200°C/min during observations of human 1ympho-
cytes . Repeatability and initial setting accuracy were a few percent and
5-10% respectively.

The hardwired digital reference was designed originally to implement
high average-rate nonlinear, 'optimal' thermal protocols for the human red
cell [71]. The device consists of a 1K by 10 bit digital memory, address
logic, output registers, 10 bit digital-to-analog (DAC) converter, clock,
and control switches [72]. Protocols are manually entered point-by-point
in binary during the program mode and are then clocked at an adjustable
rate to the DAC during the run mode. The resolution corresponding to the
10 bit word length is -.4°C. Linear operation of the unit can be achieved
with a single program over a fairly wide range of rates by adjusting the
time constant of the clock. Linear rates ranging from 30 K/min to almost
1700 K/min with about 5% repeatability were obtained during human red cell
observations.

The third reference generator is a commercially available microcomputer,
the TRS-80, combined with a custom analog-digital interface [73] based on
Analog Devices RTI-1220 and RTI-1221 circuit boards, Statements for read-
ing clock time from the interface and writing digital information to the
interface can be incorporated in BASIC language reference-generation pro-

grams. The present, user-friendly, linear-protocol software is limited to
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rates below 60°C/min. The microcomputer reference generator was not used
during the experimental program. Further details of reference generating
hardware and software are provided in Appendix G.

Previous thermal control system dynamic performance was insufficient
to accurately reproduce rapidly changing thermal protocols. One index
of dynamic performance, bandwidth, is discussed in Appendix H in terms
of the error between reference and feedback signals and temperature change
rate, assuming a 2-pole system model. Error of 3K was expected for the
previous 3 Hz B.W. system at temperature change rates of 2000 K/min. Sys-
tem bandwidth of 10 Hz is required to reduce error from this source to
1K. In order to increase bandwidth and because little design and perfor-
mance analysis had been done previously, a semi-empirical study of the
entire system was undertaken. The results of this study are included in
the appendices: Coolant supply flow rates and stream temperatures are
discussed in Appendix I. Viewing stage lumped parameter heat transfer
model with measured steady-state heat transfer coefficients, predicted
and measured frequency response, horizontal thermal gradients and predic-
ted linear cooling capability are provided in Appendix J. Power amplifier
transfer characteristics including output dependence on load resistance
are considered in Appendix K. Performance of a Hewlett Packard thermo-
couple amplifier and a new signal conditioning module based on an Analog
Devices AD522 hybrid instrumentation amplifier are compared in the fre-
quency domain in Appendix L. Appendix M compares the predicted and mea-
sured transfer characteristics of a lead compensating controller which

supplanted the previous low gain proportional controller. Performance of
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the overall control loop is analyzed in Appendix N in terms of steady-
state error and frequency response. Measured thermal slew rate capa-
bility is also included.

Functions comprising the cryomicroscope data acquisition system and
corresponding performance specifications are summarized in Table 3.1.

3.2 Sample Preparation

Cryomicroscope observations of red cells were performed using whole
blood collected from normal donors at the Massachusetts General Hospital
(MGH) Blood Bank, each day of the experimental program. Approximately 2
ml of ACD anticoagulant were used in 10 m1 collection tubes, which were
maintained during a day's observations in an ice bath. Occasionally,
blood that had been stored overnight in a refrigerator at ~5°C, was used.

The human lymphocyte observations required substantially greater
preparation than was the case for the RBC's. Cell separations from whole
blood were performed by the MGH Histocompatibility Laboratory, generally
within 1 day after the blood sample was drawn, using procedures roughly
as listed in Table 3.2. Tubes containing the cells were transported and
stored during use, in an ice bath.

3.3 Cryomicroscope Operation

Operating procedures for the cryomicroscope are outlined in Fig. 3.3.
Power should be applied in the order: * 15V, + 5V, controller and thermo-
couple amplifier. Details of operation for the reference signal genera-
tors are provided in Appendix G. The thermocouple amplifier should be zeroed
using procedures in Appendix L allowing 10 minutes for warm-up drift. The

chart recorder should be zeroed per operating manual instructions [74] after
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TABLE 3.1
CRYOMICROSCOPE SYSTEM FUNCTIONS AND
PERFORMANCE SPECIFICATIONS

Video Interface: Annotates each video field with updated temperature
and frame count.

Supercooling Controller: Induces ice nucleation in cell-suspending
medium within ~2K of cdesired value.

Specimen Thermal Control: Temperature and temperature change rate for
1-2 ug cell suspensions.

Reference signal generation: Varied analog and digital
methods provide linear and nonlinear thermal histories at
nominal rates ranging from .1 K/min to 107 K/min (based on
“hardwired digital system clock rate of 1 Mhz). Resolution:
.4 K or better.

Coolant supply: Provides gaseous N2 stream at rates up to
~18 1b/hr (8.2 Kg/hr) and temperatures between 120 and
298 K.

Thermal control loop: Components: heater window on viewing
stage, power and thermocouple amplifiers, lead compensating
controller. Bandwidth: > 10 hz. Steady-state error

during temperature holds: <.5 K Typ. Expected. Steady error
during linear ramp thermal histories <1 K Typ. Expected.

Thermal slew rate: ~3000 K/min demonstrated over several K

7500 K/min theoretical 1imit for small
temperature change.

Error due to gradients in plane of specimen: < .,5 K Typ. Expected.
Thermocouple nonlinearity error: < .5 K if nonlinearity is pro-
grammed in Reference Generztor, < .5 K over 218 K to 278 K range
with no linearization. Phase margin: 30°. Gain margin: 12 db.
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TABLE 3.1 (Cont'd.)

OPTICS:

Microscope: Zeiss Universal Research, X-Y micrometer platform to
support viewing stage, 7 mm working distance condenser,
phase contrast dry objectives, 60 watt tungsten illumina-
tor with regulated supply. Resolution: ~ .4y .

Cameras: Zeiss manual 35 mm, Nikon 35 mm with 5 frame/s drive,
GBC CTC6000 monochrome camera with IVC-800 video tape
recorder and GBC Model MV-17 monitor.

MISCELLANEOUS:

Chart Recorder:
Hewlett Packard Model 7100B with 2 model 17502A, -200°C -
+ 200°C input modules for copper-constantan thermocouples,

footswitch event marker.

Environmental Chamber:
A clear acrylic box which is purged with dry N2 to prevent

condensation on viewing stage.
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TABLE 3.2
LYMPHOCYTE SEPARATION PROTOCOL

Defibrinate using: 30mm glass beads
50ug 20.6% CaC]2
50u2 Thrombin

Spin @ 1300 g 6-7 minutes.
Remove excess plasma.

Draw-off remaining plasma and buffy coat (~1 ml) and place in
small tube.

Add 2-3 ml1 PBS to small tube.

Add diluted buffy's to 2 tubes containing 2 ml Lymphocyte Separation
Medium LSM, (Bionetics, Kensington, Md).

Spin @ 1300 g, 30 minutes.

Remove solution above white bands.

Pipette white bands into another small tube.

Dilute with PBS to wash-off LSM.

Spin @ 1300 g 7 minutes.

Aspirate solution above button of cells on bottom of tube.

Add ~1 ml medium 199 or Terasaki/Park.
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FIGURE 3.3 Cryomicroscope system operation
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allowing 30 minutes for stabilization. It is advisable to check for drift
every hour or so, particularly on the chart recorder. The dry nitrogen
purge at ~1 1b/hr (.5 Kg/hr) is recommended to prevent ice build-up in the
heat exchanger. Heater power supply voltage should be chosen using the
information of Appendix K, large enough to provide adequate power. A 120 @
heater resistance, for example, requires 65 V to assure a maximum heating
capability of QR = 40 watts. The supercooling controller firing-voltage
should be set to a temperature-equivalent above the desired value, to allow
for the slight delay between initiation of the LN2 pulse and nucleation.
Appendix F should be consulted for additional information. The controller
output voltage is checked prior to switching the heater into the circuit

to allow correction of any faults, such as incorrect reference generator
output. A micropipette is convenient for placing 1-2uf of the cell sus-
pension on the heater window; a 12 mmx12 mm #1 coverslip retains the sample.
Pressure should never be used to seat the coverslip. Microscope optical
alignment and settings other than fine focus are done prior to closing the
environmental chamber. Sufficient flow should be established to achieve
the desired final temperatures, using the results of Appendix I. The pro-
grammed thermal protocol is initiated when the coolant stream temperature
has dropped below the minimum programmed temperature. If supercooling is
to be controlled, this should be ~220 K. The procedures reverse at the
completiorn of a thermal cycle. The stage can be warmed with a heat gun to

facilitate cleaning and preparation for the next sample.
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CHAPTER 4
EXPERIMENTAL RESULTS

4.1 Human Red Cells

Human red cells were observed using phase contrast microscopy in
whole blood cooled at rates ranging from 10 K/min to ~1600 K/min in the
presence of 0 K to 20 K supercooling. The pre-freeze appearance of the
cells, typified by Fig. 4.1, remained unchanged in all cases, until the
external ice front propagated through the field of view. Cells under-
went dramatic changes in appearance accompanying the front passage and
were classified into four categories: Type 1 cells, shown in Fig. 4.2,
are wrinkled and appear to have undergone substantial dehydration. Cells
of type 2 have some wrinkling and light internal shading as shown in
Fig. 4.3. Cells of the third category have similar light coloring as
those of type 2, but do not have a wrinkled appearance, and additionally,
contain finger-like internal structures. These structures, quite clear
in Fig. 4.4, form patterns with varied fineness and in some instances
appear to communicate with the extrace]lufar environment through gaps in
the cell surface. The fourth category of cells is characterized by fine
internal structure and dark shading. Some of these are shown with type
2 and 3 cells in Fig. 4.4. Progressively finer reticulation of the in-
ternal structure of type 4 cells is shown in Figs. 4.5a and 4.5b.

The structures and changes in appearance described above were

completed shortly after passage of the external ice front for types 3 and



FIGURE 4.1 Human red cells, pre-freeze

FIGURE 4.2 Red cells at 233 K after cooling at 8 K/min, AT%=1.5 K,
Type 1




FIGURE 4.1 Human red cells, pre-freeze

FIGURE 4.2 Red cells at 233 K after cooling at 8 K/min, AT%=1.5 K,
Type 1

NTENTIONAL DUPLICATE EXPOSURE



FIGURE 4.3 Red cells at 233 K after cooling at 260 K/min, AT%=2.5 K,
Type 2

FIGURE 4.4 Red cells at 213 K after 84 K/min cooling, AT%=5 K, Types
2,3,4




FIGURE 4.3 Red cells at 233 K after cooling at 260 K/min, AT®=2.5 K,
Type 2

FIGURE 4.4 Red cells at 213 K after 84 K/min cooling, ATO=5 K, Types
2,3,4
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FIGURE 4.5a Red cells at 233 K after 250 K/min cooling, AT%=8.5 K,
Type 4

FIGURE 4.5b Red cells at 233 K after 260 K/min cooling, AT®=20.5 K,
Type 4




FIGURE 4.5a Red cells at 233 K after 250 K/min cooling, ATO=8.5 K,
Type 4

FIGURE 4.5b Red cells at 233 K after 260 K/min cooling, AT®=20.5 K,
Type 4
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4 or by ~263 K for types 1 and 2. Videotapes showed type 4 internal
structure within 2 or 3 video fields after ice front passage at 261 K,
for cells cooled at 30 K/min. The transitions from pre-freeze to type
3 or 4 structure are essentially instantaneous to the observer. The
transitions to type 1 and 2 appearance occurred over periods as long as
several seconds. Once formed, the characteristic appearance of each
category remained stable throughout subsequent cooling and holds main-
tained at 223 K for several minutes.

Stices from the red cell photographs are reproduced in Fig. 4.6 to
facilitate comparison. Category 1 and 2 cells were interpreted to con-
tain no observable internal freezing while cells in categories 3 and 4
were interpreted to have undergone observable internal freezing. This
interpretation is applied to the observations in Fig. 4.7. Each circle
represents an observation of approximately 40 cells; open circles for
runs in which fewer than 10% of the cells were types 3 or 4, half-filled
circles for runs with 10 - 90% type 3 or 4 cells, and filled circles for
runs in which more than 90% of the cells were characterized as types 3
or 4. The cooling rate scale-change in the lower part of the figure
was included solely to facilitate presentation of the results.

The foot-switch avent marker on the chart recorder was used to
note the passage of the ice front through the field of view in all of the
observations. This necessitated a systematic correction, as discussed in

Appendix E, for the observer time delay. The measured standard deviation



SadA] {82 pad JO Adeuwns  9°¢ JUNYI4

¥ '€ SIdAL 'ONIZ33H4 TVYNHILNI ONIZ3344 TYNY3ILNI ON
V_m.muo.._-q v__mﬂo._-q v__m.NHO._..Q V_m.—HO._lq
utw/3 0S¢ ulw/y v8 uiw/y 09¢ ulw/3 8

v 3dAL v '€ ‘T S3dAL Z 3dAL 1 3dAL 3Z3344-34d




$9dA1 (392 pa4 Jo Aueuwng gy J{NYI4

¥ '€ SIdAL 'ONIZIIH4 TYNHILNI ONIZ33H4 TYNHILNI ON
NGB =plV AG=0lV AGC=0olV AGL =01V
ulw/y 0se ulw/y v8 utui/ 09¢ Ut/ 8

v 3dAL b '€ 'TS3IdAL ¢ 3dALl l 3dAL 32334 4-34d




-119-

1,800 , . . . . . . | T T
1,600 e L4 . ]
2 o © 8 ®
o ¢ i
1,400 1.0 0F o 20g? N -
N, ® e 2 _ oo 2 coe e .90<fgr <1.00
© 200 ¢ o .10<fgop <.90
' ) o 0<fop<.10
@
83 © o e 2 o o L
1,000 ¢- o ®ee —
E o [0} ° [ ]
AN o % 02 3 0,2 2
¥ 800fs" 5 GO 2-0 OF o %% o ® o o y
w 1-1.00F ©
<
c 600} 2 —
25 2
3] o7 5004 ° %% © FEY °
£ 3-0 OF
S 400} -
8 39 o 1-100F
D O O 0O (@] [ ] [ ] [ ®
20&- X 100F. 2 ¢ * 2 ¢ ¢
1-00F 1.100F
100 |- 22 i
— 80g 00 59 %9 ®4 080 o e o o, ° Z
- 2 -
- , -
& 5 0 °© 3 8 ° ° -
3 )
10 1  © ] 1 | 1 ® 1 1 1 L
0 2 4 6 8 10 12 14 16 18 20

EXTRACELLULAR SUPERCOOLING (K)

FIGURE 4.7 Summary of cryomicroscope red cell observations; numbers
next to data points refer to the number of runs at the
indicated conditions, foF is the fraction of the cells in
a given run with observable internal freezing



-120-

of the time delay, .03 s, causes scatter of ~.5 K in the observed extra-
cellular supercooling at 1000 K/min, with increasingly serious error at
higher rates. Caution must therefore be exercised during additional in-
terpretation of the observations at high cooling rates.
Measurements of cell diameters were performed from photographs such
as those in Figs. 4.1 and 4.3 through 4.5, to determine the volume of
type 2 cells relative to types 3 and 4. These measurements were normal-
ized to the pre-freeze value and multiplied by the mean diameter for red
cells of 7.82 u [45]. The resulting diameters were used to compute

volumes using Eq. (4.1) [75]:

VRBC = 29.7 DRBC - 134.6 (4.7)
The volumes are summarized in Table 4.1. Type 2 cells alone, or in
photograpns with types 3 and 4, are substantially smaller than 3, 4
cells.

