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Solid-State Polarization-Transfer Experiments
Involving Quadrupolar Nuclei

K. T. Mueller, C. A. Fyfe, H. Grondey, K. C. Wong-Moon and T. Markus

Department of Chemistry, University of British Columbia
2036 Main Mall, Vancouver, BC Canada V6T 171

1  Introduction

Historically, cross-polarization exper-
iments [1,2] have been used to transfer spin
coherence from abundant spins to a dilute spin
system. Protons (!H) have been used almost
exclusively as the source of strong nuclear
polarization for cross-polarization experiments,
although there have been some examples where
other abundant nuclei have been used. Coupled
with magic-angle spinning (MAS) NMR [3],
cross-polarization techniques have proven
extremely powerful for the study of organic
solids.

Inorganic systems such as zeolites, gels,
and ceramics are of great technological
importance and interest and contain many
quadrupolar nuclei but very few protons. For
quadrupolar nuclei with non-integral spins such
as 1B, 170, and 27Al, the second-order
quadrupolar broadening of the readily observed
central (+1/2 ¢ -1/2) transition is not
completely averaged by MAS, and the NMR
lines from quadrupolar spins are shifted and
distorted in single-axis spinning experiments

[4,5]. Very few examples exist of cross-

polarization experiments involving quadrupolar
nuclei, and they all involve magnetization
transfer from protons to quadrupolar nuclei. We
have undertaken a study to determine the
feasibility of polarization transfer and dipolar
dephasing experiments between spin pairs in
these systems, particularly between 31P (I = 1/2)
and 27Al (1 = 5/2). Our preliminary results show
that these experiments are indeed possible [6].
The attainment of cross-polarization from
quadruypolar spin systems is particularly
important in materials chemistry- as these nuclei
usually have very short Ty relaxation times.
Spin-1/2 nuclei in dense inorganic systems may
have Tp values ranging from many seconds to
hours. effectively precluding their observation in
many instances. By using cross-polarization
from the quickly relaxing guadrupolar spins,
spectra of the spin-1/2 nuclei could be obtained
in a relatively short time. Additional
information regarding the local structure and

bonding in these systems might also be obtained
through the distance dependence of the cross-
polarization process.

Similarly, dipolar-dephasing NMR
experiments such as rotational-echo double-
resonance (REDOR) and transferred-echo-double-
resonance (TEDOR) have been demonstrated to
be useful for demonstrating connectivities and
determining internuclear distances [7,8] in
heteronuclear spin systems with dipolar
couplings. Experimental verification of these
experiments with the same heteronuclear spin
pair 31P and 27Al) demonstrates the feasability
of applying these techniques to systems
containing quadrupolar nuclei.

2 Experimental

The sample chosen for study was the very
large pore molecular sieve VPI-5, an
aluminophosphate dihydrate containing 18-
membered-rings [9]. NMR experiments were
performed under MAS conditions in a 94 T
superconducting magnet where the resonance
frequencies for 31P and 27Al are 161.98 MHz
and 104.26 MHz respectively. The rotational
frequencies in all experiments . were
approximately 3.1 kHz, and 90° pulse times for
the nuclei studied ranged from 9 to 12 psec.

3 Results

The spectra in Figure 1 demonstrate the
transfer of magnetization using cross-polarization -
in both directions between the 27Al and 31P
spins in the Al-O-P bonding units in VPI-5.
The cross-polarization is accomplished with an
appropriate spin-locking pulse sequence [2] after
a preparation pulse creates spin coherence for the
nuclei used as the polarization source. With
MAS the 31P chemical shift anisotropies are
averaged to their isotropic values for the three
crystallographically inequivalent 31P sites in the
unit cell. For the 27Al nuclei, MAS partially
averages the second-order quadrupolar interaction
and two resonances are seen: One from the
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Figure 1. Demonstration of 27Al — 3!P and
31p —» 27Al cross-polarization in VPI-5
(projection of unit cell shown at top). Spinning
sidebands are marked with an (s).

tetrahedrally coordinated aluminum sites (41
ppm) and a second from the octahedrally
coordinated aluminum (approximately -18 ppm).
The observed signals are solely due to cross-
polarization and not caused by direct irradiation
during the spin-lock as proven by a series of
cross-check experiments, of which spectra (b) and
(d) of Figure 1 are representative.

