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ABSTRACT 

THE TEMPERATURE DEPENDENCE OF THE 
SPIN-SPIN RELAXATION TIME AND MAGNETISATION 

OF WATER IN SKELETAL MUSCLE 

by 

JAMES MARLIN FOGAL, JR. 

A Pulsed Nuclear Magnetic Resonance (NMR) method was 

used in this work to study water protons in skeletal muscle. 

The transverse relaxation times (T2) and total magnetisation 

of the water protons (h ( 0 ) ) were examined as a function of 

temperature in the range +1.5 C to -54 C. The following 

results were obtained: (1) The dependence of both T2 and 

h(0) upon temperature exhibits hysteresis; (2) T2 decreases 

with decreasing temperature, with a characteristic activa¬ 

tion energy of about 9.2 kcal per mole; and (3) The frac¬ 

tion of "non-frozen" water remaining in a sample below its 

nucléation temperature decreases with decreasing temperature 

from 19.4% at -10.2 C to 13.5% at -47 C. 
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INTRODUCTION 

Although water is the single most abundant compound 

in any living cell, its role is the subject of much dis¬ 

pute. Basically, there are two main theories concerning 

the properties of cellular water. One view holds that 

most of the water in cells behaves much the same as bulk 

water, with only a small amount interacting with macro- 

molecular structures such as proteins in the cells. 

Another school of thought holds that all intracellular 

water is in some way altered by the presence of macro¬ 

molecules. 

Drost-Hansen* *^ has described changes in the physical 

properties of vicinal water, changes that can occur even 

if the distance between the substrate and water molecules 

becomes quite large. Hori^ has shown evidence that "or¬ 

dering” of water can occur at distances of over one micron 

from glass and quartz surfaces. Since these distances 

correspond to several thousand molecular diameters, this 

structuring of water extends farther than just the few 

layers of water closest to the surface. Deryagin's groupé 

found that water in glass capillary tubes (diameter less 

than twenty microns) exhibits two phases when cooled. 

While one fraction appeared ordinary, the other phase 

showed a complex freeze-melt behavior, and increased 

density and viscosity over normal bulk water. Several 

studies using various methods0*'* have resulted in evi¬ 

dence that water in biological tissues exists in at least 



two phases. 

In recent years, the techniques of nuclear magnetic 

resonance (NMR) have proved useful in studying biological 

systems. Pulsed NMR avoids problems of damaging tissues 

that occur in other methods of observing tissues, since 

the sample sits inside the probe, not vice-versa. The 

energies involved in observing systems with NMR are small 

compared to the typical thermal energy of molecules. The 

parameters usually studied with pulsed NMR are the spin- 

spin relaxation time, T£, the spin-lattice relaxation 

time, T^, and the self-diffusion coefficient of water mole¬ 

cules, D. 

Several groups9“*9 have used pulsed NMR methods to 

give support to the iheory that water in biological tissues 

exists in at least two fractions, and is altered by cell 

structure in all phases. That cellular water is in some 

way "ordered" is evidenced by the facts that in tissue 

Tg is reduced by about 50 times, T^ is reduced by k to 12 

times, and D is reduced by about 2 times when compared to 

1 1 these parameters in pure bulk water. Hazlewood et al 

reported evidence suggesting the existence of three frac¬ 

tions of cellular water, which were described in the fol¬ 

lowing way* a) 8$ of the total water was associated with 

the macromolecules, b) 82$ of the water exists in the 

myoplasm, and c) about 10$ of the water was associated 

with the extracellular space. 

Studies of the temperature dependence of T^ and Tg 
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have "been done which support the theory of the multiple- 

fraction existence of cellular water. Belton et al ’ 

found that about 20 percent of the total water in frog 

gastrocnemius was non-frozen in the temperature range 

-10°C :to -30°C. This fraction, which he found to be tem¬ 

perature independent, was associated with the hydration 
i L 

layer. However, Fung et al found that the non-frozen 

fraction of water in rat gastrocnemius muscles decreased 

from 12 percent of the total tissue water at -8°C to 

about 7 percent at -50°C. Below this temperature the 

non-freezable fraction remained constant (down to -70°C). 

Characteristic of this non-frozen fraction of water are 

shorter T^ and ^2*s ^han those for the total water in 

non-frozen cells. 

The purpose of the work presented herein was to exa¬ 

mine the temperature dependence of both and the signal 

amplitude (or amount of non-frozen water). Such an exa¬ 

mination could provide further insight into the binding 

of water molecules to macromolecules in the cell. The 

hysteresis in the Tg and signal amplitude versus tempera¬ 

ture curves was also studied. 



4 

THEORY 

Theory of Freezing 

Although the freezing point of pure water is 0.0°C, 

Dorsey^® found that pure water did not freeze until cooled 

below -20°C, and that even ordinary tap water had to be 

cooled below -'fc before it froze. These are examples of 

supercooling. A supercooled liquid is one that remains 

liquid when cooled below its normal freezing point. 
OH 

According to Knight , nucléation is the initiation 

of the transformation of an unstable phase to a more 

stable phase. The temperature at which this occurs is the 

nucléation temperature. In the freezing of water, nucléa¬ 

tion in a supercooled liquid is simply the forming of an 

ice crystal around a nucleus. In this case, a nucleus is 

considered to be a group of atoms, such as a number of 

closely bound water molecules or a foreign substance, 

which possesses the symmetry of the ice crystal. Two 

basic mechanisms are responsible for the development of 

such a nucleus. Random fluctuations in the distribution 

of water molecules can result in a nucleus of critical 

size, one that will grow or shrink with equal probability; 

this nucléation is called homogeneous. The critical size 

of a nucleus diminishes with a decrease in temperature. 