4,2 Human Lymphocytes

Human Tymphocytes suspended in saline were observed using phase
contrast microscopy at rates between 12 and 1200 K/min in the presence
of up to 14.5 K of supercooling. There were two readily discernable
pre-freeze categories: cells with a dark center surrounded by a bright
ring, dark membrane and external 'halo', shown in Fig. 4.8a, and a group
with more uniform, dark internal shading such as that of Fig. 4.9a, which
also exhibits a strong phase contrast halo. The darker group was usually

larger in diameter and occasionally resulted when the lighter cells were
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TABLE 4.1
RED CELL SIZE COMPARISON

CATEGORY DIAMETER VOLUME VOLUME/PRE-FREEZE VOLUME
[v] [1°]

Pre-freeze 7.82 + .587 97.7 + 17.4 1.00 + .18

Type 2 alone 6.37 + .704 54.5 + 20.9 .56 + .21

Type 2 with 384 7.12 + .500 76.8 + 14.8 .79 + .15

Types 3 and 4 7.82 + .704 97.7 + 20.9 1.00 + .21
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FIGURE 4.8a Lymphocytes pre-freeze

FIGURE 4.8b Lymphocytes of Fig. 4.8a at 233 K after cooling at 374
K/min, AT°=3.5 K, Type 3
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FIGURE 4.8a Lymphocytes pre-freeze

FIGURE 4.8b Lymphocytes of Fig. 4.8a at 233 K after cooling at 374
K/min, aT%=3.5 K, Type 3




-123-

FIGURE 4.8c Lymphocytes of Figs. 4.8a and 4.8b at 261 K during
warming at 5 K/min
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FIGURE 4.8c Lymphocytes of Figs. 4.8a and 4.8b at 261 K during
warming at 5 K/min

b i b = et et
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FIGURE 4.9a 'Dark' lymphocvtes pre-freeze

FIGURE 4.9b Lymphocytes of Fig. 4.9a at 233 K after cooling at
1240 K/min, AT°=8.5 K, Type 4




FIGURE 4.9a  'Dark' lymphocytes pre-freeze

FIGURE 4.9b Lymphocytes of Fig. 4.9a at 233 K after cooling at
1240 K/min, aT°=8.5 K, Type 4

NTENTIONAL DUPLICATE EXPOSURE
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maintained on the stage for more than a few minutes prior to freezing.
The darker appearance also resulted when any pressure was used to seat
the retaining coverslip and occurred with greater frequency for cells

that had been in the ice bath longer.

As was the case for red cells, substantial appearance changes
marked the passage of the extracellular ice front and again, several
cell categories could be defined. The first category, comparable to
red cell type 1, includes cells that show evidence of dehydration through
reduced size and distorted shape. These are shown in Fig. 4.10b,which
should be compared to the pre-freeze appearance of Fig. 4.10a. Another
salient characteristic of type 1 lymphocytes is bright internal shading.
Type 1 lymphocytes were observed at cooling rates ranging as high as
~100 K/min with supercooling generally below 4 K.

The Second category of lymphocytes at low temperature, is charac-
terized by relatively light internal appearance and similar size to pre-
freeze cells. Fine internal structure is sometimes distinguishable.

Type 3 lymphocytes also, are characterized by size similarity to unfrozen
cells and fine structure, but are usually darker and more uniform in
shading than pre-freeze or type 2 cells. Type 3 cells are shown in Fig.
4.8b with the unfrozen cells in Fig. 4.8a. Occasional difficulty in
interpreting the observed cells as types 2 or 3 was resolved by resorting
to changes of appearance during thaw, peculiar to type 3 cells. The
changes involved formation of white internal regions at ~-20°C which in-

creased in size and merged, with complete coalescence by ~-4°C. The
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FIGURE 4.10a Lymphocytes pre-freeze

FIGURE 4.10b Lymphocytes of Fig. 4.10a at 233 K after cooling at
12 K/min, AT%=.5 K, Type 1




FIGURE 4.10a Lymphocytes pre-freeze

FIGURE 4.10b  Lymphocytes of Fig. 4.10a at 233 K after cooling at
12 K/min, AT°=.5 K, Type 1
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coalescence process was usually accompanied at higher subzero °C tempera-
tures by the appearance of a single bright region within the cell boundary,
reminiscent of a bubble. These persisted in the remnants of the cell for
several seconds after the thaw. Additional observations concerning the
coalescence effect include: formation and growth of the white regions
during relatively slow cooling at 30 K/min by -16°C, slow growth of the
regions during holds of several minutes at -40°C, complete coalescence
into a single light region during holds of tens of seconds at -24 to -20°C.
Coalescence of internal structure at -12°C during warming at ~5K/min for
type 3 cells is shown in Fig. 4.8c. Type 2 cells were observed at cool-
ing rates up to 200 K/min and at supercoolings as large as 9 K but were
usually seen at cooling rates below 100 K/min with 2-5 K of supercooling.
Type 3 cells usually formed in the presence of more than 4 K of super-
cooling below 100 K/min and at any supercooling above 100 K/min.

A fourth category of cells is characterized by coarsely-grained
internal structure such as that shown in Fig. 4.9b. This structure,
similar to that observed in type 3 cells after the beginning of the
coalescence process, appeared in cells that were larger and darker, pre-
freeze. Conditions 1ikely to produce type 3 cells were also likely to
accompany type 4 cell development.

Lymphocyte photographs are compared in Fig. 4.11. Interpretation
rules applied to the lymphocyte observations were: cell types 1 and 2
did not undergo observable internal freezing, cell types 3 and 4 did
undergo observable internal freezing. The results are summarized in Fig.

4.12.
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CHAPTER 5
DISCUSSION

5.1 Correlation of Theory with Experimental Results for Red Cells

The cooling rate dependence of observable internal freezing in red
cells is shown from a variety of sources in Fig. 5.1. In addition to
data from the present investigation for the 0-1 K supercooling range,
'sliced' from Fig. 4.7, experimental results are shown from Diller [20],
Rapatz, Sullivan and Luyet [12] and Scheiwe, Nick and Kdrber [76].
Diller performed observations on a cryomicroscope; Rapatz et al. and
Scheiwe et al. made post-thaw measurements of hemolysis on samples in
capillaries. Only the supra-optimal cooling rate results are quoted
from the latter two groups. A1l of the data were obtained with whole
blood in ACD (anti-coagulant). Analytical curves are redrawn from Fig.
2.14 with STf = .5 K and from Mazur [21]. The latter was calculated
by taking the probability of intracellular freezing equal to O when the
subcooling of the cell contents was less than 2 K or when cell volume
was less than .1 of the original volume. Probability of intracellular
freezing was set equal to 1 when internal subcooling exceeded 2 K and
when volume was greater than .1 of the original volume. Since these
criteria were applied to a cell with specific representative properties
at an assumed freezing temperature of -10°C, a sharp transition from 0
to 1 probability of intracellular freezing, which is equated in this dis-

cussion to fraction observable intracellular freezing, would be expected.
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The slope shown in this curve can not be reconciled with the stated
freezing criteria. It should be noted that the above criteria are
philosophically similar to those discussed in Sect. 2.4 as applied to
individual cells in a population; each cell does or does not contain an
observationally significant quantity of internal ice.

Other anomalies appear in Fig. 5.1. First, there is the discrep-
ancy between the capillary hemolysis results; Schiewe et al. comment on
this but do not offer an explanation. A strong possibility is the dif-
ference in procedures used to prevent supercooling. Seeding temperatures
and thermal rebound duration were not the same in the two sets of ex-
periments. Quantitative and qualitative disagreement between current
observations and the earlier work of Diller may result from identifica-
tion of different events as intracellular freezing and combined effects
of instrumentation uncertainties. The distributed analysis is reason-
ably consistent with current data up to the highest cooling rates used
in the experiments, with the exception of two runs at 1070 and 1370
K/min. Instrumentation-related temperature uncertainties, on the order
of 1-2 K, discussed in Sect. 3.1 and Appendix E can account for these
data. The close correspondence between the hemolysis data of Rapatz et
al. and the curve from the analysis of Sect. 2.4 is probably fortuitous
in light of the supercooling-rebound factors mentioned above as well as
solution and warming rate effects in the hemolysis data. Allowances for
these should be made in comparing hemolysis data to intracellular freez-

ing results. For slow warming one expects capillary survival to be low-
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er than that predicted by the analysis, assuming equivalence between

OIF and lethality. The situation is clouded for the rapid warming ex-
periments cited, in that some cells survive internal freezing; see Figs.
1.2 and 1.4. Recrystallization and the quantities of internal ice
associated with damage by this mechanism must be studied further before
intracellular freezing and survival results can be compared meaningfully
in other than specific situations.

Data for the effect of extracellular supercooling on observable in-
ternal ice formation are compared in Fig. 5.2. Each of the three points
shown from Diller [20] represents several experiments at a particular
value of supercooling. The sep:rate experimental points are not shown
because the total ranges of cooling rates for 0 to 100% observable
freezing are only ~10 K/min, smaller than the data points. Again, sub-
stantial qualitative and quantitative differences separate previous from
current data. The point labeled Kérber [77] was obtained from high speed
movies of red cells at 1200 K/min in which ~3/10 cells showed evidence
of internal freezing after supercooling of between 1.5 and 4 K. These
observations are consistent with the current results.

The fOF = .1 and .9 contour lines from Fig. 2.18 are 'flattened'
onto the cooling rate, extracellular supercooling plane of Fig. 5.2.

The analysis, performed with Table 2.2 values and with Tf = -6°C and
STf = ,5°C , fits the data fairly well. The predicted larger range of
supercoolings for the transition from fOF =0 to fOF =1 at higher

cooling rates is supported by the data, for example, at 1000 K/min. Al-
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though conclusions should be avoided in assessing the correlation be-
tween theory and experiment at substantially higher cooling rates, in
light of the instrumentation difficulties discussed previously, the
general features of the model are confirmed.

Three observations support the assisted, membrane-related hypothe-
sis for intracellular freezing. First, in the presence of external sub-
cooling of at least 20 K, internal subcooling also occurs. This unequi-
voca!ly indicates a lack of heterogeneous nucleation sites capable of
inducing spontaneous internal freezing. Second, changes of appearance
associated in Chapter 4 with internal freezing occur within two or three
video fields or 34 to 51 ms after passage of the external ice front.
This establishes the role of the cell environment in precipitating in-
ternal freezing. Third, apparent gaps and protrusions in cell surfaces
and internal dendritic structures originating at one or more points on
the surface, such as those of Fig. 4.4, argue for extracellular ice and
membrane participation in internal freezing.

5.2 Correlation of Theory with Experimental Results for Lymphocytes

Distributed properties of human Tymphocytes are summarized in
Table 5.1. As was the case for red cells, the variations of permeabili-
ty and activation energy result from experimental uncertainty and not
from intrinsic distributions. These values are reasonable for a 'first-
cut' analysis. The mean area listed is substantially larger due to mem-
brane folds than that required to enclose the tctal cell volume. The

standard deviation of area is estimated from error bars in reference [78]
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and in this case probably does reflect the area distribution. An initial
mean volume of 138 u® was estimated from optical microscopy diameter
measurements on cells separated by the procedures of Table 3.2. Equa-
tion (2.17) was applied to calculate the mean initial water content
using an initial ratio of water to total cell volume of .69. This ratio
is obtained from the osmotically inactive volume fraction of .31 report-
ed by Hempling [79]. The standard deviation of the initial water con-
tent was estimated from a flow cytometry histogram assuming intensity-
volume proportionaiity and using Eq. (2.18). The flow cytometry tech-
nique involves single-file entrainment of cells in a laminar stream
which interrupts a laser beam-detector pair [80]. The detector signal
from thousands of cells forms a histogram of forward scattered light.

Appendix 0 discusses reporfed and present lymphocyte volume mea-
surements and examines the intensity-volume proportionality assumption.
Osmometric behavior is proposed as the basis for volume calibration of
laser flow cytometry systems. The mean and standard deviation of the
parameter, o , were calculated using the approximations of Egs.
(2.26) and (2.27). The freezing temperature mean and standard deviation
were deduced from Tow cooling rate data in Fig. 4.10 using the logic of
Sect. 2.6.

Results of analysis using the methods of Chapter 2 and the proper-
ties of Table 5.1 are shown for the effect of cooling rate in Fig. 5.3.
The water content criterion for observable internal freezing, PoF

was increased to .9 because of the small volume change associated with
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type 3 lymphocytes. Current experimental results with external super-
cooling in the 0-1 K range compare favorably to the theoretical curve.
The recent results of Scheiwe and Kbtrber [81], obtained during cooling,
also compare favorably although questions arise concerning the defini-
tion of the intracellular freezing event. Scheiwe and Kbrber detected
intracellular ice formation during cooling as sudden twitching without
gray level change or as darkening in a range of temperatures near 243 K.
The events characterized in Chapter 4 as intracellular freezing occur
soon after passage of the external ice front at temperatures roughly

20 K higher than the phenomena observed by Scheiwe and Kdrber. Possible
explanations for these differences include use of growth medium to sus-
pend cells in the present experiments versus saline, used by Scheiwe and
Kérber, and effects of external ice growth velocities which are probably
substantially higher in the present convective cooling stage experiments
than in the previous conduction stage work.