A two-dimensional heteronuclear
correlation experiment [10] using cross-
polarization can be performed by preparing the

aluminum spins with a 90° pulse, and then
encoding their evolution frequencies in an initial
time period. The aluminum polarization is
subsequently transferred to the phosphorus spins
with a spin-lock, and a phosphorus free induction
decay is accumulated after each of a set of
aluminum evolution times. Two-dimensional
Fourier transformation provides the correlation
spectrum of Figure 2. From the two-
dimensional spectrum it is evident that each of
the three 3P resonances is connected to both
tetrahedral and octahedral 27Al resonances, in
agreement with the proposed crystal structure of
VPL-5 [11].

The REDOR experiment {7] was carried
out in both directions between 27 Al and 31P
nuclei in VPI-5, and the results are shown in
Figure 3. In both directions, negative cross-
check experiments (not shown) were undertaken
to ensure that the observed signal came from the
dipolar dephasing phenomenon and not from
timing missets or experimental artifacts.
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Figure 2. Two-dimensional heteronuclear

correlation spectrum of 27Al and 3!P in VPI-5.

The TEDOR experiment {8] was also
accomplished with initial evolution of 27Al
spins and subsequent transfer to the 31p after two
rotor periods of preparative dephasing. The
signal in Figure 3(c) was obtained after one
additional period of dipolar evolution in order to
create observable spin coherence from the
antiphase signal which was transferred at the time
of the 27Al spin echo. As before, negative
cross-check experiments were performed and gave
null signals.

A two-dimensional TEDOR experiment
(12] was performed with 27Al spin frequency
encoding before the initial dipolar dephasing
period. After transfer of the coherence to the 31p
spins, an FID was accumulated and the t; value
incremented. The two-dimensional correlation
spectrum is shown in Figure 4, revealing cross-
peaks between all three 31p resonances and both
the resonances from the tetrahedrally coordinated
and octahedrally coordinated 27AJ sites, in
agreement with the proposed crystal structure and
the results of the two-dimensional CP
experiment discussed above. These results are
taken as demonstrating the general success of the
experiments. A more detailed interpretation of
the results in terms of the individual T-sites from
the present data alone is not attempted.

Resonance
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Figure 4, Two-dimensional TEDOR spectrum of
27Al and 31P in VPL-5.

4  Conclusions

In summary, cross-polarization fo and
from quadrupolar nuclei has been experimentally
verified using the 3!P and 27 Al spin systems in
an aluminophosphate molecular sieve. This
bodes well for the use of heteronuclear
correlations for further investigation of local
microstructure in solids. Dipolar-dephasing
experiments have also been accomplished, with
both REDOR and TEDOR results confirming the
connectivities detected by the cross-polarization
studies. A two-dimensional TEDOR experiment
has also been demonstrated that separates
connectivities between distinct resonances.
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Magnetic Resonance
[ividence for Superconductivity

in a Semimetal
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1. Introduction

The group V semimetals As, Sb and Bi have
low carrier densities and may be viewed
as rather poor metals.  Their electronic
properties have been studied using a variety
of methods, including NQR [1], [2]. At
temperatures below the Debye temperature
the nuclear spin—lattice relaxation rate in As
and Sb has been found to obey the Korringa
relation [1], [2]. For As, this relation has
been found to hold down to 150 mK [3].

In the present work T,; measurements
on As have been extended to still lower
temperatures. Motivation has come from
the interesting electrical conductivity
behaviour found by Uher [4] for a single
crystal sample in the vicinity of 100 mK.
These results may be interpreted as evidence
for a superconducting transition, although no
further experiments appear to have been
carried out to confirm this. Probing of the
superconducting state in zero magnetic field
using NQR methods offers interesting
challenges and opportunities.

2. Expcrimental Details

The experiments were carried -out in an
Oxford dilution refrigerator using procedures
that have been described previously ([3].
Pulsed NQR spin echo methods with signal
averaging were used at 23.5 MHz on a
powdered As sample. (75As has I = 3/, and
100% abundance). The powdered material
was prepared by crushing and sieving (25 p
mesh) high purity (99.9995%) arsenic,

followed by annealing in vacuo and further
careful sieving. An oxide layer on the
surface of the grains prevented metallic
contact between neighbouring particles.