Shaeffer*^ has shown that pure water may be supercooled 

to -39°C if this mechanism is the dominant one. 

Heterogeneous nucléation utilizes a substitute nucleus 

about which the ice cystal grows. According to Fletcher*^ 



"the most important nucleating agents...appear to be for¬ 

eign surfaces and suspended particles of insoluble mater¬ 

ial." Although the probability for such nucléation is 

low near the freezing point of a liquid, it is still much 

higher than the probability of homogeneous nucléation. 

Because of the complexity of a cell, heterogeneous nucléa¬ 

tion is thought to be the mechanism for the freezing of 

water in biological systems. 

In biological systems, two types of freezing are pos¬ 

sible. Slow freezing pertains to cases where only the 

extracellular water is crystalized, whereas rapid freezing 

refers to cooling rates which make intracellular crystal 
24 

growth possible. Chambers and Hale found that in frog 

sartorius muscle intracellular freezing could not be in¬ 

duced (even by seeding with an ice crystal) above -1.6°C, 

although extracellular freezing could be initiated at 

-1.2°C. Though Dorsey*^ found that the nucléation temp¬ 

erature was independent of cooling rate, according to 

Dick^ temperatures of -20°C could be attained in some tis¬ 

sues without intracellular nucléation if the cooling rate 

was slow enough. 

Theory of Pulsed NMR 

27 
Bloch et al first proposed the concept of pulsed 

nuclear magnetic resonance in 19^6, which Hahn^® put into 

practice four years later. Basically, this technique uses 

pulses of radio frequency power at a certain frequency to 

excite a nuclear spin system, the relaxation of the system 



being observed after the radio frequency power is turned 

off. Because the theory has been well explained^ »30,31f 

only an outline will be presented here. 

6 

If a nucleus of spin l/2 is placed in a static magne¬ 

tic field, it will occupy one of two energy levels. The 

separation of these energy levels is AE = 2j*H0, where HQ 

is the applied magnetic field and JJI the magnetic moment 

of the nucleus. The magnetic moment for a nucleus of gyro- 

magnetic ratio, y, is given by = jh/4tr where h is 

Planck’s constant. Such a magnetic moment will experience 

a torque (N = /£ x HQ) exerted by the magnetic field, with 

the result that the nucleus precesses around the direction 

of the magnetic field at the Larmor frequency <OQ = 2TU>Q 

= 
+
JHQ. Recalling that N = dL/dt, where L = j£/y is the 

angular momentum of the nucleus, it follows that* 

dL/dt = jxx HQ, or djî/dt = ÿ^x HQ. (2.1) 

If many nuclei of spin l/2 are subjected to the same 

magnetic field, they will be distributed among the two 

energy levels as prescribed by the Boltzmann relation. 

The total magnetic moment, M, of such a system of nuclei 

is the vector sum of the individual magnetic moments, 
 i 

i.e., M = Therefore, equation 2.1 becomes: 
i 

dM/dt = x H0. (2.2) 

Thus far, although the magnetic field is a vector quan¬ 

tity, its direction has not been specified. Therefore, 

assume that HQ points in the "z direction, i.e., HQ = HQZ, 

of a Cartesian coordinate system. 



In addition to the static applied magnetic field, HQ, 

a radio frequency magnetic field, , may be applied in 

the x-y plane. Thus, the nuclei will experience a magne¬ 

tic field H = H^x + H S + H 'z, the components of which 
x y z 

are given by* 

Hx = H^costot, Hy = H^sinwt, Hz = HQ. (2.3) 

These components may be substituted into equation 2.2 to 

give the time dependence of the three components of M: 

dMx/dt = j(MyH0 + MzHtsincot) 

dMy/dt = ï(MzHlCoscot - MXHQ) (2.4) 

dM /dt = - Y(M H s incot + M H. coscot) 
z ** x x y i 

Equations 2.4 are correct in the absence of relaxation 

32 
effects. However, Blocïr assumed that spin-spin and spin- 

lattice relaxation could be considered first order pertur¬ 

bations to equations 2.4. The spin-spin or transverse 

relaxation time, T2, is the characteristic decay time of 

the magnetisation in the x-y plane. The spin-lattice or 

longitudinal relaxation time is the time constant for change 

of the magnetisation along HQ, namely, in the "z direction. 