Analytical results for the effect of extracellular supercooling,
qualitatively similar to those of Fig. 2.17 for red cells, are shown in
Fig. 5.4. The approximate factor of 20 reduction in cooling rates re-
quired to produce a specified fraction observable internal freezing re-
flects the order of magnitude lower o and factor of 4 higher activa-
tion energy for lymphocytes. The decreased slopes of the curves at low
cooling rates, compared to Fig. 2.17, are caused by larger variance in
the assumed distribution of cell freezing temperatures. These results
combine with the cooling rate results of 0 supercooling, Fig. 5.3, to

form the fraction observable freezing surface above the cooling rate,
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extracellular supercooling plane in Fig. 5.5. This surface, as ex-
pected, resembles Fig. 2.18 for red cells.

The fOF =.1 and .9 contours of Fig. 5.5 can be projected down
onto the cooling rate, supercooling plane to illustrate the theoretical
range of conditions for the transition from few to most cells with ob-
servable freezing, in a form directly comparable to experimental find-
ings. Figure 5.6 shows the transition zone superimposed on the lympho-
Cyte observations of Fig. 4.10. The theoretical curves accommodate the
major features of the experimental results such as the region in the
Tower left of the figure with few observably frozen cells and the region
to the right of the fOF = .9 curve consisting of frozen cells, pre-
dominantly. Although the analysis can be fine-tuned to optimally fit
the data by assigning different means and variances for the assumed
freezing temperature distribution, increasing the number of cells ob-
served or obtaining better estimates of the biophysical property dis-
tributions would be more productive exercises.

5.3 Summary

A schematic overview of the present work is shown in Fig. 5.7.
Highlights include:

1) introduction of distributions of cell properties in the
analysis of water transport and intracellular freezing
supported by:

a) statistical techniques for combining three out
of four distributions of properties into a single
distributed parameter,
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c)
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combination of the assisted and spontaneous models
of internal freezing,

definition of two criteria for observable freezing
in an individual cell: minimum water content and
temperature belcw the cell freezing temperature,
elucidation of two experimentai techniques for
establishing the shape of the distribution of

cell freezing temperatures: rapid cooling to sub-
zero temperatures followed by slow warming, and
slow cooling with varied extracellular supercooling,

2) numerical solutions for the fraction of human red cells and

lymphocytes with internal freezing presented compactly in a
surface above the cooling rate-extracellular supercooling

plane,

3) experimental results for the fractions of red cell and
lymphocyte populations with intracellular freezing over
10-1500 K/min cooling and with 0-20 K of supercooling,

4) cryomicroscope system improvements:

a)

b)

d)

construction of a hardwired digital reference
signal generator providing high temperature

rate nonlinear protocol capability,

addition of a microcomputer-software, reference
generation option,

redesign of the thermal control loop to provide an
order-of-magnitude bandwidth improvement over the
previous system involving constrhction of a lead
compensating controller, thermocouple amplifier,
and analysis and/or measurement of most aspects of
the cryomicroscope thermal control problem,
development of a 'first generation' automated nu-
cleation controller to provide predetermined values
of supercooling in the cell-suspending medium,
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e) development of a video annotation system to record
temperature and time on each video field for
facilitating data reduction and interpretation,

5) conclusions:

a) the distributed cell freezing model agrees well
with experimental observations of human red cells
and lymphocytes for the effects of cooling rate
and supercooling,

b) intracellular freezing in red cells and lymphocytes
is mediated by membrane related, environmental
factors.

5.4 Suggestions for Future Research

Several investigations are recommended to address issues arising
in the present work: artifacts that may result from interactions be-
tween cells and glass coverslips might be studied by careful control and
variation of the suspension thickness. Alternately, the degree of iso-
lation between the cells and the glass might be affected by applying
thin coatings of silicone or other biologically inert and immiscible
materials to the glass. The rate of ice growth in the extracellular
environment, which is related to cooling rate, supercooling and thermal
gradients in the surface of the viewing window, may be the primary
parameter in internal freezing, underlying the observed supercooling and
cooling rate effects. Isolation of the ice growth effects to the ex-
tent allowed by the physics of the problem promises interesting results.
Initial work along these lines has been discussed recently by Scheiwe
and Korber. The intracellular events immediately following external ice

propagation are not clear in stopped or slow frame video. Strobed photo-
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micrography at greater than 100 frames/second would provide a clearer
view ¢f these events and could lead to an understanding of the detailed
mechanisms and dynamics of internal freezing.

Future analytical work is required to incorporate CPA effects into
the distributed freezing model. Another promising study is the predic-
tion and test of 'optimal' cooling protocols for a given cell population.

Some of the groundwork for this has been discussed previously [71].
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APPENDIX A
DISTRIBUTION OF A FUNCTION OF RANDOM VARIABLES

The distribution of a function of several random variables such as
a = KPRA/NWi can be found by a reversible transformation of random
vectors [47, Appendix 2A]. The vector y , containing functions whose
distributions are required, is defined in terms of the vector x ,

whose probability density functions are known:
y = flx) (A.1)

A reversible transformation exists if another set of functions g can

be found such that:

x = g(y) = g(f(x)) (A.2)

If the partial derivatives afi/axj and Bgi/ayj exist for all i and

j , then the RX'S can be related to the px's.

The cumulative probability, EX , is obtained first:

FORNENO (1.3)

The region of integration is given by:

I = {a: file) <8y »  fola) <8y ... frla) < Bd (A.4)
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This is simplified by the change of variables:

|.<
]
)
—~
e

Jol
)]
ko
=

Equation (A.3) becomes:

By By By
F.!(E) = J I pé[g(x)lldg(xﬂdl

-00 =00 =00

(A.5)

(A.6)

(A.7)

The Jacobian of the transformation of Eqs. (A.5) and (A.6) is defined

as:
Ji1 d12 eer ik
Jg(l) = J2'I J22 JZK
Ja k2 -+ Ikk
" The J's are calculated using:
i = 1,2..K
‘JU - ig':(_jl_) j = 1,2..K

For a particular B , BQ , the probability of Eq. (A.7) becomes:

=) 0o 82 oo

Foa(8y) = J J J J P Lalx) 1194 (x)[dy

-0 -00 -Q00 -=00

(A.8)

(A.9)

(A.10)
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th

The distribution function of the & Y pyz is found by differen-
tiating Eq. (A.]O) with respect to B,
Pug(B) = = [F . (8,)]
AL dB, - yette
(A.11)
= J J ces J %ELS(Y]’YZ"°Y2-]’ YQ = st Y£+] ses YK]

Jg(l)| dy; dyy «ee dyg 75 dypiq ees dyy

For the function y3 = x]x3/x2 , py3 is desired and px's are

Gaussians:

-(x.-x.)2/2s2,
Pyi ~ ‘ngé“"‘ e 7 X (A.12)
T Sxi

The functions y and x of Egs. (A.1) and (A.2) become:
.Y‘| = f] (X-I, ng X3) = X-I
Yo = Falxgs xs x3) = %,

Y3 = f3(X], xzs X3) (A.13)
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x
—
|

g](y]: .st .Y3) .V'l

Xo = Go(¥qs ¥os ¥3) = ¥

_ Y3Yp
X3 = 93(¥qs ¥ ¥3) 78 (A.14)
The change of variables of Eqs. (A.5) and (A.6) becomes:
v = file) = oo
Y, = fpla) = o (A.15)
Qa0
0‘] = g](l) = Y1
0y = 92(1) =Y (A.16)
Y3Y2
Qg = 93(1) = T
The Jacobian, using Eqs. (A.8) and (A.9), becomes:
1 0 0
J(y) =| o0 1 L (A.17)
gl - B S| ’
1 A < T I
"’ Y Y
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The probability distribution function for y3 can now be obtained using

Egs. (A.11), (A.12) and (A.17):

By, _ 2
(Yy=%1)%  (yo-K,)2 ( 32, X3)
i e L LN
00 00 2 2
0 (6) - J J ] . 23 2 5% 2553
y3'73 (VDH
-co m? sxlsxzst
(A.18)

(Yz/Y])dY] de

Equation (A.18) must be integrated over the range of Y, and Y, for each
value of 63 in order to build the distribution p.y3 i

Simple rectangular rule numerical integrations of Eq. (A.18) were
performed using Table A.1 values for the contributing distributions: X1
Xo and X3 . The 1imits of integration on Y and Yo Were:

IA

IA

(x, - 45,,) < v, (x, +4s ,) (A.20)
The moments of the distribution py3(B3) are defined by Eqs. (A.21) through

(A.23) and can be found easily by numerical integration of py3 over

By

My = | pyyl8yldsy + 1 (A.21)

E(Y3) = ;3 = J 83 py3(83)d33 (A.22)
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TABLE A.1

CONTRIBUTING DISTRIBUTION PROPERTIES

VARIABLE , NOTATION
TEXT APP, A MEAN
=11
KPR x] 1.45%10
A Xy 135x1078
NV 67x10712

STANDARD

DEVIATION

.3x10” 11

16x10"8

10x10™12

UNITS

cm?®/dyne-s

cm

cm



-154-

= 2 = 2 - 2 = 2 _ o2
Wy = Sty ot EGR) - Elyy) = [ B3pglepes -5 (A23)
The requirement of Eq. (A.21) applies for any probability distribution
function. The results of the moment integrations are listed in Table
A.2.

An alternate approach for finding the first and second moments

of the function Y3 s does not require the density function, p‘y3 . The

relevant definitions are:

Moo= Elyg) = vy = JI J Y3 PxiPx2Px3 9¥19%p0%g (R.24)
My = Sy3 = E(Y3) - Ef(y3)
(A.25)
- ij I Y3 PyqPxaPx3 9X19%p0x3 - ¥3
When the x's are independent, Eqs. (A.24) and (A.25) reduce to
X1 X =
- _ = 173y _ -2 ¢ L
M] = E(y3) - y3 - ( xz ) = X-IX3( X2 )
(A.26)
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[e o]

2
- - 1
= Q2 = 2 2y(g2 2
M2 Sy3 (le * x1)(Sx3 * x3)[ J ( Xo ) Px2 dx2]

) (A.27)
- = 1 2
- [X]X3( ;E )]

A simple numerical integration is required for each of these moments.
Results of the integrations are listed in Table A.2 for direct comparison
to the moments calculated from the distribution, py3 .

The probability distribution Py3 > [Pa/vw] , is shown in Fig. 2.1
compared to a Gaussian distribution for Y3 s [a/Vw] , calculated using

the mean and variance from Eqs. (A.26) and (A.27).
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TABLE A.2
COMPARISON OF MOMENTS CALCULATED FROM

Py3 TO VALUES CALCULATED FROM y, DIRECTLY
Pys Yy UNITS
M, .9998 1.000
-7 -7 )
M] 2.990x10 2.991x10 [cm?/dyne-s]
M .7545x10" 14 .7597x10" 14 [cm?/dyne-s]?
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APPENDIX B
APPROXIMATIONS FOR THE FIRST AND SECOND
STATISTICAL MOMENTS OF A FUNCTION OF RANDOM VARIABLES
USING SERIES EXPANSIONS

The mean and variance of a function of random variables can be
approximated by expanding the function in a power series around the
means of the contributing random variables and performing the defining
integrals for M] and M2 term by term [48; p.212]. The general
procedure will be illustrated below for functions of three random
variables and then applied to the specific case of g(X,Y,Z) = %} .

The first step required in expanding g(X,Y,Z) 1in the vicinity

of a point X =a, Y=b, Z=c, is to introduce the parameter t [ 82]

such that:

X = a+Jdt
Y = b+Kt (B.1)
Z = ¢ f Lt

with 0 <tc<1
The function, G(t) =g(a + Jt, b + Kt, C + Lt) , can be expanded in a

Taylor series around the point G(0) = g(a,b,c):

G(t) = G(0) + tG'(0) + % G"(0) + .... + r‘j—? (M (o) (B.2)
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where G'(t) is defined using chain rule as:

oW

dX aG
at t ooy

<

3G dZ
+ 37 dt (8.3)

d

' _ 9 dy
G'(t) = 3 at

>

while noting that from Eq. (B.1):

= K (B.4)

The nth derivative of G with respect tc t can be written based on Egs.

(B.3) and (B.4) generally as:

d" 3 4"
E—nG(t) = (P2 +K=% + L==) g(X,Y,2) (B.5)
t

The expansion for g(X,Y,Z) can now be obtained by letting t=1

3 3
g(X,¥,Z) = g(a,b,c) + (J %% +Keg+ L 53 )(a,b,c)

oY
, 82 32 82 2
© 30 gt e e o 2k Gy (8.6)

Cont'd. on p.
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9X3Z
(B.6)
1 ) 3 9 N
+ .n—'(\Jﬁ"'K"a—Y-‘*'L'é—Z-) g(X,Y.Z)(a’b’C)
with

J = X -a
K = Y-b (B.7)
L = Z-c

The first moment or expectation of g(X,Y,Z) can be obtained through term
by term integration of the series in Eq. (B.6) in the integral [see Eq.

(A.24)]:

g = Imjf 9(X,Y,Z)pyy; dXdYdz (B.8)

=00

M, = E(g)
where
Pxzy = PxPyPz ’
the joint probability distribution of the random variables X, Y and 7.