Refrigerator geli‘t:'m Fill
Mixing Chamber —- Capillary
AN /Copper Block
N\ -
Sintered Silver /‘j QO

Heat Exchanger
Germanium
Thermometer

™™~ R F Coil

Vacuum Space

]

Coaxial Cable

T Stycast Sample
Holder '

Figure 1
Sample holder and rf coil assembly for NQR
measurements in the dilution refrigerator. The
sample is immersed in liquid %He, which is in
contact with the sintered silver heat
exchanger.

Figure 1  depicts the sample
arrangement used to ensure good thermal
contact to the refrigerator mixing chamber.
Liquid 4He surrounds the sample and is
in contact with a sintered silver heat

exchanger. Further details may, be found
in reference  [3)]. Fractional “rf pulses
were used to minimize heating effects.

Temperatures were measured using a
calibrated germanium thermometer mounted
on the mixing chamber.
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3. Results and Discussion

In an effort to establish that the sample
wasin good thermal contact with it’s
surroundings, careful measurements of the
echo amplitude were made as a function
of temperature down to the lowest
temperatures reached in these experiments,
40 mK. Down to 150 mK Curie law type
behaviour is  observed. At lower
temperatures the data depart {rom linear
behaviour. We do not believe that this is
due to heating effects or the loss of thermal
contact. Changes in the pulse sequence
repetition rate did not change the amplitude
of the echo signal. It is likely that some
mechanism, characteristic of the sample, is
responsible for the departure from Curie law
behaviour.

At temperatures of 4 K and below, the
skin depth 6 at 23.5 MHz is comparable to,
or less than, the mean particle radius r. We
estimate that § ~ 3.0 um at 150 mK, while
r<10 pum. It is clearly desirable that
smaller particles should be used, although
this is difficult because of rapid surface
oxidation which occurs in air and the
tendency of the arsenic particles to sinter
during annealing.

Taking into account the attenuation of
rf pulses and the presence of a core of
undisturbed spins in the particles, we have
examined the situation in some detail. In
order to see whether spin diffusion can
operate between spins near the surface of a
particle and those in the interior, we have
calculated the spin diffusion coefficient
D = 1/3, yMqd?, where M, is the second
moment and d the spin spacing, and obtain
D~ 2 x 10-8 cm2-t. On the time-scale of
our experiments (102 — 103 s) spin diffusion
operates over a distance 2Dt ~10-! um.

It may be concluded that this mechanism
should have negligible effects on our results.

The change in the skin depth with
temperatures below 1 K is of the order of 1
to 2%, which our calculations show will not
lead to detectable changes in the echo
amplitude beyond the Curie law changes.
We do not believe that the departure from
Surie law behaviour is due to effects of this

ind.
: The measured spin lattice relaxation
rates are shown as a function of temperature
in Figure 2. Note that, for magnetic
relaxation in an I = 3/, system, a unique
relaxation rate may be defined using
1/T; =6 W,, where W, is the transition
rate between the #1/, and %3/, spin states.

At temperatures down to roughly
120 mK the data obey the Korringa relation.
Below this temperature the relaxation rate
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Figure 2

Plots of the 75As spin lattice relaxation rate
and of the resistivity of a single crystal
arsenic sample [4] as a function of temperature
down to 50 mK. The straight line which joins
with the relaxation rate plot represents an
extra— polation of the Korringa relation for
arsenic found at higher temperatures.

decreases less rapidly with T than expected
from the Korringa relation. Figure 2 also
shows the electrical conductivity data of
Uher [4] in the same temperature range as
the present measurements. It can be seen
that the conductivity starts to decrease quite
rapidly at ~100 mK. Inspection of the two
plots in Figure 2 suggests a common
underlying physical mechanism for the
changes in behaviour observed in this
temperature range.

It appears: likely that a fairly broad
superconducting transition occurs with a T¢
around 100 pK. The T; data suggest a
slightly  higher T, ‘value than the
conductivity data.