Therefore, if MQ is the equilibrium value of M, the com¬ 

plete Bloch equations are» 

dMx/dt = j(MyHQ + M^sinwt) - MX/T2 

dMy/dt = j(MzH1 coscat - MXH0) - My/T2 (2.5) 

dMz/dt = -j((MxH1sin6it + M^cosut) - (Mz - MQ)/^ 

To better understand pulse methods, it is helpful to 

consider a coordinate system that rotates around the dir¬ 

ection of HQ with angular frequency WQ. Such a system, 
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known as the rotating frame, will be designated with 

primed coordinates} ■£' points in the direction of Ÿ, (or 

HQ), and the x’-y' plane rotates around “z* at angular 

frequency GOQ. Equation 2.2 can be transformed into the 

rotating frame to gives 

(dM/dt)rot = ](M x H - UQ x M = |M x Heff (2.6) 

where the effective magnetic field is 

»eff = « ♦ Vï- <2-?> 

If, as before, the total magnetic field in the lab¬ 

oratory frame is composed of a stationary HQ (= HQ'Z) and 
a 

an H^ in the x-y plane rotating at angular frequency (OQ, 

the effective field can be expressed ass 

“eff 
= "o * V» * »!• <2-8> 

Since the Hj^ field is stationary in the rotating frame, 

its direction may be assigned along the x' axis. However, 

the relation C$Q = -JHQ imPlies that the effective field 

is just the applied H^ field. Therefore, in the rotating 
«•A 

frame, the total magnetisation M precesses around the x' 

axis at angular frequency q>p = ^H^. If H^ is applied for 

a time tp, the angle (in radians) through which M precesses 

is 

9 = jHjtp (2.9) 

This equation is fundamental in the development of pulsed 

NMR techniques. 

Suppose a system of nuclei exists at equilibriums the 

total magnetisation points along the static field HQ. If 

Hj and tp are adjusted to give © = IT/2, the result is a 9^* 
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* 



pulse. With Hj along the x' axis, M is rotated from its 

equilibrium position along z' to point along the y' axis 

(Figure II-A—also shown is a 180® pulse). The magnitude 

of M in the x-y plane, MXy, is directly related to the 

amplitude of the observed signal. In the absence of a 

radio frequency magnetic field, the nuclei precess freely 

around H0, thus the signal is called the free induction 

signal. If HQ were perfectly homogeneous, the character¬ 

istic decay time of M„.r would be the spin-spin relaxation xy 

time, T^. However, in practice the applied static field 

is not perfectly homogeneous, with the result that nuclei 

precess at slightly different angular frequencies. Thus, 

the free induction signal decays with the time constant 

T^* as defined bys 

l/T2* = l/T2 + (^H0/2) (2.10) 

where ^HQ is the natural magnetic field inhomogeneity. 

The effects of such a field inhomogeneity can be over¬ 

come by using the spin-echo method. This method involves 

the application of a 90® pulse followed by a 180° pulse 

at time X later. At time 2X a free induction echo will be 

detected, the amplitude given by; 

A(echo at 2X) <* exp[-(2X/T2) - 2/3 (2.11) 

The second term in the exponential function in equation 

2.11 is the result of molecular diffusion in the sample, 

where G is the applied field gradient and is the diffu¬ 

sion coefficient. For large values of X, (as encountered 

in measuring long T2's), the diffusion term dominates the 
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exponential function. 

Carr and Purcell ^ modified the spin-echo method to 

reduce the effects of diffusion in determining Tg. The 

Carr-Purcell sequence is 90° pulse,X, 180° pulse, 2X, 

180° pulse, 2T, etc., and free induction echoes occur at 

t = 2T, 4T, 6T, etc. Application of a Carr-Purcell se¬ 

quence changes equation 2.11 tos 

A(echo at t) « expC-Ct/^) - l/3j^G^X^tl (2.12) 

The advantages to the Carr-Purcell (CP) method are twofolds 

1) it saves time in that all echoes are produced by a sin¬ 

gle CP sequence instead of needing a separate pulse se¬ 

quence application for each echo, and 2) for short X* the 

effect of diffusion is nearly eliminated. 

A major disadvantage of the Carr-Purcell technique is 

inaccuracy in setting t to achieve perfect pulses, because 

of inhomogeneity in . This effect is cumulative for se¬ 

quences containing several 180° pulses and can seriously 

limit the measurement. However, in 1958, Meiboom and 

34 
Gill proposed a method to overcome this problem. The 

Meiboom-Gill modification involves a 90° pulse shift be¬ 

tween the initial 90° pulse and the 180° pulses. For ex¬ 

ample, if the 90° pulse is applied along the positive x' 

axis, the 180° pulses are applied along the positive y' 

axis. The result of this method is that all even numbered 

echoes have the correct amplitude, whereas the odd numbered 

echoes are slightly reduced, although not cumulatively 

along the pulse train. 
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EXPERIMENTAL DESIGN 

All data for this work were taken with a pulsed nu¬ 

clear magnetic resonance spectrometer, which includes 

a) an electromagnet, t>) a stable radio frequency source, 

c) a pulse sequence generator or‘gated amplifier, d) a 

transmitter, e) an NMR probe, f) a receiver with preamp¬ 

lifier, and g) a data acquisition system. 

Magnet 

A Varian Associates Model V4012A electromagnet was 

used in this system. It has 11.9 inch pole faces and a 

1.75 inch air gap. The coolant, distilled water mixed 

with an anti-oxident, is flowed in a closed loop from the 

cooling coil through a heat exchanger at approximately 

1.5 gallons per minute. The magnet is powered by a Varian 

Associates Model V-2100B regulated power. supply, the out¬ 

put current of which is regulated to one part in ten thou¬ 

sand for a voltage change (or magnet load resistance 

change) of 10%. In this configuration, the magnet is 

homogeneous to 1% within a 5 inch radius of the pole face 

centers. The system was found to have reached maximum 

stability after a few hours of warmup time, and all data 

were recorded with this fact in mind. 