The result of the integration, retaining terms through the second

derivative in Eq. (B.6) only, is:

My =g = glanbie) + 35 Sy *5vF Sy * 377 52 (a,byc) (8.9)

The variance of g can be estimated using the above result for the mean

of g by applying the definition:
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My = S; = E(g9%) - E*(q) (B.10)

The expectation of g2%(X,Y,Z) can be found by applying the substitution:
g*(X,¥,Z) = g%(X,Y,Z) (B.11)
Equation (B.9) can now be applied directly for g*

(g*) = g*(a,b,c) + ( ——9— 2 -—-%— sz 4 20 S37)

oxz >x Y ave Sy Y3z S7)(a,b,c)  (B-12)

The partial derivatives of Eq. (B.12) must be expanded using Eq. (B.11)

and the chain rule. The X derivative is:

92g* e
Sig‘ = 2( ) + 2g syg (B.13)

Sinilar expansions result for the Y and Z partials in Eq. (B.12). The
first term of Eq. (B.10) can now be obtained by writing Eq. (B.12) in
terms of g using Eqs. (B.11) and (B.13):

E(g) = (3%) = g(a,byc) + Si(g S+ (23))
530 38+ (28 (B.14)
+s3(g 28+ (2"
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The second term in Eq. (B.10) is found by squaring Eq. (B.9) and deleting

higher order terms:

- 32 82 82 (Ba]5)
2 = 2 - A2 2 2 | Q2
E2(9) = g 9(a.b,C)+gg,(§Sx+gW§SY+gﬁ§Sz|( X
i (a,b,c)
Equations (B.14) and (B.15) combine to give M2 in Eq. (B.10):
- <2 = c2( 994" 2( 39 ? 2( 39 ?
Myo= Sgo= Syl ) Syl ) 82055 ) JiaLn,0) (B.16)
For the specific function, g(X,Y,Z) = %; » Eqs. (B.9) and (B.16) become:
_ - XY XY <o
M = g =T+:—S (B.]7)
1 7 23 JA
_ _ Y \2 X |2 XY |2
My = s o= sp(yesi(d) sy E (B.18)
VA Z JA
with
X = a
Y = b (B.19)
L = ¢

Table A.1 values of i, Q, Z s Sys Sy, S

x> Sys for the RBC give

z
M] = 2.987 &nd M, = .6754.
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APPENDIX C  FLOWCHART FOR DISTRIBUTED WATER TRANSPORT ANALYSIS

ASSIGN VALUES TO CONSTANTS: T, B, AT, R, Ly, Tg, To. 7, &, E, Sy, Sg
ASSIGN 20 VALUES TO EACH 1-D ARRAY: ai), (i), 1, (i)
1
INITIALIZE 20 x 20 2-D ARRAYS: §(i,i) = 1, f(i,i) = fo, £ i) x o i)
INITIALIZE PRINT COUNTER
S
UPDATE ¢ MATRIX: ¢(ij) - AT(A¢/AT): Ap/AT APPROXIMATES de/dT

¥

QRlNT COUNTER HIGHENOUGH TO PRINT INTERMEDIATE RESULTS? )N——

Y
SEARCH ¢ MATRIX TO FIND HIGHEST AND LOWEST VALUES

i

DIVIDE RANGE OF ¢ DEFINED BY HI AND LO VALUES
INTO 15 SEGMENTS, REPEAT FOR O

!

LOCATE EACH ¢(i,j) IN APPROPRIATE ¢ SEGMENT.
ADD f¢(i.i) TO SEGMENT TOTAL, REPEAT FOR O

|
PRINT ¢, O SEGMENT WIDTHS, T, FRACTION TOTALS FOR 15¢ & O SEGMENTS

1

| RESET PRINT COUNTER

T=T-AT

{

INCREMENT PRINT COUNTER

Y
C r>-20°0 >
N
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APPENDIX D  FLOWCHART OF ALGORITHM FOR FINDING FRACTION OF CELLS THAT
UNDERGO OBSERVABLE INTERNAL FREEZING

INITIALIZE CONSTANTS: T;, B, AT, R, L, TR,Tg. 7. & S E, Sg. T, St

i

INITIALIZE 1-D ARRAYS: (20}, E(20), fa'E(20), T§(30), f14(30)

3
INITIALIZE 2-D ARRAYS: $(20, 20), fy(i,j), = f5 gli) x fy g i)
!
| INITIALIZE PRINT COUNTER, C; T GROUP COUNTER K AND fo

—

 T<TUKR > N
v
< EVALUATE ALL MEMBERS OF ¢ MATRIX: ¢(i,j) > .57 >N—-—-—
{Y
foF = ToF * fy x fr¢lK)

B

K=K+1

{ N
<  K=30 e
| I

OUTPUT T, for END

r

UPDATE ¢ MATRIX: ¢(i, j} = ¢(i,j) - AT(A¢/AT)

N
< _JIMETOPRINT? C>107 >—

Y

OUTPUT T, fop

| RESET PRINT COUNTER, C=0 | |

—

[ T=7-AT7 |

i

[ INCREMENT PRINT COUNTER,C=C +1 J

N{ T<-20°C0 >
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APPENDIX E
VIDEO INTERFACE

The primary method for noting the temperatures at which events occur
in the microscope field of view is the chart recorder event marker. The
recorder, a Hewlett Packard model 7100B with model 17502A thermocouple in-
put module, draws a small mark at the edge of the chart when a footswitch
is depressed or released. When thermal protocols involve temperature change
rates on the order of 1000 K/min, the reaction time of the observer can
introduce significant error between the temperature marked and the actual
temperature at which an event occurs. A simple experiment was devised to
measure observer reaction time using the same seating position and foot-
switch as that used during cryomicroscope studies. An assistant behind
the observer closes switch 1 in Fig. E.1 causing the voltage across the
resistor to go from zerc to about 4 volts while lighting the diode. Re-
leasing the foot pedal interrupts the current flow, and the measured volt-
age drops back to zero. The delay time is obtained directly from the
screen of a storage oscilloscope. These times are listed in Table E.] for
6 subjects including the author. Delay times of the crder of .25 s result
in systematic errors of ~4 K at temperature change rates of 1000 K/min with
uncertainty of ~,5 K.

This source of temperature uncertainty can be removed by superimpos-
ing temperature information frame-by-frame on videotape during cryomicro-

scope investigations. Obvious advantages of this approach include relieving
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TO STORAGE
OSCILLOSCOPE

FIGURE E.1

>
SW1 2200 T FOOT
LIGHT SWITCH
EMITTING
DIODE
+
. SCOPE TRACE
— ~=— OBSERVER DELAY
0—#‘
| | TIME
SWi1 FOOTSWITCH
CLOSES OPENS

Observer reaction time measurement
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TABLE E.1

OBSERVER REACTION TIME MEASUREMENTS

SUBJECT TIME = STANDARD DEVIATION NO. TRIALS
[SEC]
1 .25 .03 50
2 .26 .04 25
3 .27 .05 20
4 .25 .04 25
5 .23 .01 9

6 .23 .03 25
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the observer of a difficult task and streamlining data reduction and
interpretation.

| Hardware to superimpose temperature information on a video camera
signal was designed and built by M.I.T. undergraduate electrical engineers
Bob Schaefer and John English [70]. Later, a laboratory version of the
instrument was constructed by Schaefer and the author. The system inputs
include the camera video signal, horizontal and vertical sync signals,
field counter reset, as well as amplified Type T (copper-constantan)
thermocouple voltage corresponding to temperatures between 123.1 and

323.1 K. System output is the camera signal with 16 characters super-
imposed in the format T = ttt.t K; F = fffff. Since each video field
has a duration of ~1/60 s , the 5-digit field counter provides ~28 minutes
of timing before rolling over to 0 and starting again. Provisions are
made internally to allow adjustment of the horizontal and vertical posi-
tions, and width of the displayed characters. A block diagram of the
system is shown in Fig. E.2. The signal from the thermocouple amplifier,
which ranges from 0 to 10 volts corresponding to the -200 to +200°C
temperature range, is multiplied by a gain of 2.175 and offset by -3.919 v
in the analog conditioner. The Analog Devices AD574 analog-to-digital
converter is thus supplied with a 0 to 10 v input corresponding to 123.i
to 323.1 K. A conversion is initiated at the beginning of each field by
the vertical sync pulse from the camera and is completed in sufficient
time to update the temperature displayed in that field. The most signifi-

cant 11 bits from the A/D converter, providing a resolution of 200 K/2]1



3ag
H3LOVH
1
x
V)
—_
1
VHIWVI
WOH 5
03ajA
!
ino H3NISWOD
03aIA ozalA [

S0P 493Ul 03PLA JO weuabelp yo0|g

V4
v |woud3 ,
7
||
A Q3HONOI
851
T_\ IUNOIS
L, |83183ANOD HINOILIANOD | 3
2 av S0TvNY 374N00CWHIHL
‘ Q3131dNY
L
7
" |wowas| _
axvzl [} o3z
XNW v *
u 2
- 5
VHD f ados 1 y
193138 ]||_1_ v )
7 -
, 'y
¥3LNNOD
i SREL T99)LUAA
HIGWNAN / 99079
YILOVHVHI, , v G735 Y3dvHS <]
"y i VHIWVD
NOILISOd
._<E\uo,w_mo:
30 32012 3INIT
— _ NOILISOd ﬂw%_.“_v._hwmoo Av13a IV.LNOZIHOH
IVLNOZIYOH INAS
\\—\ H12 IAIHQ
TVLNOZIHOH
H1QIM 8s1 43LNNOD
4a15VHYHD g 7 NOILISOd 4 H3dVHS -3
J0Y1NOD
avol ANy e} e — LHOIIH
H3LNNOD NOILISOd MOANIM
Y31IVHVYHI Ivoilbean | ¥
HIBANN
EINGR
- avon g |
N
HOLVHINIO 3009
¥3L1SI9 ‘ -
E__._u,.w . % HI1OVHVHO A HILOVHYHD



-169-

or ~.1 K, are used to address 2 2Kx8 EPROM's. The EPROM's supply 4 4-bit
binary coded decimal outputs corresponding to the 4 Kelvin temperature
digits for each 11 bit address. Thermocouple linearization is performed
by programming the EPROMs with exact temperatures at the 41 points listed
in Table E.2 from the Omega type T thermocouple table [83], and with
Tinearly interpolated temperatures for the (2048-41) points lying between
the exact points. The maximum error resulting from this 40 segment piece-
wise linear e¢pproximation of the thermocouple behavior is less than the .1 K
resolution or the A/D converter and temperature display. Five BCD digits
from the 5 decade field counter, in addition to the 4 K¢V+in digits, com-
prise the variable inputs to the character code generator-multiplexer. The
multiplexer outputs seven bit ASCII code for the one-of-16 letters, punc-
tuation symbols or variable digits specified by the 4-bit character number
to the character generator, a Motorola MCM66710P ROM. This unit ontputs
7 parallel bits for each of the nine lines of the characters to the shift
register, which provides the 7 bits to a 3-input AND gate serially, at
the 5-6.7 MHz dot c’ock rate. The AND gate only allows the character dots
to be combined with the video signal during a window whose vertical extent
is determined by the vertical position counter and 0.K. vertical position
circuits and whose horizontal extent is determined by the delay and 0.K.
horizontal position circuits.

A readable reference on video character generation is the SAMs pub-

Tication: TV TYPEWRITER COOKBOOK [84].
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TABLE E.2
THERMOCOUPLE LINEARIZATION END POINTS

POINT THERMOCOUPLE MILLIVOLTS WRT KEF. AT 0°C TEMP. [K]
1 -4.648 123.1
2 -4.535 128.1
3 -4.419 133.1
4 -4.299 138.1
5 -4.177 143.1
6 -4.051 148.1
7 -3.923 153.1
8 -3.791 158.1
9 -3.656 163.1

10 -3.519 168.1
11 -3.378 173.1
12 -3.235 178.1
13 -3.089 183.1
14 -2.939 188.1
15 -2.788 193.1
16 -2.633 198.1
17 -2.475 203.1
18 -2.315 208.1
19 -2.152 213.1
20 -1.987 218.1
21 -1.819 223.1
22 -1.648 228.1
23 -1.475 233.1
24 -1.299 238.1
25 -1.121 243.1
26 - .940 248.1
27 - .757 253.1
28 - 571 258.1
29 - .383 263.1
30 - .193 268.1
31 0.000 273.1
32 .195 278.1
33 - 0391 283.1
34 . +589 288.1
35 .789 293.1
36 .992 298.1
37 1.196 303.1
38 1.403 308.1
39 1.611 313.1
40 1.822 318.1

41 2.035 323.1
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APPENDIX F
SUPERCOOLING CONTROLLER

Ice formation in the medium surrounding cells cooled on the cryo-
microscope can occur after as much as 20°C supercooling. Some control
of the degree of supercooling can be obtained by varying the position
of the cell suspension and coverslip. This results from the tempera-
ture distribution in the viewing window surface; off-center positioning
of the coverslip allows nucleation at the sample edge by substantially
colder sections of the window. This effect could probably be calibrated
for a range of thermal conditions and used to predetermine the super-
cooling.

An alternate approach for controlling external supercooling as an
experimental variable is to induce nucleation at the proper time. A
device which performs this task is shown schematically in Fig. F.1.
Liquid nitrogen is self-pressurized in a small dewar and flows out when
the control circuitry opens the solenoid valve. A small bolus of LN2
strikes the edge of the coverslip and triggers nucleation with rapid
ice formation throughout the suspension.

The electronic control circuitry is shown in Fig. F.2. The firing
voltage is set on a 20 KQ multiturn potentiometer. When the voltage
from the thermocouple amplifier drops below the firing voltage, the
first op-amp swings high. Voltage, Vi s also swings high because the

100 pF capacitor needs time to change its state of charge. The voltage,
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vy drops as C] charges following the function:

1 (F.1)

The second op-amp also swings high when vy goes high and stays high
until Vi drops below the pulse period voltage, which can be adjusted
on a 20 KQ multiturn pot. The output of the second op-amp is divided

in half and is used to drive a Darlington transistor pair which supplies
the solenoid operating current. The pulse period is described by

Eq. (F.2):
tp = - RC; 2nlvg/15] ' (F.2)

Voltages, vy and Vo , are sketched in Fig. F.3. Pulse periods between

0.2 and 0.5 seconds are usually sufficient to induce nucleation.
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APPENDIX G
REFERENCE SIGNAL GENERATION

The reference signal generator provides a time-varying voltage
analog of the desired thermal protocol. Three refsrences that can be
used with the temperature control Toop are an analog integrator, a
hardwired digital system and a programmable microprocessor system.

The only modifications required to use the analog integrator of
Ushiyama [68] are removal of the power amplifier and addition of a lead
to carry the reference signal to the new control loop. Initial switch
settings should be: #1 on Reset, #2 on Offset Voltage, Integrate on
Hold, #3 to Cool, Maximum Limit to I.C., and decade boxes and rotary
switches as required to set cooling and warming rates. The voltage
output of the initial condition potentiometer can be set with the aid
of a digital voltmeter to obtain a proper starting temperature noting
that 0°C = 5v and Av/AT = 25 mv/°C at 0°C. Setting the maximum 1imit
switch to Initial Condition avoids the need to set a final temperature-
voltage on the maximum limit potentiometer. The minimum temperature
limit potentiometer should always be set for the desired minimum protocol
temperatures. To initiate cooling, switches 1 and 2 are thrown to
Subs. Activate and the Integrate switch moved from Hold. The temperature
ramp stops when the minimum temperature is reached or when Hold is en-
gaged. Linear warming proceeds by switching #3 to Warm and Integrate from
Hold. The ramp stops when the Initial Condition is reached. Switches

should then be returned to the initial settings starting with Hold.
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The hardwired digital reference signal generator was developed to
provide thermal protocol flexibility at high instantaneous temperature
change rates [72]. In the binary representation chosen, all zeros
correspond to -200°C or 0.000 V, and all ones to + 200°C or +10.000 V.