Cohen [5] has pointed out that the
semimetals may be candidates for
superconductivity through a BCS pairing
mechanism. This is largely because of the
multivalley character of these materials. On
the basis of calculations given by Cohen for
systems of this kind, a T, of 100 mK is not
unreasonable for As. Doped Bi has been
found by Uher and Opsal [6] to have
aT;<100 mK, depending on the
concentration of the Sn or Te dopant.

We have attempted to fit the observed
relaxation data for As using the Hebel—
Slichter expression based on BCS theory.
Anisotropy of the gap is allowed for by
introducing a parameter r = A4(0)/A, where
A, is the BCS gap at 0 K and A is a
measure of the gap anisotropy. However the
theoretical curve does not fit the
experimental data plotted in reduced form.
Details will be given elsewhere. It is quite

possible that the suggested transition in As

1s not of the standard BCS type. It appears,

13



14

however, that other effects could be
important. _

Cohen [5] suggests that the semimetals
will become type II superconductors with
rather low upper critical fields. In the NQR
experiment rf fields of 30 or 40 G are used
and it is possible that some remnant field
effects may be produced in the sample which
contribute to relaxation.

Further experiments should be carried
out to confirm the onset of
superconductivity in As around 100 mK.
Clearly, Meissner effect measurements
should be attempted. Further NQR
experiments involving CW methods with
low rf fields may prove useful and comple—
mentary to the present measurements.

4. Conclusion

Evidence has been obtained of marked
departures from  Korringa  relaxation
behaviour in As below 120 mK. Taken
together with previous electrical
conductivity results, it appears likely that
the anomalous behaviour is due to the onset
of superconductivity.

Bulletin of Magnetic Resonance

The relaxation rate measurements are
not in agreement with the Hebel-Slichter
theory predictions. Further work is required
to determine whether this is because of the
non—BCS nature of the transition or some
other cause, such as the magnitude of the 1f
fields used in our pulsed NQR experiments.
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1 Introduction

Applicatiohs of magnetic resonance spectroscopy in
medicine have been restricted mostly to the research
laboratory. The technique is now entering the field of
medical diagnosis and therapy. In the heart, levels of
phospborus metabolites are often correlated with function.
Nuclear magnetic resonance spectroscopy has been used to
monitor high energy phosphorus metabolite levels in the
heart to evaluate the effect of work and ischemic stress. Our
~ applications of magnetic resonance to the practice of cardiac
surgical have been in three areas: a) preservation of tissue
for transplantation b) optimization of myocardial protective
techniques (cardioplegia) and ¢) monitoring of the heart
during the aortic clamping period.

2 Heart Preservation for Transplantation

With increasing demand for a limited number of donor
hearts, organ preservation during procurement is critically
important. Controversy still exists over issues such as the
optimal temperature, optimal solution, and maximum time
limit for donor heart preservation. Numerous studies have
been, and continue to be, conducted on various animal
tissues. Not much data have been obtained in human
myocardium primarily because of the difficulty in obtaining
adequate quantities of viable tissue for laboratory
investigation.

a) Human Atrial Tissue

Portions of human atrial appendages normally discarded
during cannulation in the course of surgery requiring
cardiopulmonary bypass have been used, with informed
patient consent, for studies of heart preservation. We have
used 3!P and 1H NMR spectroscopy to define the optimal
temperature for long-term (up to 24 hours) preservation of
high energy metabolite levels and contractile function, and
to gain a fundamental understanding of the energy

generating pathways in preserved human cardiac tissue [1,
2]. The studies were carried out on a Bruker AM-360
spectrometer. 1P spectra were obtained using a 60° pulse
and a 1 s recycle time. 1 H spectra were acquired using a
spin-écho sequence based on the water-suppressing 1331
pulse sequence. The acquisition of 31P and 1H NMR
spectra were interleaved (Figure 1). 31P spectra were used
to measure ATP levels on a continuous basis, as an index of
net energy preservation. lH spectra of lactate provided
information on generation of ATP through the glycolytic
pathway.