Radio Frequency Source 

The radio frequency source is a General Radio Company 

Model II65 Frequency Synthesizer. Using a 10 megahertz 

precision crystal oscillator, it provides accurate, stable 

frequencies from 10 kilohertz to 159*9999 megahertz in 
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100 hertz increments. The drift of this unit is less than 

one part per billion per day after a warmup time of one 

month. The synthesizer remains on continuously to insure 

this stability. 

Radio Frequency System 

The radio frequency system is part of a model SxP 

pulsed NMR spectrometer, manufactured by Bruker Instru¬ 

ments, Inc. It can be utilized to study magnetic reso¬ 

nances at any frequency from 4 megahertz to 60 megahertz. 

This system includes the pulse sequence generator, radio 

frequency transmitter, NMR probe, preamplifier, and recei¬ 

ver. 

The pulse generator consists of several modules. A 

10 megahertz signal from the frequency synthesizer is used 

as the clock base for all timing operations. The widths 

and delays for up to four individual pulses can be set with 

the pulse programmer, which also allows selection of two- 

pulse, Carr-Purcell, and triplet pulse sequences. The 

pulse modulator uses the gate signals from the pulse pro¬ 

grammer to gate the radio frequency output of the frequency 

synthesizer prior to amplification. The modulator can also 

be utilized to adjust the relative phases of all the gated 

pulses, a feature which allows the Meiboom-Gill modifica¬ 

tion to the Carr-Purcell sequence. 

The radio frequency transmitter includes a five stage 

power amplifier. An integral part of the radio frequency 

amplifier/transmitter is a plug-in impedance matching unit 
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restricted to a certain frequency range; this unit can be 

exchanged for other plug-ins for work involving other fre¬ 

quency ranges. The transmitter can be tuned for maximum 

power output at the various frequencies at the front panel 

of the spectrometer. Depending upon the frequency, the 

transmitter provides an output maximum of 1 to 3 kilowatts. 

The NMR probe uses a single coil to both transmit and 

receive the radio frequency magnetic field. This coil is 

part of a tank circuit which is capacitance tuned exter¬ 

nally for maximum current (and thus for maximum field) 

for the various resonance frequencies. The coil is wound 

on a perforated quartz sheath which allows air to flow 

past the NMR sample tube. 

The receiving preamplifier is mounted contiguous to 

the aluminum probe arm to minimize noise due to capacitance 

effects. This preamplifier can be coarsely tuned for sev¬ 

eral choices of frequency ranges. In addition, fine tuning 

for any particular frequency can be accomplished external¬ 

ly. The main receiver/amplifier is housed in the spectro¬ 

meter console, and is of wide-band design to eliminate the 

necessity of frequency tuning. The total amplfication of 

the receiver/amplifier is about 110 decibels, which can be 

changed through a range of 60 decibels in 1 decibel steps. 

A bandwidth control, i.e., a simple resistor-capacitor 

bandpass circuit, can be adjusted to filter out high fre¬ 

quency signals, thus improving the signal-to-noise ratio. 

Data can be taken with either phase-sensitive or 
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diode detectors» In this research, the phase sensitive 

detector was used exclusively for checking and adjusting 

resonance of the magnet-radio frequency pulse system, and 

the diode detection system was utilized for data taking. 

The non-linearity of the diode detector is discussed by 

Cleveland-^, and data corrected accordingly. 

The output of the spectrometer was monitored with a 

Tektronix Model 7603 oscilloscope. This device is also 

useful in optimally tuning the spectrometer. 

Signal Averaging Device 

All data for this work were recorded on a Nicolet 

Instruments Corporation Model 1074 signal averaging system 

equipped with a Tektronix Model D-10 digital readout os¬ 

cilloscope. Basically, this signal averaging computer is 

a digital processor and storage device in modular form. 

With a 4096 word memory (18 bit words), it can be preset 

to record and average 1 to 16,384 sweeps. 

Temperature Control System 

A centrally located compressor provides air at a pres¬ 

sure of approximately 100 pounds per square inch, which 

is reduced to 10 pounds per square inch for this work. 

Figure”.III-A is a schematic diagram of the system. The 

air flows through l/4 inch outer diameter polyethylene 

tubing, and is controlled by a Swagelock needle valve and 

monitored by a Hoke flow gauge. The air is passed through 

a column of Drierite, a dessicant composed of calcium sul¬ 

fate. The dried air flows through a heating element which 



controls the temperature of the gas. If sample tempera¬ 

tures below 25 C are required, the gas can be cooled prior 

to passing through the heater. 

The gas refrigeration system involves flowing gas 

through an insulated container (dewar) of liquid nitrogen. 

A brass cold trap located in the neck of the dewar serves 

to freeze any additional water vapor—as well as some car¬ 

bon dioxide—out of the gas. After passing through the 

cold trap, the gas is bubbled through the liquid nitrogen 

in the dewar. This gas, plus the gaseous nitrogen at the 

top of the dewar, is forced through an insulated stainless 

steel tube (also l/4 inch outside diameter) to the heating 

element. By using the gas mixing valves, it is possible 

to balance the cooled and room temperature air such that 

one can minimize the power required to heat the gas to a 

given sample temperature. 