10 discrete temperature values over the 400

Ten bit word length gives 2
K range or roughly .4°C resolution. Table G.1 lists binary and voltage
equivalents of temperatures from -100°C to +50°C in ~5°C increments assuming an
ideal, linear thermocouple. Figure G.1 shows the digital system block
diagram. Data and addresses are entered on ten toggle switches; five
pushbutton switches control the flow of information during programming
and output phases of operation. The core of the reference system is the
random access memory organized as 1024 (210) 10 bit words. A string of
words representing a 1ist of temperatures is entered into memory during
programming. During the output phase, the word 1ist becomes available
sequentially to the control loop through output registers and a digital-
to-analog converter. A clock oscillator provides proper timing for the
read-out process by controlling the counter, since the counter output is
used to address the memory. Additional components in the system provide
for stopping the clock automatically when the last memory location is
reached, debouncing the switches to prevent erroneous logic signals, and
displaying the current memory address and its contents.

Programming involves the following procedures and signal flows:
the desired starting address for a protocol (usually 0000000000) is set

on the entry switches and loaded into the counter using the load address
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TABLE G.1

BINARY

0100000000
0100001100
0100011001
0100100110
0100110011
0101000000
0101001100
0101011001
0101100110
0101110011
0110000000
0110001101
0110011001
0110100110
0110110011
0111000000
0111001101
0111011001
0111100110
0111110011
1000000000
1000001101
1000011010
1000100111
1000110011
1001000000
1001001101
1001011010
1001100111
1001110011
1010000000

BINARY AND VOLTAGE EQUIVALENTS COF TEMPERATURE

VOLTAGE

2.500
2.617
2.744
2.871
2.998
3.125
3.242
3.369
3.496
3.623
3.750
3.877
3.994
4.121
4.248
4.375
4,502
4.619
4.746
4.873
5.000
5.127
5.254
5.381
5.498
5.625
5.752
5.879
6.006
6.123
6.250
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pushbutton. This address is now available to the memory and is shown on
the address lights. The contents of the address appear on the data
lights. If the temperature represented by the 10 bit data word is in-
correct, the new word is set on the entry switches and loaded into the
same memory location using the deposit data pushbutton. This word now
appears on the data lights. The address can be incremented using the
increase address pushbutton, allowing the memory to be filled serially.

A thermal protocol is read out of memory to the analog system by
the following steps: the starting address must be loaded using the load
address switch and the clock started using the start/stop pushbutton.
The counter increments on the rising edge of the clock pulse, giving time
for the address and memory output to settle before the output registers
are loaded on the falling edge of the clock signal. Once the registers
are loaded with the contents of the new address, the digital-to-analog
converter [DAC] has constant inputs until the next clock falling edge.

The DAC consists of an AnalogDevices AD562 12 bit integrated circuit,
of wnich only the 10 most significant bits are used, combined with an
AD504 np-amp in a current-to-voltage configuration and a hybrid AD2700
10 volt precision reference. Calibration requires offset and gain trims
which are performed by reading an all-zero location to the DAC and adjust-
ing for 0.000 v and then by reading an all ones data word and adjusting
for 10.000 v.

The time allotted for each temperature step, and therefore the in-

stantaneous cooling rate, is determined by the clock oscillator which
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consists of two 74LS123 monostables with 100 KQ trimpots and capacitor
connection blocks for setting period and duty cycles. The operating
envelope of timing resistance and capacitance is shown in Fig. G.2 based

on Eq. (G.1) [85]:

te -~ .45 RPCP (6.1)

The clock is set for the required period by following the procedures:
chqpse timing capacitance, CP . roughly‘within the operating range; use
approximately half of CP for the duty cycle CD ; adjust the trimpots
with a frequency counter or oscilloscope as reference. Duty cycles of
50% are not necessary for proper system operation. Attainable clock
rates of 1 Mhz provide nominal reference signals corresponding to 107
K/min. The current thermal control loop i$, of course, incapable of
“f0110w1ng such signals. A circuit schematic of the hardwired digital
reference signal generator is shown in Fig. G.3.

The microprocessor-based reference signal generator utilizes a Tandy
Corp. TRS-80 microcomputer with Level II BASIC and a custom interface
assembled by Merte [73] and Rol]fns, Inc. of Lincoln, Massachusetts. The
interface includes a multiplexed, 16 channel, 12 bit analog-to-digital
converter (Analog Devices RTI-1220), 4 channel, 10 bit DAC (Analog
Devices RT1 1221) counter-timer, printer control, and relay driver. A
reference signal can be generated by software in conjunction with the
counter-timer and one channel of the DAC. A program that performs linear

cooling and warming, and constant temperature holds is flowcharted in Fig.
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.10

PERIOD (seconds)

.010

OPERATING RANGE

1.0

FIGURE G.2

10.0
TIMING CAPACITANCE (uF)

Digital reference clock period dependence on timing
resistance and capacitance

100.0
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G.4. The program starts in a manual mode that allows the user to enter
an initial temperature that can be modified easily prior to defining
the desired thermal protocol. The conversion of this centigrade tempera-
ture to the proper form with output to the DAC is performed by the output
voltage subroutine. Although this subroutine was written for an ideal,
Tinear thermocouple, linearizing look-up tables or functions can be used.
Protocols with up to 20 straight segmants are next entered serially
by segment time and final temperature. The first segment starts at the
manual mode initial temperature, T(0) and ends at T(1) within time,
SGTM (1). Holds are performed by programming equivalent starting and
ending temperatures for a segment. After all of the segments have been
keyed in, the program waits for the input "GO" before executing the
protocol. .
Execution begins by initializing the counters and determining the
sign and magnitude of the temperature change for the first segment. The
number of .5°C steps, NSTPS, that will be used to approximate a linear
change between the segment endpoint temperatures is determined next. If
NSTPS is zero, a hold is performed for the duration of the first segment,
after which the segment count, N, is incremented. The delay subroutine
that executes the hold, contains a loop that keeps reading the timers
and comparing the elapsed time to the required delay. The time resolution
of the entire program is limited by the delay loop execution time of
~.1 s, If NSTPS isgreater than or equal to 1, the program calculates the

time required for each step, SPTM, and enters a loop that alternately
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[ CREATE ARRAYS: T(20),SGTM(20) |

INPUT MANUAL MODE TEMP., T(0) |

[
[ CALL OUTPUT VOLTAGE SUBROUTINE WITHT(0) |
{
o READY TO DEFINE PROTOCOL? Y OR N >
LY

[ INPUT NO. PROTOCOL SEGMENTS, NPTS |

L=1
INPUT SEGMENT TIME AND FINAL TEMP,, SGTM(L), T(L) |
N [

Y
< READY TO RUN? INPUT = ‘GO'? >
y ‘GO’
[ INITIALIZE INTERFACE TIMERS/COUNTERS |

[N=1,MNSP=5] (MIN.STEP SIZE)

= DT=T(N)-T(N-1) | (TEMP.CHANGE OF NTH
PROTOCOL SEGMENT)

| A=SIGN (DT) |

| NO. STEPS, NSTPS = INT. PART OF (A »(DT/MNSP)) |

—_Y
< NSTPS>17  >—

1IN

e[ N'=N + 1]~—{ CALL DELAY SUBROUTINE WITH TD = SGTM(N) |

[ TIME FOR EACH STEP, SPTM = SGTM(N)/NSTPS |

——‘ CALL DELAY SUBROUTINE WITH TD = SPTM ]

[ TEMP., T=T+ AMNSP | (RAISE OR LOWER TEMP. 5°C)

P

[ CALL OUTPUT VOLTAGE SUBROUTINEWITHT |

[ PRINT TEMP., TIME |

FIGURE G.4 Program flowchart for microcomputer reference signal
generation
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delays SPTM and outputs the temperature, raised or lowered by the step
size. The temperature and time are printed on the monitor during the
Toop, providing timely progress information. When all NSTPS are executed,
the program goes to the next segment while incrementing the segment
counter,

The program can be interrupted in mid-stream using the TRS-80
'Break' key, and continued-by typing CONT, ENTER. Changes in the program
can be made by hitting 'Break' then RUN, ENTER. This starts the program
over, allowing entry of a new protocol while the DAC maintains the tempera-
ture that had been attained when the Break key was pressed.

Temperature change rates up to about 60°C/min can be executed before

timing errors from the delay subroutine become serious.
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APPENDIX H
BANDWIDTH REQUIRED FOR THE THERMAL CONTROL SYSTEM

A guideline for the required thermal control system bandwidth can
be obtained by considering the offset error illustrated in Fig. H.1,
resuiting from a ramp-reference input to a second order system. The
steady-state offset can be expressed in terms of ramp magnitude, bR ,
damping ratio, ¢ , and system natural frequency, Fn s Which is

essentially equivalent to bandwidth [86]:

bR z
e = 7.0 (H.T)
. n
The error is shown in Fig. H.2 as a function of bandwidth, with ¢ =1 ,
and temperature change rates of 20,200, and 2000°C/min. The bandwidth

must be at least 10 Hz to restrict the error to 1°C or less.
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é SYSTEM OUTPUT
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TIME
FIGURE H.1 Control system error for a ramp reference input
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APPENDIX I
COOLANT SUPPLY

The coolant supply provides dry nitrogen gas at flow rates ranging
up to 18 1b/hr with temperatures as low as ~-170°C. The flow path sche-
matic of Fig. I.1 shows the main components including the LNz-boil-off
source, 0-25 psig regulator, manual control valve, viewing stage, and heat
exchanger built by Diller [67]. The stream exhausts into the microscope
environmenta®l chamber where it maintains a slight positive pressure and
thereby prevents water condensation on the stage. This overall arrange-
ment was particularly convenient at the Cryogenic Engineering Laboratory
due to the availability of boil-off from a large LN2 storage tank.

Since the primary determinants of supply performance are flow rates
and steam temperatures as functions of valve and regulator settings,
measurements of these quantities were undertaken. Room temperature flows
were determined using the parallel combination of a Fischer and Porter
'Flowrator' Tube #B4-21-10/27 with 3% GSUT, 48AT60 float, and a Datametrics
Model 800-LM mass flowmeter with model 1000-10K transducer. When flow
rates exceeded the maximum of ~3.8 SCFM for the F and P rotameter, the
additional flow was bypassed to the Datametrics transducer using the valve
at the transducer outlet. Dependence of standard volume flow rate, with
the control valve fully open, on regulator outlet pressure is shown in
Fig. I.2. A representative Reynolds number for the flow based on a rate
of 1 SCFM, tubing diameter of ~.021 feet and density and viscosity from
Table I.1 at 300 K is shown in Eq. (I.1): |
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TABLE I.1
DENSITIES AND VISCOSITIES
OF NITROGEN GAS BETWEEN 100 and 300 K

o[ 1bm/ft?] . ul1bm/hrft] Kg [watt/cm-K]
218 .0166 .940x10™
.143 .0244 1.39x10™%
.107 .0313 1.82x107%
0853 .0376 2.23x10™4
L0711 0432 2.61x10™%
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pVDg i 4p(VAF)

Re = — = —e——
n nuDF

4(.0711 1bm y oy fE° ) (60 TN min

- fts min (1.1)
(.0432 Aﬂﬁt ) w(.021 ft)

5980

Since the Taminar-to-turbulent transition occurs around Re = 2000 to
3000, the coolant stream can, in general, be considered turbulent. The
friction factor defined in Eq. (I.2), can be approximated for turbulent

flow [87;p.59] as in Eq. (I.3):

- AP
Y (¥, 1 Gl (1.2)
.08
f = —25 (I.3)

Re*®

The flow velocity and therefore the volume flow rate can be expressed in
terms of the pressure drop by combining Eqs. (I.2) and (I.3) where for
room temperature flows, p and u can be lumped in the constant C :

F.o= VAF = C AP

, (1.4)
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The pressure drop is equal to the regulator outlet, gauge pressure since
the stream outlet is at 1 atm. The observed results correlate well with
Eq. (I.4) when C = .893,

The dependence of volume flow on control valve position is shown in
Fig. 1.3 for regulator outiet pressures of 5, 10 and 15 psig. The non-
dimensional flow rate is defined in Eq. (I.5) where the maximum flows ob-

tained at each pressure are shown in Fig. I.2:

S (1.5)
Pr

The experimental points lie close to the fitting function:

>
|

768 6, 0 <8, < .875

(I.6)
_] .27ev
1 -e 875 <6, < 4.0

T
n

Figure 1.3 also shows the flow rates obtained with the heat exchanger
removed from the flow path for a regulator outlet pressure of 10 psig.
These flows were normalized to the maximum flow obtained with the heat
exchanger in the path and with PR = 10 psig.

The steady-state stream temperature measured at the inlet to the
stage, is shown in Fig. I.4 for mass flows between 3 and 18 1bm/hr. The

function of Eq. (I.7) fits the data fairly well:

T =T = 190(1 - &7- 129 (1.7)
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The mass flow that would be obtained for an ambient temperature stream
at a particular set of valve and pressure settings, Eq. (I.8), has been
corrected for temperature-dependent density and viscosity changes in the

results shown.

.571

m o= p, - 60-F(6) « .893(Pp) (1.8)
The temperature correction is effected by calculating a new driving
pressure for the flow which reflects the changed flow resistance in the

heat exchanger.