PME ) Lactate
|1pi

Ref P-ATF Time (min) Time (min)

whad 4443 461.5

AL N - 4013 418.5
o W 358.3 373.5

v L,..,M 3153

3325

2723 289.5
2293 246.5
186.3 203.5
1433
160.3
513 745
T T It et
10 [] -10 =20 2 1 0
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FIGURE 1 31p (left) and 'H (right ) NMR spectra of an
atrial appendage (ca. 0.5 g) preserved at 20°C in saline, as a
function of time [1] (ref, reference capillary; PME,
phosphomonoester; P, inorganic phosphate). .
Studies of atrial appendages preserved at 1°, 4°, 12° and
20°C in physiological saline (0.9% NaCl) for up to 20 hours
demonstrate that preservation of ATP is better at 1° and 4°
than at 12° or 20°C. Based on measurements of lactate
production, glycolysis is active at all the temperatures, its
rate correlating positively with increasing temperature.
However, the ATP generated by glycolysis falls short of
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demand at all temperatures, but the difference is small at 1°

and 4°C (Table 1).
TABLE 1

Energy balance in human cardiac tissue preserved in NaCl

09% [11.

Temp. | ATp*# | Lactate® ATP*+ | ATP*&
C) |loss production | generated | utilization
1 7 43 65 72
4 52 78 86
12 12 106 159 171
20 20 212 318 338

* nmole g} (wet myocyte mass) min-!.
From the rate of change of NMR-visible ATP.

*  Assuming 1.5 mole of ATP produced per mole of lactate
from glycolysis.

& Calculated from (rate of generation of ATP by
glycolysis) + (2 x rate of ATP loss). This takes into
account the ATP generated by adenylate kinase.

In a separate series of studies, we tested the possibility
of improving the maintenance of high energy phosphates at
12°C, one of the higher temperatures currently used in some

institutions for the preservation of heart grafts. Our

hypothesis was that the poor maintenance of high enefgy
phosphates at 12° and 20°C results from the increased
intracellular acidosis that occurs at higher temperatures [1].
Ultimately, acidosis partially inhibits ATP production by
glycolysis, the only metabolic pathway for generation of
ATP in the anoxic heart. We postulated that the addition of
a buffer to the solution used for heart preservation would
increase the rate of transport of protons and lactate to the
extracellular space, thereby maintaining better intracellular
pH homeostasis. Our studies showed that at 12°C, the half-
time for loss of ATP increased from 300 minutes in saline to
over 900 minutes in a modified Krebs-Henseleit solution

containing 100 mM buffer [2, 3]. This observation was .
confirmed independently using biochemical measurements

of high energy phosphates {3]. The beneficial effects of
high buffer concentration observed at 12°C did not occur at
4°C (figure 2 [3]), which lead us to postulate that at that
temperature, glycolysis was rate limited by the temperature
rather than by the acidosis. These studies show the
continued need for testing all the conditions to which a graft
may be subjected, and the importance of avoiding broad

Bulletin of Magnetic Resonance

generalizations when dealing with complex multi-enzyme
systems.

4°C
3 -
o 0.9% saline (3)
| m 20 mM PIPES (6)
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FIGURE 2. Effect of the concentration of PIPES buffer on
the preservation of ATP in isolated atrial appendages
preserved at 4° or 12 °C in modified Krebs-Henseleit
solution [3].

The importance of defining the relationship between
high energy phosphate levels and contractile function in
human cardiac tissue led to the development of a
temperature-controlled NMR microprobe incorporating a
perifusion system and a non-magnetic strain gauge (figure
3). The system has been used to study human atrial
trabeculae, which are small functional muscle fibers
weighing 8 - 25 mg that can be isolated from atrial
appendages. The perifusion system provides the tissue with
the oxygen and nutrients required for its function. The strain
gauge allows for measurement of developed force in
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eleéctrically stimulated muscle fibers while: NMR
simultaneously assesses the high energy phosphate
compound levels [4]. In addition, the perifusion system can
mimic preservation conditions by allowing muscles to be
perifused at low temperature (down to 1°C) during
acquisition of NMR data (figure 4).

Stimulation wire Muscle inthe  Stimulation wire
NMR tube

Flexible tubing
] Reflector
‘ . Optical fiber

~

Fiber optic
strain gauge

/

Perfusate line

Adjustable
hook mount

FIGURE 3. Schematic drawing of the microperifusion
- system used for NMR studies of human atrial trabeculae.
The total length of the system is 6.2 cm.