After the gas flows past the heater, it passes a sens 

ing thermistor located near the sample. For low tempera¬ 

ture experimentation, i.e., to -65°C, this is a Yellow 

Springs Instruments #44001 Thermistor, which has a resis¬ 

tance of 100.0 + 0.3 ohms at 25°C. A Yellow Springs In¬ 

struments Model 72 Temperature Controller regulates the 

current to the heater. It compares the dialed (set) temp¬ 

erature to that at the sensing thermistor, sending the dif 

ference signal through several stages of amplification. 

This signal is used to operate a silicon controlled rec¬ 

tifier which controls the power to the heating element. 
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To calibrate dial temperature versus sample tempera¬ 

ture, a Yellow Springs Instruments #44030 thermistor was 

inserted into an NMR sample tube containing a small amount 

of mineral oil. This particular thermistor is factory 

calibrated to i 0.1°C, in the range -10°C to +70°C, in¬ 

creasing to a 0.3°C uncertainty at -50°C. The resistance 

of the thermistor was monitored with a Keithley Model 168 

Autoranging Digital Multimeter. The inherent error in the 

digital multimeter is + (0.2% of the reading) + (the least 

significant digit). For example, if the meter reads 1255ft* 

the uncertainty is 0.2%(1255k ± 1A = (2.51 + 1 )Si -4ft. 

A typical calibration curve in the sample temperature re¬ 

gion -55°C to +1.5°C is shown in Figure III-B. 

The controlling range can be extended upward to about 

150°C—the maximum recommended temperature for a thermis- 

ter—by selecting appropriate sensing thermistors. In ad¬ 

dition, the controlled range can be shifted towards cooler 

temperatures by connecting suitable resistors in parallel 

with the sensing thermistor. However, care should be exer- 

sized to insure that these added resistors be kept at a 

constant temperature. 

The temperature drift of the system is approximately 

+ 0.15°C around any dialed temperature for a period of up 

to three hours. It was found that a particular dial temp¬ 

erature produced a range of sample temperatures of ± 1°C 

over a three month period, i.e., the repeatability of dial 

temperature was + 1°C. However, this effect can be mini- 



îriized by checking the calibration for at least two sample 

temperatures before running an experiment. In this manner, 

the temperature control system is easily adjusted for a 

drift in the dialed temperature versus sample temperature 

curve. The reaction time for a set temperature change is 

highly dependent upon the rate of flow of the gas and the 

insulation between the heater and the sample. 
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SAMPLE PREPARATION 

Male albino rats, weighing 250-4-00 grams and purchased 

from the Texas Inbred Mouse Company, were used in all ex¬ 

periments. Each animal was sacrificed by cervical frac¬ 

ture and its muscles removed immediately. The primary mus¬ 

cle used in this work was the gastrocnemius, because of 

its large mass and easy accessibility. Both gastrocnemius 

muscles were removed and blotted to remove excess extra¬ 

cellular fluid and/or blood. One of these muscles was 

wrapped tightly in Parafilm "M" Laboratory film and refri¬ 

gerated at approximately 2°C for up to 48 hours until need¬ 

ed. (As will be discussed later this storage procedure 

had negligible effect on the NMR data.) The other muscle 

was prepared for data-taking. 

After removing as much tendon and connective tissue 

as possible, muscles were prepared in one of two ways. 

Some muscles were cut into small, roughly cylindrical 

pieces approximately 3-4- millimeters long and 1-2 milli¬ 

meters in diameter; such muscles were designated "minced" 

samples. Alternatively, a "whole" muscle was prepared by 

cutting a solid cylindrical plug approximately 7 milli¬ 

meters long and 9 millimeters in diameter from a gastroc¬ 

nemius muscle. At this time a small portion of each muscle 

was removed for water content evaluation. Each sample was 

tightly packed into a #513-1PP precision NMR sample tube 

of length 7 inches and outside diameter 10 millimeters, 

from the Wilmad Glass Company. The masses of the skeletal 
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muscles studied ranged from 0.6 to 0.8 grams. Samples in 

sealed NMR tubes were kept in an ice-water bath until in¬ 

sertion into the NMR sample probe. 
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EXPERIMENTAL PROCEDURES 

Temperature Dependence of T^ and h(0) 

Initially the NMR probe temperature was adjusted to 

0.0°or 0.7°C before the sample was inserted. The sample 

was then inserted into the NMR probe and allowed to equi¬ 

librate to this temperature for 30 to 45 minutes before 

data were recorded. The configuration of the temperature 

control system was such that sample temperature changes 

of about 0.7°C were easily accomplished. Therefore, 

data were taken at multiples of these temperature incre¬ 

ments, allowing 20 minutes for the sample to reach the new 

equilibrium temperature before data were recorded and the 

temperature changed. This procedure was followed until 

the majority of the water in the muscle was frozen, as 

evidenced by a marked reduction in signal amplitude. 

As the majority of the muscle water began to freeze, 

the sample temperature was immediately increased to about 

-3°C, and the sample allowed 30 to 45 minutes to equili¬ 

brate to this temperature. The temperature was then de¬ 

creased as previously described, with data taken in incre¬ 

ments of 0.7° or 1.5°C until the temperature reached ap¬ 

proximately -17*2°C. For data taken below this tempera¬ 

ture, the temperature increments were increased to about 

3.5° to 4°C and the time between temperature change and 

taking of data at that temperature increased accordingly 

to insure that the muscle temperature had stabilized (as 

will be later discussed). 