- 1
The new heat exchanger pressure drop depends on the ratio of pressure
drops for equivalent mass flows at different temperatures:

AP

5= )aP

(ﬁ (I.10)

APy = HE
The dependence of the general pressure drop on other flow variables is
found by combining Eqs. (I.2) and (I.3) and the definition of Reynolds

number:

(I.11)
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If the equivalent ambient and low temperature mass flows are defined

as:

m = pavaAF = pchAF (1.12)

then the ratio of pressure drops using Eq. (I.11) becomes:

AP p. H
c _ da 'C

. - T .5 - (1.13)
a Pc Ha

The pressure difference across the heat exchanger at ambient tempera-
ture can be found by considering first, the ratio of the flow without the
heat exchanger to that with the heat exchanger shown in Fig. I.5. The
flow-ratio data points calculated from Fig. 1.3 fit the empirical func-

tion:

F
LFNOi = 125 e;,72.+ 1.0 (1.14)

v
Since the flow without the heat exchanger is larger than that with the
heat exchanger at a given driving pressure, AP = PR-’ removing the heat
exchanger has the same effect as increasing the driving pressure. The in-
creased, or effective driving pressure for the flow is related to the
measured driving pressure and flow ratio by combining Eqs. (I.11) and (I.14)

while noting that Fv is defined as VAE :
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1.75 1.75

2 4 1.0) (1.15)

(.125 6;

The heat exchanger pressure drop can now be estimated as:

AP

>
O
n

HE EFF
(1.16)
1.75

2 4 1.0) - 1]

Pal(.125 6;

Equations (I.8), (I.9), (I.10), (I.13) and (1.16) are combined in Eq.
(1.17), which provides the corrected macs flow as a function of valve
position, regulator outlet pressure and stream temperature through den-

sity and viscosity: ( )
1.17

. 1.75 Py Me,+25 571
m' = p,+60-F,(6).893[Pp(1 + [(.1259;,72 +1.0) 10 e (“a) N

The valve position term in Eq. (I.17) is calculated from Eq. (1.6).
Values of o from [88] and u from [89] are listed in Table I.1 for
temperatures between 100 and 300 K.

In summary, the dependence of coolant supply ambient temperature
flows on regulator outlet pressure and control valve settings has been
measured. Correlation of the pressure dependence data with an expression

derived from turbulent-flow friction factors is excellent. Heat exchanger
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outlet stream temperatures were measured for a range of mass flow rates.
Analysis is provided for calculating the low-temperature stream flow
rates from control valve position, regulator outlet pressure and stream

temperature.
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APPENDIX J
SPECIMEN VIEWING STAGE

The specimen viewing stage is the heart of the cryomicroscope.

Stages built during the past decade for the M.I.T. cryomicroscope
[67,68,90,69,91] are characterizaed by the type of specimen that can be
controlled thermally, mechanical and electrical design details, optical
performance, and thermal slew rate capability.

Two stages that were considered for the present work were those
of McGrath [69,79] and Ushiyama [68]. These differ primarily in the
respective use of conductive and convective heat transfer mechanisms for
cooling the sample, as well as the use of glued versus clamped heater
attachment methods. Both stages were capable of meeting performance re-
quirements but the convection stage was chosen because it seemed to offer
higher reliability. Thermal stresses, which are minimized in the convec-
tion stage by use of 0-ring seals and mercury electrical contacts, tended
to delaminate glued discs from the conduction stage.

Thermal performance of the convection stage was measured or analyzed
in the areas of steady-state heater power reguirements, frequency response,
temperature gradients and thermal slew rate capability. The mechanical
layout of the stage is shown in Fig. J.1. The stage consists of a flow
passage for cold N2 gas between two optical windows. The upper window con-
tains the thermocouple installation as well as a tin oxide electrically

conductive coating. The upper disc is sandwiched between O-rings and held
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in place against the mercury power connections by a retaining ring. One
to two ul of cell suspension can be retained on top of the heater disc
with a coverslip.

An enlarged cross section of the heater and the corresponding lumped
parameter heat transfer model are shown in Fig. J.2. Positive heat flow
directions are indicated by the arrows. The time rate of change of window
temperature depends on electrical dissipation and convective heat trans-

fer terms:
wo_ oA
Mt k-G (9.1)
Equation (J.1) reduces to (J.2) for steady-state conditions:

g - 0 = 0 (9.2)
The convection term depends on the heat transfer coefficient [87, Chap. 5]
and the window-stream temperature difference:

Q, = hA(T, - T) (J.3)

s
Heater power required to maintain steady disc temperatures above the

stream temperature was measured for a range of flow rates with and without
Tiquid nitrogen in the heat exchanger by varying the input voltage to the

power amplifier incrementally. Heater power was computed using:



-206-
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FIGURE J.2 Heater window cross section and corresponding lumped

parameter heat transfer model
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pus o V)

QR = (J.4)

zq <

H

Measured results are shown for the cases of ambient temperature and cold
streams in Figs. J.3 and J.4. The values for cold streams do not go
through zero power as expected from Eq. (J.4), due to probable heat-leaks
from the body of the stage to the window by conduction. Heat transfer
coefficients can be found directly from the slopes of the curves in these
figures assuming an effective area of 4.9 cm?, and are listed in Table J.1.
Nusselt numbers [87; Chaps. 7,8] computed with DF = ,95 and the ob-
served values of h are shown in Fig. J.5 as a function of Reynolds num-
ber, which is calculated from the mass flow rate using:

4m

Re = e (J.5)

The viscosities and thermal conductivities used in the computations are

listed in Table I.1 from [89]. A good fit to the data is the function:

hDF
X = -458Re
TS

.643 (J.6)

A complementary approach to Eq. (J.1) for describing the dynamics
of the heater is the Laplace transform/block diagram representation [86;
Chaps. 2,4] of Fig. J.6. The overall transfer function relating thermo-
couple output voltage to resistive heating and stream temperature is

given by Eq. (J.7) where the window time constant, Ty is the ratio of
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difference for an ambient temperature stream
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FIGURE J.4 Heater power dependence on window-stream temperature
difference for cold streams
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TABLE J.1

SUMMARY OF MEASURED HEAT TRANSFER COEFFICIENTS

HEAT TRANSFER

MASS FLOW, AMBIENT-STREAM TEMP. DIFFERENCE  COEFFICIENT, h
[1b/hr] [K] [watts/cm?-K]
3.2 0 1.91x1072
4.7 0 2.84x10"2
6.2 0 3.33x107%
9.0 0 4.35x1072
1.0 0 5.13x1072
12.7 0 5.77x10"°
14.5 0 6.31x1072
3.2 55 1.96x1072
6.4 19 2.96x1072
12.4 150 3.98x107°

17.3 173 4.59x10"2
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the thermal mass to the heat transfer coefficient area product:

QR 1
v, = GqcTy, = Gpcl A +Tg) TS (9.7)

The complications attending the dependences of h, T and TS on mass
flow rate can be avoided by operating at fixed values of flow. With fixed
h and Ty ? the dynamics depend entirely on input power. The transfer
function relating output voltage to input power is obtained from the first
term of Eq. (J.7):

G

. TC
v./Qy, = (
w' "R hAw TwS

1 (J.8)

)

The magnitude ratio and phase shift of this transfer function are given

in Egs. (J.9) and (J.10):

v |G

|
6, = || = & ‘ (9.9)
Qp Wo\(enFr)® +
vw -1
o, = < ( E;— ) = - tan (ZNFTW) (3.10)
R

The time constant of the window can be estimated by first estimating
its thermal mass. Table J.2 lists the volumes and specific heats of the
window layers shown in Fig. J.2. The resulting estimate of .291 joules/K

is used to compute the range of values of Ty shown in Table J.3. The
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TABLE J.3

EXPECTED RANGE OF WINDOW TIME CONSTANT

MASS FLOW, AMBIENT- HEAT TRANSFER TIME

STREAM COEFFICIENT, h  CONSTANT
[1b/hr]
TEMPERATURE [ g

DIFFERENCE watts/cm®-K] Tw

(K] [s]

3 60 - 2.0x1072 3.0

6 100 3.0x1072 2.0

18 170 5.0x10"° 1.2

-3db
[hz]

.054

.080

.13
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frequency at which the response is attenuated by V2 (3db) and phase
shifted by 45° can be determined from Eq. (J.9) as written below, and
is also shown in Table J.3. The time constant is typically ~2 s with

F_3gp = 08 hz.

Fladp = 7, (J.11)

The frequency response of 2 heater windows was measured under a range
of flow conditions. A Hewlett-Packard model 3300A function generator
with model 3304 A sweep/offset plug-in supplied sinusoidal 2-10 v p.p.
signals to the power amplifier (described in Appendix K). The oscillating
signals were superimposed on a sufficiently large DC level to maintain the
heater at ~-30°C. The window thermocouple output voltage was amplified
with signal conditioning circuitry described in Appendix L, and displayed
concurrently on an oscilloscope with the input signal allowing calculation
of overall window, power amplifier and thermocouple amplifier, gJain and
phase shift,

The data are shown in Fig. J.7.0ver the.01-10 hz frequency range,
the power amplifier and thermocouple amplifier phase shifts are zero and
the gains remain constant, thus effectively providing the frequency re-
sponse of the window. The single-pole model of Eq. (J.9) is shown normal-
ized to the magnitude at .01 hz and shifted down 7.5 db. The single pole
phase lag of Eq. (J.10) is also shown. Substantial, unexpected phase

shift occurs at frequencies above ~.4 hz. The data conform to a damped
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2-pole model with time constants of 1.6 s (.1 hz) and .0529 s (3 hz):
In the absence of a complete heat transfer model to explain the additional
dynamics, it is reasonable to assign one time constant to the window
thermal mass and one to the thermocouple. If typical power amplifier and
thermocouple amplifier gains of 4.1 and 688, used in these tests, are

factored out, the overall window transfer function can be expressed as:

(4.12)

[ (— )](LC,,T)
hAw TS + 1 T1cS

The constant, Kyc , is ~36.4 uv/K (see Appendix L).

The thermal gradients in the surface of the viewing window are a
potential source of instrumentation error. The magnitude of these
gradients can be estimated from the fin approximation of the viewing
window shown in Fig. J.8. The window is assumed to have uniform
electrical heat input and convective heat remova]. The outer edge of
the circular window is assumed to be in intimate thermal contact with
an environment at the stream temperature. The energy balance for the
differential element can be written as:

d dT

Ké— (r—=2)+n(T -T)r + EB r =0 (9.13)
w- dr dr W S Aw :
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FIGURE J.8 Fin approximation of the viewing window
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If T, m and m, are defined by Eqs. (J.14) through (J.16), then
Eq. (J.13) can be expressed in the standard form of (J.17) subject to
the boundary conditions of Egs. (J.18) and (J.19):

T =1, - T, (J.14)
% (J.15)
m, = .
1% AKS
m o= (3.16)
2 % K3 .
d (rﬁ)_mzr('f_Tl) = 0 (J.17)
dr dr 2 2 *
My
T(0) = Finite (J.18)
T(rw) = 0 (J.19)

The solution to Eq. (J.17) consists of modified Bessel functions of
order zero [98]:

T(r) = 0y Ig(myr) + CpKo(myr) (J.20)

-[il-
2
ma
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Routine application of the boundary conditions gives the constants C

]
and C2 :
m
1 ]
Co = - — (d.21)
1 m; I0 mzrw
C2 = 0 (J.22)
The solution, therefore, is:
Qg Iy(myr)
Tw(r) = TS = hTw (] - W ) (J.23)

The radial temperature distribution of Eq. (J.23) is shown in Fig. J.9

3

with Qg = 10,20 watts, A =4.9 cm®, K =8.8x107" watts/cm K [glass;

87], h = 3.0><10-2 watts/cm?K, =1.25cm and & = .051 cm (cover-

"w
slip is not included). Tabulated values [99] for the modified Bessel
function, 10 , were used.

Gradients within a .05 cm microscope field of view, typical for the
present investigations, are expected to be less than .2 K at radial
positions out to .5 cm on the window. At positions as far out as .7 cm
the temperature difference across the field of view is expected to be
less than .5 K. Radial displacement of the observed field and the mea-

surement/control thermocouple must be greater than ~.5 cm to produce

.5 K error, assuming an axial location for either the thermocouple or the

field of view.
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The slew rate capability of the stage is the maximum cooling rate
that can be obtained when heater power is switched off. Assuming first
order response, the governing equation is (J.1) with OR =0 and Qs

given in Eq. (J.3), subject to the initial condition:

Tw(O) = Twi (J.24)

The solution for the window temperature is:

-t/1

- T )e ou T (3.25)

T(t) = (T .

wi
The maximum cooling rate between the initial temperature and a final

window temperature above the stream temperature is defined as:
B - owi wf (J.26)

The minimum time, tf , to reach the final temperature, wa , can be

found by solving Eq. (J.25) for te

T -1

f S
ty, = -1, [ 2—=>1] (J.27)
f W Twi TS

Values of the maximum cooling rate from Egs. (J.26) and (3.27) with
- =1.65 are shown in Fig. J.10 for window temperature drops of 25, 50

W
and 100 K as a function of the initial window-stream temperature differ-
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FIGURE J.10 Maximum cooling rate capability of the viewing stage
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ence. Substantial cooling rates can be obtained with stream temperatures
only a-few degrees lower than the final window temperature. If the
initial-to-final window temperature change is 50 K, for example, a stream
temperature 10 K lower than the final window temperature is sufficient to
provide > 1000 K/min cooling capability. The ultimate cooling rate attain-

able is given by the initial slope of the response:

B W _ o wi S
ult - dt T

(J.28)

This is 5630 K/min with an initial-stream temperature difference of 150 K

and with Ty = 1.6 s .



-226-

APPENDIX K
POWER AMPLIFIER CHARACTERISTICS

The power amplifier must supply a maximum of approximately 40 watts
to the heater window in the band from DC to less than 20 hz. Window-to-
window variations of the tin-oxide heating-layer resistance complicates
the amplifier's task. The current design, shown in Fig. K.1, uses the
_Darlington transistor pair, on heat sinks, originally described by Diller
[67]. Operational amplifier feedback and safety cut-off circuits have
been added to linearize voltage transfer characteristics, facilitate gain
changes and reduce the risk of heater burn-out. Current flowing in the
Darlington pair causes voltage, Vi s to appear across the heater while
Vg appears on the ballast. A fraction of the latter voltage, determined
by the R3 s R4 divider, is fed back to the op-amp and compared to the
input. If the Vg fraction is too low, the op-amp output increases, re-
sulting in greater current flow, 12 , and hence greater Vg - The safety
circuit compares an adjustable set voltage to the thermocouple amplifier
output. If the temperature signal exceeds the set-point, the comparator
swings high, an NPN transistor shorts the amplifier input to ground, and
current, 12 , in the load is forced to zero. Figure K.1 also shows the
adjustable-output DC supply for the heater.