By studying atrial trabeculae in the presence of
metabolic inhibitors under conditions simulating
preservation, it is possible to assess the contribution of
various cellular mechanisms of energy production to the
total energy balance of the tissue. Our 31P NMR studies of
isolated human atrial trabeculae {5] preserved at 4° and 12°C
in oxygenated St-Thomas II solution showed that the high
energy phosphates (ATP and phosphocreatine (PCr)) are
well maintained during 18 hours of preservation.
Contractile studies performed under similar conditions
showed high recovery of developed force. Glycolysis, the
only pathway available for energy generation under the
anoxic conditions existing in large preserved organs, is
capable of maintaining ATP levels in hypothermically
preserved tissue. Under anoxia, ATP levels are stable for 6 -
10 hours at 12°C, and for a longer period at 4°C. In a
resting heart, the major energy source is provide by the lipid
catabolism. To test whether this pathway is active at low

-temperatures, we have measured the ability of the oxydative
pathway to maintains ATP levels. At 12°C, when glycolysis
is inhibited by iodoacetate, the oxidative pathway can
maintained ATP levels, but only if an external source of
substrate (10 mM acetate) is present in the perfusate. Thus,
the exidative pathway is functional but depends on both,
oxygen and glycolysis.

In tissue preserved ischemically (no flow), metabolic

waste products such as lactate cannot be eliminated. This
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results in considerable extracellular and intracellular acidosis
{11 which has profound effects on energy production
because glycolysis is inhibited by low pH. Using the atrial
trabecula model, we simulated the conditions that exist in
the ischemically preserved human heart. Such a large organ
(300 - 450 gm) cannot obtain sufficient oxygen to maintain
oxidative phosphorylation simply through diffusion from the
surrounding medium as in the case with trabeculae.
Trabeculae were subjected to acidosis by perifusing the
trabeculae with modified St-Thomas preservation solution
containing 10 mM lactate at pH 6.0. Anoxia was
simultaneously induced with 1 mM. cyanide, a potent
inhibitor of oxidative phosphorylation, and nitrogen. In the
trabeculae, these conditions reproduéed those previously
observed in the larger atrial appendages where an anoxic
core probably existed [1]. Under acidosis and anoxia at
12°C, ATP decreased linearly by 40 to 100% overa 12 h
period. At 4°C, ATP decreased less over the same time
period. '

PPA

DMMP

p

lﬁlllllllIlllrlll'l'lllllll—rllll

4 3 20 10 0 -0 -20
PPM

FIGURE 4. 31P NMR spectrum (147 MHz) of a 10.5 mg
trabecula perifused at 12°C in modified St-Thomas II

“solution (60° pulse, 1 sec recycling delay, 2400 scans).

These observations can be reconciled to the following
model of energetics: the maintenance of cellular ATP
depends on matching of supply and demand. At 4°C,
glycolysis appears to be limited by temperature. ATP
regeneration cannot be driven at an adequate rate until the
feedback drive (ADP + P;) is increased considerably above
the normal level. ATP is then maintained at a low
phosphorylation potential. At 12°C glycolysis is not limited
by temperature but is limited by low intracellular pH.
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Other than gaining a better understanding of energetics
in atrial trabeculae, we can ask whether these studies

provided the transplant surgeon with any information of

practical value? In answer to our initial question on the
optimal temperature for preservation of grafts, we have
provided evidence that, for preservation times of 5 hours or
less, ATP levels are better maintained at 12°C [3]. For
longer preservation times, ATP levels are better preserved at
the lower temperatures. In addition, increasing the buffer
capacity of preservation solutions used at 12°C has a major
impact on maintenance of high energy phosphates.

b) Intact Hearts

Most published NMR studies on heart preservation have
used rodent hearts, with a particularly large number of
studies- being performed on the rat heart. We have
developed the isolated perfused pig heart for preservation
studies [6] because it is architecturally, biochemically, and
in size most similar to the human heart. As we discussed
above, provision of oxygen and removal of metabolic waste
products are critically important for long term heart
preservation. Perfusion preservation, which can enhance
oxygen delivery and waste removal from the heart, has not
yet achieved much clinical application and remains mostly
in the realm of the research laboratory, Some of the reasons
for this are related to the implementation difficulties in
situations in which the heart must be transported over long
distances under sterile conditions. In addition, hearts
preserved ischemically for less than 5 - 6 hours generally
show good recovery of mechanical function after
transplantation.