After the sample was frozen, the temperature was in¬ 

crementally increased, observing the same procedure as des¬ 

cribed. This was done to examine possible hysteresis in 

the T2(h(0)) vs temperature curve. 

The transverse relaxation time was determined by the 

Carr-Purcell-Meiboom-Gill (CPMG) method whenever possible. 

The time between 180° pulses varied from 6.0 milliseconds 

(at T = 0.0°C) to 0.4 milliseconds (for T = -20°C). For 

shorter relaxation times, the application of a small ex¬ 

ternal magnetic field gradient across the NMR probe served 

to reduce the widths of the echo peaks. The effect of this 

applied field gradient upon the echo amplitudes was minimal. 

For muscle temperatures below -20°C, the shortness of 

the transverse relaxation times precluded use of the CPMG 

method. For these cases, the T2 was determined directly 

from the FID following a 90° pulse. Here no external field 

gradient was applied. Data were taken from 100 to 1500 

microseconds after the 90° pulse, unless the spin-spin re¬ 

laxation time was less than about 300 microseconds. In 

this case, data were taken until the free induction decay 

merged into the baseline noise. 

Thermal Equilibration of T2 and h(0) (constant température) 

For this study, the temperature of the NMR sample 

probe was regulated at some temperature, typically -7.5°C 

or -10°C. The sample was removed from the ice-water bath 

and inserted into the NMR probe. Data were recorded in 15 

or 30 minute intervals for up to 3 hours after the sample 
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was inserted into the probe. 

h(0) vs Temperature (methanol and water) 

A methanol and vsater sample was used to determine the 

response of the spectrometer as a function of temperature. 

The sample contained about the same volume in a 10 milli¬ 

meter outer diameter sample tube as did the muscle samples. 

The temperature was changed incrementally as previously 

described. The amplitude of the FID following a 90° pulse 

was observed at each temperature. The results were com¬ 

pared with those predicted by the Curie Law. 
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Determination of Tg 

The spin-spin relaxation times were determined by 

either the Carr-Purcell-Meiboom-Gill method or by calcu¬ 

lating the decay time of the free induction decay (FID) 

following a 90° pulse. The CPMG method was used at all 

temperatures where at least ten spin echoes could be dis¬ 

cerned for ZZ > 0.6 milliseconds. Typically, this included 

measurements where T2 *1 3 milliseconds. For shorter T2's, 

the single 90° pulse method was utilized. 

As described in the Theory section, if X is small, 

the effects of molecular diffusion can be neglected when 

using the CPMG method. Therefore, T2 can be calculated 

from the relation 

h-j. = hgexpC-t/Tg] or ln(ht/hQ) = -t/T2. (4.1) 

The graphical method of determining T2 by the CPMG method 

is shown in Figure IV-A. The term hQ is the height of the 

FID at time t = 0 after the application of a 90° pulse. 

The height of an echo amplitude at any time t is designated 

h.j.. For the purpose of this work, the decay constant for 

points 2 through 10 on such a curve is designated T2 ini¬ 

tial. In addition, it was found that curves of signal amp¬ 

litude versus time for these data were almost always fit 

by a single exponential function. 

For very short spin-spin relaxation times, T2 is cal¬ 

culated strictly from the FID after a 90° pulse. The for¬ 

mula is the same as equation 3*1» however, in this case h^ 
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is the height of the FID at any time t. Also the constant 

hQ is taken to be equal to h(10 microseconds). The detec¬ 

tion system is saturated by the 90° pulse, precluding the 

use of the h^ for t < 80 microseconds in curve fitting. 

This explains the poor fit of the line to the first two 

data points. The graph of ln(h-t./hg) versus time for a 

typical sample is shown in Figure IV-B. Note that T2* is 

calculated directly from this slope. However, T2 can be 

determined from equation 2.9 if the natural inhomogeneity 

of HQ is known. For this system, this term was found to 

be (JJAHQ/2) = 19^.2 sec”* , and all data corrected accord¬ 

ingly. For these T2 calculations, the slope of the best 

line through points 3-18 determines T2(initial). 

All data reported herein were processed by computer. 

The measured echo heights (or amplitude along a FID at dif¬ 

ferent times) were computer corrected for non-linearity in 

the diode detection system. Then, a straight line is fit 

through the data points by the method of least squares. 

Output from the computer program includes the slope of this 

straight line, its y-intercept, and the calculated T2. 

Determination of hg 

The magnitude of the equilibrium magnetisation of a 

sample Mg is directly related to the initial height of the 

FID. Since a true hg is not measurable, all reported values 

of hg are determined from the y-intercepts of In h^/hg vs 

time graphs such as figure IV-A and IV-B. For any given 

sample, all hg's are normalized to that at T = 0.0°C; i.e., 
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at T = 0.0eC, IIQ = 1.000, and at other temperatures hQ is 

some fraction of 1.000. This effectively overcomes the 

problem of the total magnetisation varying with sample size 

or amount of water in the sample. 

hi0) vs Temperature 

A study of h(0) as a function of temperature can be 

used to determine the freezing point of water in muscle 

tissue, since h(0) is indicative of the amount of liquid 

water in a sample. Such a study also shows the amount of 

non-frozen water at any temperature. This knowledge may 

be used to determine in what way, if any, the macromole¬ 

cules affect the water molecules in a cell. 