The voltage transfer behavior of the amplifier is derived by noting
that the op-amp makes v~ equal to the input voltage, Ve s within its

linear range of operation. The voltage across the ballast resistor is
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related to the inverting input voltage by the gain-adjust voltage divider:
vp = V[ g—ae ] (K.1)
E Ry + R :

Because essentially the same current flows in both the load and ballast

resistors, the output and ballast voltages are related by Eq. (K.2):

H
7 ] (K.2)
Rg

The above observations are combined in Eq. (K.3) which defines the voltage

gain:
Kp = o0 = (2 M g ) (K.3)
vP ~ R R, + R '

This linear voltage transfer characteristic was confirmed by measurements.
Output power is constrained by one of three factors, depending on

the heater resistance and supply voltage setting. At relatively high

heater resistances power is limited by the maximum voltage that can be

applied to the load. This voltage is expressed in Eq. (K.4) which

assumes zero resistance in the transistor for the full-on condition:

R
= lrr ) Y (K-4)

Vv
H,max H

The maximum power that can be dissipated in the heater is:
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4 -

R ,max vH,max/RH (K.5)

Equations (K.4) and (K.5), combined, are shown in Fig. K.2 for supply
voltage settings of 50 and 100 volts. The amplifier can supply 90 watts

to a typical 100 ohm heater for a supply at 100 v but only 24 watts to

the same heater at a voltage setting of 50 v. The maximum power normal-

1y required for operation, 40 watts, can be supplied to heaters with up

to 240 ohms resistance at a supply setting of 100 v. Amplifier maximum
output current is one of the factors constraining power delivered to rela-
tively low resistance Toads. This current, in the present amplifier de-
sign, is actually Timited by the op-amp output voltage and the resistances,
R

and R2 . The maximum voitage that can appear across the ballast de-

1
pends on the op-amp maximum output voltage, thc drop across R] and R2 >

and the Darlington base-to-emitter drop:

VEmax - VoA,max - 11(Ry ¥ Rp) - vgp (K.6)

The currents, 11 and 12 » are related by the overall current gain of

the Darlington pair:

The maximum current ir the load produces the drop across the ballast:



abej oA A|ddns pue 33uR}SLS34 UO 3IJU3PU3dap :uoLIedLSSLPp 403SLSUBA] pue Jamod 483834  Z2°X JUNYHIA

(z5) Hy ‘30NVLSIS3Y HILVYIH
000°L ool ol L
——— ¢ T — T T T | T T T 0
sdwy L] = F
‘HIMOd HILVIH WNINIXVIN
a3LINIT LNIHHND

-230-

S1|OA 0G = SA
HOLSISNVHL NIV
NI NOILVdISSIA

1

[=)

©
(s131BM) HIMOd

S1I0A 0§ = SA
H3IMOd H31V3IH ANWIXVYIN
d3LliNIT IOVLIOA

T

SIOA Q01 = Sa
HOLSISNVHL NivW

\\l NI NOILlvdiSsSia

i 1 | | 1 1 ozl

S1OA 001 = SaA
HIMOd HILYIH WNNIXYIN
QG3LIWIN IDVLI0A




-231-

1.2,max - vE,max/RB (k.8)

tquations (K.6) through (K.8) can be combined to eliminate vg and il R

and solved for i2,max :
v -V
. _  DOA,max BE
T2.max R, + R (K.9)
R+ 1 2
B h
FE

The maximum current is ~1.7 amps using measured current gain of 2400,
R1 + R2 = 4.4 KQ, measured VBE for the pair of 1.3 v, RB =5 ohm ,
and maximum op-amp output of 13 volts. The low-resistance maximum
power can be expressed in terms of the maximum amplifier output current
as:

R (K.10)

- s 2
QR,max = 12,max “H

This equation is shown in Fig. K.2 with i = 1.7 amps. The requi-

2 ,max
site 40 watts for normal operation can be supplied to heaters with
greater than 14 ohm resistance.

A third factor that can potentially restrict amplifier operation
is the power dissipated in the main current-carrying transistor of the

Dartington pair. This power goes as the load current times the voltage

dropped across the transistor:

(K.11)
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The voltage across the transistor depends on the supply voltage, load
current and heater plus ballast resistance:

VeE Vg - 1'2(RH + RB) (K.12)

Transistor power dissipation becomes:

_ . .2
For currents below 1.7 amps the maximum dissipation in the transistor
occurs at a current level given in Eq. (K.14), found by setting the

derivative of PT in Eq. (K.13) with respect to 12 , equal to O:
i, = vg/2(Ry + Rp) (K.14)

Dissipation in the transistor, Eq. (K.13),is shown in Fig. K.2 with
current given by Eq. (K.14) up to 1.7 amps and then constant at 1.7 amps,
for supply settings of 50 and 100 v. Dissipation of 100 watts can be
tolerated, but as a rule, the maximum should not exceed 50 watts. This
implies that for heater resistances below 45 ohm, supply voltage should
be below 100 v. A supply setting of 50 volts is more than sufficient

to provide 40 watts to heaters below 45 ohms and reduces the transistor
dissipation significantly.

An important quantity for overall control loop design is the change
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in output power corresponding to a change of input voltage. For opera-
tion below 40 watts with heaters between 14 and 240 ohms, power dissipated

in the heater goes as Eq. (K.15):
O = KZp VE/R, (K.15)

The incremental change of heater power with input voltage is found by

differentiating Eq. (K.15):

2
Kpi = ZER - KKP c (K.16)
c G »

At 40 watts the incremental heater power becomes:

12.7 K
K. . (K.17)

Pil. R
QR=40 H

A reasonable, linearized power-amplifier transfer-function magnitude can

be defined as the average incremental power:

Kps + K.
Pi|a Pi|a _
ol o g |G=40
P 2
12.7 k (k.18)
= .5( _.__VP )
"Ry

The measured frequency response of the current power amplifier with

op-amp feedback is compared to that of the previous configuration in Fig.
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K.3. The frequency response of both versions is far beyond the require-
ments of the thermal control system.

In summary, a circuit is described that supplies 40 watts to a
purely resistive load in the band from DC to 20 hz: measured bandwidth
is 3x10* hz. The linear relation between input and output voltage is
derivéd and verified. Three limitations on power are defined as func-
tions of heater resistance: maximum output current, maximum voltage
across the load and power dissipation in the main transistor. A linear-
jzed transfer function is defined for use in overall control system

analysis.
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APPENDIX L
THERMOCOUPLE AMPLIFICATION

Two thermcouple amplifiers have been evaluated for the thermal
control system: an HP model 7100B strip chart recorder with type
17502A thermocouple input module, used in the previous system [68], and
a signal conditioning module based on an’Analog Devices AD522 instru-
mentation amplifier. The thermocouple amplifier must provide 25 mv/K
centered at 5.00 v corresponding to inputs of ~40 uv/K centered at 0°C
Bandwidth of 20 hz is desirable.

The HP unit internally linearizes the thermocouple EMF such that
pen movement is proportional to temperature over the operating range of
-200°C to +200°C. .Qutput is taken from a retransmitting potentiometer
mechanically linked to the pen drive. A 10.0 v supply to the pot pro-
vides the 0.0 to 10.0 v swing over the range of travel. Accuracy of
the recorder is specified [74] to be within 0.5% of the reading or % 1°C,
whichever is greater.

The thermocouple signal conditioning module schematic is shown in
Fig. L.T. Thermocouple wiring is provided to allow use of the HP re-
corder in parallel with the signal conditioner. Thermoelectric voltage
for copper-constantan [83] is shown in Fig. L.2. A straight line with
slope of 36.4 uv/K fits the data well from -60 to +10°C. Amplifier gain
of 688 gives an output of 25 mv/K with Tess than 1 K linearization error
over this range. An adjustabie voltage offset is summed with the 522

output such that the overall:output is 5.000 v at 0°C. Drift at the
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output is on the order of 0.5 mv/hcur or less than 10 mv per day. Noise
in a bandwidth of 25 hz is less than 2 mv peak-to-peak corresponding to
temperature uncertainty of .08 K. Calibration of the signal'condition-
ing module involves the following procedures:

1. Short inputs using switch provided, and set offset
to 5.000 v using a digital meter on the output.

2. Place measuring thermocouple in LN2 while keeping
reference TC in ice bath. Adjust gain to obtain
a reading at the output of: 5.000 v + -5,539 mv
x 668 = 1.189 v.

Input offset voltage of the AD522 is multiplied by the gain setting,
requiring readjustment of the module offset when the gain is changed.
Steps (1) and (2) will normally have to be repeated once or twice.
Measured frequency response of the 2 thermocouple amplifiers is
shown in Fig. L.3. The gain data were normalized to the respective'
gains at .1 hz. A two-pole critically damped model [86] with gain and
phase shift in Eqs. (L.1) and (L.2) is a fair approximation to the
chart recorder response. Frequency response of the signal condition-
ing module, essentially flat out to 100 hz, conforms to a single pole

Yo

model with time constant of 6.37 x 10 The mo .le's bandwidth is

about 2 orders of magnitude higher than that of the HP recorder.

Gy, (F)
GralF) 1 (L.1)

|Gral-1)] — 22 ?
\ﬂ1-(5—f5))+(%)
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2F/5.5 ]

2
(1-(zg))

-1
bra = -tan L (L.2)
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APPENDIX M
LEAD COMPENSATING CONTROLLER

The controller transfer function must be tailored to provide de-
sired overall thermal control system performance. High gain is in-
corporated to increase system bandwidth and reduce steady state error
but must be counterbalanced by addition of phase lead to maintain
sufficient stability margin [86]. Controller gains of order 1000 are
possible provided phase lead compensates for lag introduced by the
heater window above ~.2 hz. The circuit built to perform these tasks
is organized in three subsections shown in Fig. M.1. A summing and
gain stage utilizes an Analog Devices AD522 hybrid instrumentation
amplifier to determine the instantaneous control system error, the
difference between the reference signal and the measured temperature.
The instrumentation amplifier is usea because of its high common-mode
rejection which permits distinction of millivolt level differences be-
tween signals averaging several volts. The gain of the AD522 can be
set over a range of roughly 1-1000 with a single resistor according to

the nominal equation:

= = = 5
IGC].' KC]. W 1 + 2x10 /RG (M.1)

Phase shift of the first controller stage, ®C1 s 1S zero over a fre-

quency band much wider than that of interest for thermal control.
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The second section of the controller consists of proportional and
phase-lead compensating circuits. The transfer function of the propor-

tional circuit is simply:

Yep

= <] (M.2)
Va1

The transfer function of the compensating leg can be derived by first
applying Kirchoff's current law at the op-amp inverting input, assuming

negligible input bias current:

11 = iz (M.3)
The currents in the feedback paths must sum to 12 :
i, = iy + 14 (M.4)
The current, il » 1s related to the input capacitance and voltage
changes by:
dv
. Cl _
11 - Cd d' "t"_ - Cdels (M.S)

The op-amp makes the inverting input a virtual ground over its linear
range of operation, assuming negligible input offset voltage. This
allows current in the resistive feedback path to be expressed as:

.0 =-v

. Ce
13 = —Rd-— (M.6)
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Current in the capacitive feedback path goes as Eq. (M.7):

d(0 - v

o c)
i = G = - G, (M.7)

Equations (M.3) through (M.7), combined, are the voltage transfer function:

Vv
VE& . . _dd” (M.8)
C1

The proportional and phase-lead transter functions, Eqs. (M.2) and (M.8),

sum to form the transfer function of the second section of the controller:

(vgp +ve,)

G =
Vel

c2

(M.9)
. o1 1+ s(RdCd + Rdci)
T + RdCis

The third section of the controller sums the two second stage legs

and inverts the signal:

\'4
G, = —0C (M.10)

As was the case for the first controller stage, phase shift can be con-
sidered zero. An offset voltage can be added to the controller output

for test purposes.
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The overall transfer function of the controller is the product of
the subsection functions in Egs. (M.1), (M.9) and (M.10):

v 1+ s(RdCd + RdCi)

C
6 - = Kyl ]
VR - VTw Cl 1+ Rdcis

(M.11)

The magnitude and phase of GC become:

2
Vh + [2nF(RCy + RyC,)]
V1 + (2nF RyC.)?

|G| = K (M.12)

C1

o = tan'][ZﬂF(RdCd + R,C,)T - tan” ! (2nF R4C:) (M.13)

Equations (M.12) and (M.13) are compared to measured values in Fig. M.2

using Rd = 820 KQ, Cd = 0.1 uF , Ci = 0.005 uF and G., =1 . The

C1
theoretical phase shift and gain conform well to the measurements.

The effects of controller gain and phase Tead on control loop per-

formance are considered in Appendix N.
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APPENDIX N
THERMAL CONTROL LOOP PERFORMANCE

Overall thermal control locp performance can be evaluated in terms
of steady-state error between measured~énd reference temperatures, and
frequency response including bandwidth and the stability criteria of
gain margin and phase margin.

Error is defined as the difference between the reference and feed-

back voltages:
Vo = VR - Vp, (N.T)

The window temperature-equivalent voltage can be related to the system
reference and stream temperature inputs using block diagram manipula-
tion techniques [86; Ch. 4] and Figs. 3.2 and J.6:

G hAwGwGTA

OL 1
g #7) *Tslg 51 ) * bl 7)) (N2)

VTw

The third term in Eq. (N.2) results from the 5.0 volt offset added by
the thermocouple amplifier. The cpen loop transfer function, GOL s 1S

the product of the contributing functions:
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G0L = GCGprGTA (N.3)

These functions are summarized in Table N.1 for the previous and pre-
sent control systems. Note that the controller transfer function
must be ideaiized to separate the subtraction stage from the gain
stages. Typical previous and current values of the transfer function
constants are listed in Table N.2. The control system error, ex-

pressed as the combination of Eqs. (N.1) and (N.2), becomes:

(N.4)



-250-

| 4u
Ls sVl L
L, | L,
(LeoyLeshs) (Lo Leshs ) w
L L a1 'L L JL
A A
E\AN | H_\AN |
a>¥ L°¢ >¥ L°21
stoPu s L 10 19
(577 )TN A
[*9Py + PoPuls + o

uolL3oung J3jSuUed] SNOLAdU{

UOLIOUN, J3JSUBL] SNOLABU{

|

SNOILONN Y¥IASNVYL LNINOAWOI d00T TOYINOD TYWYIHL 40 AYYWWANS

L°N 378Vl

<Hw

49141 | duy
a1dnooouwuay|

MOpuLM
BurmaLp

JaLyL|dury
43MOd

43 [ [043U0Y

juauodwo)



Constant
Ke1 [v/v]
RyCq [s]
R4C; [s]
K,p [v/v]
Ry [ohms]

Kye [v/°C]

=

(o

—
n

=

>

—
1]

A, [em?]
T, Ls]
Tr¢ sl
Kpa [v/v]
i [hz]

Trp [s]
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TABLE N.2

TYPICAL VALUES OF TRANSFER FUNCTION CONSTANTS

- 75°C [watts/cm2K]

- 145°C

GbL Lv/v] (stream at -75°C)

GéL [v/v] (stream at -145°C)

Previous System

50

12.5
~500

36.4x1076

2.0x1072

5.0x1072
4.9
1.6
053
688

5.5

30.2

19.1

Current Value

393

8.2x10"2

4.1x1073
6.8
34

36.4x10°°

3.0x1072
5.0x1072
4.9
1.6
053
688
5.5
6.37x107%
496

298
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The steady-state error can be found by superimposing the contributions
resulting from step inputs for each term in Eq. (N.4) as s goes to

Zero:

G T hA G G
Ve.ss T 133s<—)(1- T ) SIS

c (N.5)
¢ _TA 1
= 5( S )( GOL ¥ 1 )

The 1imit of GOL as s goes to zero is written below using the component

transfer functions:

K
- ' = 12. 7 V
S = G = K3 ) hA KTA (N.6)
1 H
1im s+0
The sfeady—state error, therefore, becomes:
GI
i oL KrckTa 1
Ve,ss = VR(1 - Gl + 1 Ts 5 YA Cral T ) (N.7)

The steady-state error of Eq. (N.7) is shown for the present system in
Fig. N.1 using fhe component values listed in Table N.2, The error is
less than .6 K for extreme input stream conditions and is less than .2 K
for typical conditions. Under similar conditions the steady-state error
of the previous system would be several K. These large errors were avoid-

ed previously by manually switching an integrator into the loop during the
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'hold' mode of operation, effectively reducing the steady-state error

to zero. This approach results in difficult operation if accurate holds
are required during cooling at rates greater than ~1K/s as well as re-
duced stability margins for the loop due to additional phase lag.