We have consequently focused our efforts on methods
of improving long-term ischemic preservation of hearts.
The goal is to optimize the conditions currently in use and to
extend the safe preservation time between harvest and
implantation of the donor organ. This should allow harvest
of donor hearts to occur over a wider geographical range and
provide for better immunological organ matching.

The studies of isolated, Langendorff perfused pig hearts
[6] are performed using a Bruker Biospec instrument
equipped with a 4.7 T/ 30 cm horizontal bore magnet. The
heart is arrested and isolated using techniques similar to
those used for human hearts. The isolated heart is. then
placed in an NMR probe to observe high energy phosphate
levels and pH on a continuous basis, with a two minute time
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resolution, during a hypothermic preservation period that
usually lasts 8 hours. Following preservation, the heart is
rewarmed to 37°C without removing it from the magnet and
NMR spectra are then recorded in the beating heart. A
balloon placed in the left ventricle measures the developed
pressure and serves as an index of functional recovery of the
heart [6]. In this manner, energy levels during and after
preservation can be correlated with functional performance
of the heart following preservation.

A number of technical difficulties arise in trying to
obtain quantitative results from large, isolated, perfused
hearts because they change shapc when beating and often
swell when perfused with solutions other than whole blood.
To alleviate the problems caused by the sample moving in a
heterogeneous B field and the consequent uncertainty in
received signal strength, a high B1 homogeneity probe ‘was
designed [7]. The prototype probe comprised four separate
tuned rings on a spherical surface (Figure 5) giving a B,
field homogeneity of + 5% over 60% of the radius of a 14
cm sphere (Figure 6).

coupling ring
fo balun

FIGURE 5. Geometry of the 4 coil system [7].

The received signal was rendered less sensitive to the
dielectric constant of the sample by distributing the
capacitance around the rings. Inter-ring coupling and to a
fifth ring used for matching was by induction. The coupling
loop was tuned with its own capacitor to Larmor frequency,
thereby ensuring that the probe was always on resonance,
and rendering the tuning and matching independent. In
addition, the use of a low input impédance preamplifier
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virtually eliminated the dependence of signal strength on
coil loading [8].
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FIGURE 6 Plot down the Y axis of the By field of the

probe (open circles, f = 7 cm at §1 MHz) and the form of the
plot predicted by the theory.

Strategies for improving hypothermic preservation have
ranged from improving the buffer capacity of the
preservation solution [6] to the use of secondary
cardioplegia [6, 9] to maintain the heart in an arrested state
during the entire rewarming phase prior to reperfusion. The
purpose of secondary cardioplegia is to allow the energy of
the heart to be directed towards the re-establishment of ionic
balances that become disrupted by hypothermia -and
ischemia, rather than to expend energy in mechanical
function. We have found that the use of secondary
cardioplegia prior to reperfusion does not affect the net
energy levels of the heart but rather eliminates ventricular
fibrillation that is normally observed upon rewarming of
hypothermically preserved hearts (6].

As a result of the increasing requirement for donor
organs, a number of organs are frequently harvested from a
single donor. This has led to the need for-a single
preservation solution suitable for all thoracic and abdominal
organs. The University of Wisconsin Cold Storage Solution
(UW-CSS, DuPont Pharmaceuticals) is currently in use for
the preservation of liver, kidney and pancfeas. Its utility for
heart preservation remains to be determined. We compared
the efficacy of UW-CSS to St-Thomas II solution, which is
in widespread use for heart preservation [10]. Pig hearts
were preserved for 8 hours at 4° or 12°C and then tested
functionally after rewarming to 37°C. These temperatures
were chosen because they are both in use clinically. At4°C,
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UW-CSS and St-Thomas II were equally effective for
preservation of heart function. Figure 7 and 8 shows the
results obtained with UW-CSS and St-Thomas at 12°C. The
lack of functional recovery observed with UW-CSS shows
that this solution is unsuitable for use at 12°C. The results
also demonstrate the necessity for precise temperature
regulation when the solution is used at 4°C. This is not
necessary with St-Themas II solution because recovery is
not severely compromised by use at either 4° or 12°C.