Figure IV-C shows the dependence of h(0) on tempera¬ 

ture for a typical sample range 0.7° to -14.4°C. Before 

the muscle water nucleates, the normalized h(0) increases 

from 0.983 at 0.?°C to 1.024 at -?.4°C (1.021 at -U.6°C) 

as the temperature is decreased, shown by the closed cir¬ 

cles. This general behavior roughly follows the prediction 

of the Curie Law with constant population (see Discussion). 

The open circles denote data taken with decreasing tempera¬ 

ture after the sample water nucleated. In this region, 

h(0) decreases from 0.307 at -4.4°C to 0.190 at -14.4°C. 

At -11.6°C, the coldest temperature at which the sample 

had not nucleated, the normalized signal height dropped 

from 1.021 to 0.209V the amount of non-frozen water was 

reduced by 79*5$ in the process of nucléation. Upon in¬ 

creasing the sample temperature, it was found that the 
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normalized h(0) follows the same curve as it did during 

freezing after nucléation. At approximately -6°C it was 

found that h(0) during thawing was greater than h(0) during 

freezing, and the difference increased with increasing 

temperature. 

Figure IV-D is a table showing the nucléation temp¬ 

eratures and water contents of different samples. Here 

% water = (wet sample weight - dry sample weight) x 100 

divided by wet sample weight. Sample MTC #11 had been 

stored for 24 hours in standard Ringer’s solution, with 

the result that it soaked up water (its water content was 

85»5%)• For that reason, it was not used in statistical 

evaluation. Samples #16 and #1? were subjected/to much 

faster (and not well-controlled) rates of temperature 

change? thus they were not used to find the average nu¬ 

cléation temperature. The average nucléation temperature 

and standard deviation was found to be (10.28 + 1.56)°C. 

As far as can be ascertained, there is little or no corre¬ 

lation between nucléation temperature and water content in 

the gastrocnemius muscle. 

The dependence of h(0) on temperature for samples #9 

through 22 is shown in Figure IY-E. Error bars on the data 

points represent one standard deviation. Each datum point 

denotes the average normalized h(0) of all samples at that 

particular temperature. For example, the closed circle 

at 0.0°C is the average h(0) for 13 samples, whereas the 

open circle at -1?.2°C is the average h(0) for 5 samples. 
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Sample 1 Nucléation 
Temperature 

% H2O 

MTC 9 -u.3°c 73.1 

MTC 10 -12,1°C 74,8 

MTC 11* -11.5°C 85.5 

MTC 12 -8.9°C 74.0 

MTC 13 -10.5°C 75.3 

MTC 14 -12.3°C 74.6 

MTC 15 1 1—^ •
 

K
J
\ 0 o
 

76.7 

MTC 18 -10.8°C 74.9 

MTC 19 -8.5 °C 73.0 

MTC 20 -8.5 °C 74.5 

MTC’21 -8.4°C 75.0 

■^nucléation “ “10*28 + 1.56 C 
^sample stored in Ringer's solution 

FIGURE IV-D 

Table of nucléation temperatures 
and water content of muscles 
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(see Figure IV-F). The vertical dashed lines (IV-E) de¬ 

fine the temperature range during which nucléation occur¬ 

red. The hysteresis in the normalized h(0) versus temp¬ 

erature curve suggests that the cell water is supercooled 

"before freezing. 

TQ(initial) versus Temperature 

The transverse relaxation time, T£* of water in muscle 

tissue has been found to be about 40 times less than that 

for pure water, a result believed to be caused by the in¬ 

teraction between water and the macromolecules in the tis¬ 

sue. If the majority of the cellular water is frozen, the 

Tg of the non-frozen water could be an indicator of the 

binding strength of the non-frozen water to the macromole¬ 

cules. Possible hysteresis in the T2 versus temperature 

curve could shed light on the mechanism of freezing in 

tissue. 

The effect of temperature on the transverse relaxation 

time of water in a typical muscle sample is shown in Figure 

IV-G. As can be seen by the closed circles, initial) 

decreases from 44.7 milliseconds at 0.7°C to 38.7 milli¬ 

seconds at -11.6°C until the sample nucleates. Then, T2 

decreases further to 2.25 milliseconds (open circle) at 

-11.6°C, a reduction of 9W° in T2 at -11.6°C due to nucléa¬ 

tion. The fact that the crosses fall nearly on top of the 

open circles shows that the dependence of T2 upon tempera¬ 

ture is the same whether the temperature is being increased 

or decreased in the region below -4.4°C. The Tg versus 
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temperature curve exhibits hysteresis much the same as did 

the curve of h(0) versus temperature. 

Figure IV-H shows the dependence of Ï£(initial) on 

temperature for samples #9 "through 22. Once again, hyster¬ 

esis is present, with the majority of the muscle water 

freezing in the range -8.5° to -12.3°C and thawing at about 

0.0°C. Again, refer to Figure IV-F for the number of sam¬ 

ples at various temperatures. 