The open loop fréquency response of the thermal controi system is
determined by the open Toop transfef function, GOL , of Eq. (N.3). The
magnitude and phase shift of this function are given below for the pre-
vious system in Eqs. (N.8) and (N.9) and for the present system in Egs.
(N.70) and (N.11) using the contributing transfer functions listed in

Table N.1:

- 1
|Gy | = Gy L
oL ,(preV'iOUS oL (-I _ (_F_ )2)2 + ( _2_F 2
system) Fn Fn

(N.8)
x [ ] ]
JO# (21, F)) (0 + (2n 17cF)2)
(2F/F )
QOL = -tan'1[ n ] —tan-1[2n TwF]
(previous (1 - ( F )2)
system) Fn
(N.9)

=1
-tan [27 TTCF]
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. v I+ L21rF(RdCd + Rdciy]z :
IGOLI( . = GOL
presen ’
system) v 1+ (2nFR,C. )2 V2T )2+ 1
(N.70)
% 1
T+ 2t FI2)(T + (2n F12)
%oL = tan”!(2nF(R,Cy + RYC,)) - tan”| (2nFR C, )
(present )
system)

-tan'](ZHFTTA) - tan'1(2nFTw) - tan'](anTCF)

Values from Table N.2 in Eqs. (N.7) through (N.10) give the open loop
freqdency response curves shown in Figs. N.2 and N.3. PRelative stability
of a control loop is indicated by the phase and gain margins. The phase
margin is the angle by which the open loop phase shift leads -180° at

the frequency where the gain drops below 1 (0 db). The gain margin is
the attenuation present at the frequency where the phase lag exceeds 180
degrees. Stability is generally ensured when the phase margin is 30-60°
and when the gain margin is greater than 6 db. The previous system was
marginally stable with phase margin of 14° and gain margin of 3 db. The
present system exhibits substantially higher relative stability with a

30 degree phase margin and 12 db gain margin.
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The bandwidth of the thermal control system can be determined from

the closed Toop transfer function defined in Eq. (N.12):

G

oL
G = — (N.12)
CL GOL + 1

The magnitude of the closed loop transfer function is defined as:

_ 18y
IGCLI = |§6EfF‘TT (N.13)

The closed Toop phase shift is given by the open loop phase shift minus
the phase shift corresponding to the denominator of Eq. (N.12):

= Oy - <(GOL +1) (N.14)

%L oL

The latter phase shift can be defined in terms of the imaginary and real

parts of the complex function, GOL +1:

1 Im(GOL +1)
Rea1(G0L +1)

<(G0L + 1) = tan” (N.15)

The imaginary part of the complex function, GOL » is unaffected by the

addition of 1 , allowing the identity:

Im(GnL + 1) = Im(GOL) (N.16)



-259-

The imaginary part of GOL is related to the magnitude and phase of
G

oL by:
Im(GOL) = IGOLl sin 2oL (N.17)
The real part of (GOL + 1) is simply the real part of (GOL) +1:

Rea](GOL +1) = Rea](GOL) + 1 (N.18)

The real part of GOL can be related trigonometrically to the magnitude

and phase of GOL as was done for the imaginary part:
Rga](GOL) = |Gy | cos 0L (N.19)

Equations (N.14) through (N.19) can now be combined to obtain the closed
loop phase shift:

_ |G | sin(en )
oL - tan 1 ( oL oL ) (N.20)
|GOL| cos(qy ) + 1

For the previous system, using the contributing functions in Table

N.1, Eq. (N.13) becomes (N.21) after considerable manipulation:
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(previous system)

= G!

l6e | oL
F4m2T T 4nT 4t 2
(Gg * —-———;ﬂflg - F*lan?t toe * LI s TC +-J; 1+ 1)
Fa n n F
_— — — — o DS — .- - - — - R (N.z] )
+ B
82T T 2nt,, 27T 2
; W'TC W TC 2
(-F°[ — t—t— 1+ Fl2nt + 2m1pe * F 1)
n Fn Fa n

Equations (N.20) and (N.21) are shown in Fig. N.Z for the previous sytem
making use of Eqs. (N.8), (N.9) and values from Table N.2. The expected
closed loop bandwidth is approximately 3 hz.

Similarly, for the present system Eq. (N.13) becomes (N.22) which
is shown in Fig. N.3 with phase shift of Eq. (N.20) using Egs. (N.10),

(N.11) and Table N.2 values:
(N.22)

|GCL| = GéL¢1 + (21rF(RdCd + Rdci))2

(present : P _ F24n2 2
system) [T65.* FH16m"RCTrpT, e * 1 - F24m (v, T1c R (Tt Trctora)

+ 1Ty + TraTyc)
+

3 3 ) .
-F38m° (RyC; (1, Trc*Traty P Tratre) * TTATw e

+ F2n(6) (RCRGC;) + 1, * Trg * RyCy + )
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The expected bandwidth is ~80 hz. Measured closed loop magnitude was flat
out to 7 hz but unexpected phase lag was present. The actual bandwidth

of the system is probably substantially greater than 10 hz even with the
additional phase lag but higher frequency measurements were not pef-
formed. These measurements are difficult due to the need for small sinu-
soidal input amplitude which is a direct consequence of finite slew rate
capability of the stage. The maximum time-rate-of-change of a sinusoidal

input signal at a frequency, F , with amplitude 1} VR bp is:

sin(2nFt))

d(3 v
( dt

R,pp

= qF v (N.23)
max R9pp '
To avoid clipping, this voltage change rate should not exceed that corres-
ponding to the slew rate capability, Bmax" yielding the following limit
on the allowable input voltage swing:

B +25
_MaX __ Imv] (N.24)

vR,pp =X 0en-
This equation is shown in Fig. N.4 for assumed maximum slew rates of
2000 and 4000 K/min with experimental points categorized by noclipping,
moderate clipping or massive nonlinearity of the output waveforms. Based
on a typical window-stream temperature difference of ~90 K during these
measurements, maximum slew rate should be in the 3000 K/min range (see
Appendix J); this is confirmed by the observed incidence of clipping.
The maximum allowable input voltage swing under these conditions is less

than 2 K at 10 hz.
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These slew rate Timitations combined with roughly 2 mv of electri-
cal noise referred to the controller input cause a practical upper limit
of control system bandwidth in the 10 - 20 hz range. Improvements in
useful bandwidth are contingent on increased heat transfer capability

of the stage and/or reduced thermal mass of the viewing window.
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APPENDIX O
HUMAN LYMPHOCYTE VOLUME

Mean volume and the variance of the volume distribution are important
parameters in cell freezing simulations. For human lymphocytes, a sampling
of the reported means ranges from 120 u® [78], to 280 u3 [79], as shown in
Table 0.1. Because of the wide range of values and the likelihood that
different separation techniques result in different populations, diameter
measurements were performed using optical microscopy on cells separated at
MGH by the same procedures as were used during the cryomicroscope studies.
Cells suspended in .290 osm solutions had a mean volume of 138 u¥, assuming
sphericity. |

Standard deviation of assumed normal volume distributions are also
listed in Table 0.1. The first group of values listed were estimated from
graphed distributions in the articles cited; the other values were ob-
tained by the author from 1ight microscopy diameter measurements and flow
cytometry forward-scattered 1ight histograms. The means and variances of
volume were computed from the means and standard deviations of diameters

using Eqs. (0.1) and (0.2) which were derived using Eqs. (B.9) and (B.16):

- 5 - 32\’ 2 _ lr.- 1- .
Vo= u(D) +4 0z sDI_ =I5 + 20, s (0.1)
D¢
2 2¢ OV _c2 M2 mu
Sy = Sp 0, ) 1=Sp 7 D¢ (0.2)
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TABLE 0.1
SUMMARY OF LYMPHOCYTE VOLUME MEASUREMENTS

MEAN CELL NORMAL I ZED
VOLUME COUNT STANDARD DEV. METHOD CONDITIONS REFERENCE
v Sy Sy/V
120 2x102 4 TEM .300 osm [78], SV
(SECTIONS) STEREOLOGY approx. from

diameter dis-
tribution

197 4.7x10% .15 COULTER PBS [92]

250 8x103 2 COULTER SALINE [93]

210 - -- COULTER .286 osm [94]

280 5x10* -- COULTER .315 osm  [79]

138 40 .38 OPTICAL .290

MICROSCOPY
-- 6x103 17 LASER FLOW .290

CYTOMETRY
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An Ortho Diagnostic Systems Inc., Spectrum 111 laser flow cytometer
was used to obtain histograms of forward scattered light, such as that of
Fig. 0.1a for cells in .290 osm saline. The identity of the population
causing the lower peak in the bimodal distribution of forward scattered
light, js not known. The standard deviation listed in Table 0.1 is ob-
tained from the Spectrum 111 computer report, Fig. 0.1b, by normalizing
the listed standard deviation to the mean forward scattered light signal.
This assumes a linear relationship between forward-scattered light in-
tensity and cell volume. The validity of this assumption is considered
below, based on reported studies and on preliminary calibration measure-
ments.

The dependence of forward scattered light intensity on cell volume
has been determined analytically and experimentally by Mullaney et al.
[95,96,97]. The light intensity was found to vary linearly with cell
volume for scattering angles between .5 and 2°. For a detector that
accepts scattered 1ight at greater angles, such as that of the Ortho
Spectrum 111, intensity is not a simple function of volume. Unfortunately,
ca]ibration of the instrument using plastic microspheres of known sizes
is not workable, due to the nonlinear dependence of the scattered light
intensity on particle index of refraction, relative to the suspending
medium. The known, osmometric behavior of lymphocytes and other cells,
suggests a potentially effective approach for calibrating large-angle,
flow cytometers. The method involves performing scattered 1ight measure-
ments on similar cell populations in solutions with a range of osmolali-

ties. For cells obeying the Boyle-Van't Hoff law, volume is proportional
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to 1/osmolality; intensity, measured as a function of osmolality, can
therefore be related to volume. An independent measurement must be per-
formed to establish the mean cell size in one of the solutions.

Normalized mean cell volumes from a preliminary optical microscopy
study by the author are shown in Fig. 0.2 at 4 osmolalities ranging from
-290 to 1.0 osm. Additional values of cell volume, from the literature
cited, are shown normalized to respective mean volumes at .290 osm. This
method of presentation allows comparison of the osmotic properties with-
out the need to reconcile disparities in the cited mean volumes. The
solid line from Hempling [79], is at least squares fit of several measure-
ments with .99 correlation coefficient. The data confirm osmometric
ideality for human lymphocytes over the range, .1 to 1 osm.

The normalized mean forward scattered light intensity is shown in
Fig. 0.3 as a function of ideal volume for the 4 solutions considered.

The intensity varies linearly with volume over the .65 to 1.0 range. Sig-
nificant departure from 1inéarity occurs below .6 fractional volume. The
effect of the nonlinearity is to 'stretch' the sub-mean side of the for-
ward scattering histogram to the left. In the histogram of Fig. 0.la, the
effect should be present at signal levels below ~103 in Fw_Sc units. The
histogram can be corrected by moving the cell counts at lower signal
levels to the right by an amount which brings the normalized signal level
to the dashed line in Fig. 0.3. Cells counted at ~80 Fw_Sc units, for
example, would shift to ~100 Fw_Sc units. Accurate corrections of the

histogram require more cytometry measurements on cells in hyper- and
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hypo-osmotic solutions in order to better define the shape of the curve
relating normalized intensity to volume. Table 0.2 summarizes the re-
sults of the optical microscopy and flow cytometry studies.

The assumptions réquired in performing an osmometric calibration of
the flow cytometer are: osmometric behavior of the cells is ideal or at
least reproducibly nonideal, and relative indices of refraction between
cells and suspending medium do not change with salinity. '

To summarize, human lymphocyte mean volume and standard deviations
of volume distributions are reviewed briefly; optical microscopy volume
measurements are reported; standard deviation is estimated from flow
cytometry measurements; lymphocyte osmometric behavior is reviewed and
compared to current volume measurements; a method for calibrating flow

cytometers using osmometric behavior is described.
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TABLE 0.2
OPTICAL MICROSCOPY AND FLOW CYTOMETRY MEASUREMENTS

1 OPT. MICR. NORMALIZED IDEAL
OSMOLALITY GSMOLAL. NORMALIZED FORWARD SCAT. VOLUME
[osm/Kg] [Kg/osm] Vol./# Cells Light/# Cells
.290 3.45 1.0 = .4/42 1.00 £ .17/6400 1.00
.385 2.60 J1 £ .19/26 .948 + ,19/5700 .830
.556 1.80 .59 = ,11/14 913 £ .,20/4300 .670
1.0 1.0 .50 = ,15/32 710 = ,24/2300 .510
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