4°C
Reperfusion

8 hischemia

4 h ischemia

2 h ischemia

0 -20 20 0 20
PPM PPM
12°C
Reperfusion
8 h ischemia
4 h ischemia
2 hischemia
20 0 -20 20 0 -20
PPM PPM
St-Thomas UW-CSS

FIGURE 7. Typical time course of the 3P NMR spectra of
4 hearts, two preserved at 4°C (top panels), two preserved at
12°C (bottom panels) [10]. - Spectra on the left were
obtained from hearts stored with St-Thomas II and spectra
on the right were from hearts preserved with UW-CSS. The
ATP and PCr disappeared upon reperfusion in the hearts
stored with UW-CSS at 12°C.

One of the reasons for the failure of UW-CSS in heart
preservation at 12°C could be the calcium paradox. This
phenomenon occurs when a heart has been subjected to a
calcium-free medium (UW-CSS contains no calcium) and
then is reperfused with a solution containing calcium. The
calcium paradox results in massive irreversible damage to
cell membranes, as calcium from the reperfusion medium
overloads the cells. This phenomenon is temperature-
dependent and does not occur readily at low temperatures.
In order to test the "calcium paradox” hypothesis, we added
0.5 mM calcium (0.08 mM free calcium) to UW-CSS and -
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repeated our studies at 12°C [11]. Figures 9 and 10 show
the improvement observed in the high energy phosphates
during reperfusion of a heart preserved with UW-CSS
containing calcium.
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FIGURE 8 Time course of the rate pressure product (RPP:

heart rate x developed pressure, a measure of heart function)
during reperfusion (n = 7 in each group) [10]. The
functional recovery was extremely poor in the hearts stored
with UW-CSS at 12°C (* : p<0.05)

These studies show that NMR spectroscopy can be a
valuable tool in the design and modification of solutions for
protecting the myocardium prior (o transplantation. Cardiac
surgery is another area in which NMR spectroscopy is being
used.

3 Cardiac Surgery

Cardiac surgery is being offered to higher and higher
risk patients. This bas led to the need for improved methods
of myocardial protection during surgery. Traditionally the
heart is arrested and kept cold (4°C) with one or more
infusions of a crystalloid solution, such as the St-Thomas II
solution described above. The hypothermia and ischemia
associated with the use of cold crystalloid solutions can

P arp
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impose additional stress on the damaged heart. One of the
most recent modifications to cardiac surgical practice has
been the use of continuous normothermic blood cardioplegia
(CNBC) [12]. The purpose of CNBC is to avoid ischemia.
With CNBC, the heart is maintained at 37°C in an arrested
state by increasing the potassium concentration of a blood
solution that continuously flows through the coronary
vessels. Many questions remain unanswered regarding
CNBC, such as the route of administration (retrograde
and/or antegrade); b) the optimal volume of cardioplegia; ¢)
the flow distribution of cardioplegia, and d) metabolic
monitoring of the heart during cardioplegic arrest. For these
purposes, a blood-perfused porcine heart model was
developed for NMR studies of CNBC. In this model, the
heart is continuously perfused with blood while being
isolated from the animal. The heart can then be placed in
the NMR magnet and its initial function assessed before it is
arrested in the magnet. NMR surveillance of the high
energy phosphates during CNBC may allow optimization of
flow rates and the route of delivery (antegrade and/or
retrograde) for maintenance of the energy status of the
myocardium. In this context, localized NMR spectroscopy
using either spectroscopic imaging [13] or surface gradient
coils [14], allows assessment of protective techniques in
selected regions of the heart [13, 15] or at various depths
across the heart wall {14], respectively.
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FIGURE 9 Typical 31P NMR spectra of hearts preserved in
unmodified UW-CSS (left panel), or with UW-CSS
containing Ca2+ (right panel) [11]. The peaks of ATP and
PCr disappeared upon reperfusion in the heart stored with
unmodified UW-CSS.

The difference between the two curves is statistically
significant (p < 0.001) [11]The NMR technique