To(initial) and h(0) versus Time (temperature constant) 

It was necessary to know how long it took for the 

temperature of a sample to react with a temperature change 

for two reasons. The first reason was to have knowledge of 

the sample temperature before data were taken. Secondly, 

because of the length of a typical experiment (on the order 

of 20 hours), that wasted time be minimized was important. 

Figure IV-I shows the reaction of Tg of a typical sam¬ 

ple for an abrupt sample temperature change of approximately 

-8°C. This particular sample did not nucleate. However, 

Figure IV-J is a graph of T£ versus time for a typical sam¬ 

ple which did freeze. As can be seen, for a sample in which 

the majority of the water was frozen, the reached equili¬ 

brium faster than if the sample did not freeze. In addition, 

it was found that if a sample did not freeze within 20 min¬ 

utes at a particular temperature, it did not freeze at all, 

even if the sample tube was agitated in an effort to "seed" 

nucléation. No attempt was made to seed a sample by bring¬ 

ing an ice crystal into contact with it. 
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FID Height versus Temperature (methanol) 

Figure IV-K shows the dependence of the amplitude of 

the FID following a 90° pulse upon temperature. The FID 

amplitude increases as the temperature is lowered. As will 

be shown in the next section, this behavior closely follows 

the prediction of the Curie Law. 
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DISCUSSION 

Several conclusions can be drawn from the graph of 

ïIQ versus temperature (Figure IV-E). Before nucléation 

of the muscle water, the signal amplitude increases as the 

temperature is lowered. The agreement of these data with 

the Curie Law can most easily be seen in Figure V-A. The 

solid line is a plot of M versus T in the Curie Law (M = 

C/T) where M = 1.000 at T = 273°K. (Here M is the total 

nuclear magnetisation, C, a constant, and T the absolute 

temperature. See Kittel^ror example). Superimposed on 

this line are the points from Figure IV-E of h(0) (average) 

versus T before nucléation. Since it was established that 

the NMR probe responded as expected (according to the Curie 

Law) to the temperature changes, it must be concluded that 

the dependence of h(0) on temperature accords to the Curie 

Law, i.e., the cell water is being supercooled. 

However, after the nucléation of the cell water, the 

normalized hQ decreases from 0.202 at -10.2°C to 0.158 at 

-4?°C. This result roughly agrees with findings by Fung 

37 
et al , although his values are about one-half those of 

o Q 

this work. However, Belton et al^ found that the non- 

freezable fraction was 20% (and constant) in the tempera¬ 

ture range -8°C to -30°C. All groups associate this non- 

freezable fraction of water with the hydrated layer, i.e., 

water strongly bound to proteins in the cell. 

Figure IV-E also showed hysteresis in the dependence 

of hQ upon temperature. With a cooling rate of about one 
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degree in 2? minutes, the nucléation temperature ( + one 

standard deviation) was found to be -10.28 + 1.56°C, with 

the thawing temperature about 0°C. This hysteresis effect 

of temperature upon hQ is indicative of samples undergoing 

supercooling. 

The dependence of T2 upon temperature is also hyster- 

etic in nature. This is to be expected, since water pro¬ 

tons associated with the hydration layer should experience 

shorter relaxation times than those in the cytoplasm. 

Also as the temperature is lowered below -15°C* the T2 

initial decreases. This decrease of T2 agrees well with 

the results of Belton et. al^9. 

The data from Figure IV-H was used to fit a curve of 

the form 

In T2 = A/T + B (5.1) 

as did Belton ejt al^®. A least squares fit was attempted 

on the 22 data points in the region -10°C to -4?°C. Each 

point represents the average T2(initial) in microseconds 

at a particular temperature after the samples nucleated. 

With the temperature in degrees Kelvin, the parameters 

ares A = -4.63 x 10+^k, B = 25.3^» with a correlation 

coefficient r2 = O.989. A perfect fit is detected when 

the correlation coefficient is unity; conversely, r2 = 0 

indicates a very poor fit. This slope, -4,63 x 10+-%, 

corresponds to an activation energy E& = 9.20 kcal per 

mole, roughly twice the hydrogen-bond energy in water of 

4.5 kcal per mole.^1, This is lower than the activation 
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energy reported by Fung et al^ (12.0 kcal/mole) in fit¬ 

ting T^ data. 

Several experiments can be done to expand upon the 

results presented herein. A study of nucléation tempera¬ 

ture as a function of cooling rate might be worthwhile. 

Such an experiment would require a method of changing the 

sample temperature in a continuous manner. The stepwise 

changing of temperature used in this work lends itself 

well to conducting studies of the effects of temperature 

on Tg and/or T^. However, it is difficult to manually 

reproduce cooling rates. The method could be easily ex¬ 

tended to other systems such as hydrated glass beads or 

ion-exchange resins. The temperature control/gas refrig¬ 

eration device could be extended to allow lower sample 

temperatures. 

In conclusion, the following results were produced 

by this work; 

1. The dependence of both T2 and h(0) upon tempera¬ 

ture exhibit hysteresis. 

2. In general, T2 decreases with decreasing tempera¬ 

ture, with a characteristic activation energy of 9*20 kcal 

per mole. 

3. The amount of non-frozen water in a sample below 

its nucléation temperature decreases with decreasing temp¬ 

erature, from 19.^-% of the total water non-frozen at ,• 

-10.2*C to 13.5% at -47°C. 
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