MAGNETIC RESONANCE IN MEDICINE

New Method for Contrast Manipulation in

DNP-Enhanced MRI

Gorazd Planinsi¢, Daniel Grucker, Janez Stepisnik

The magnetization subtraction technique (MS), which is
equivalent to the inversion recovery technique in strong mag-
netic fields, has been implemented in dynamic nuclear polar-
ization-enhanced magnetic resonance imaging (DNPI). The
general theoretical basis of the MS method, which can be
applied to DNPI or to prepolarized MRI in weak magnetic
fields (such as Earth’s magnetic field), is introduced. Details
are provided about the signal amplitude, dynamic range of the
method, and conditions required to observe signal void in
samples with specific T, relaxation times. The experimental
results obtained with MS DNPI are presented and discussed.
In the experiments, electron spin resonance irradiation fre-
quencies of 199 MHz and 16.2 MHz were employed. Also, T,
contrast manipulation in the polarizing and in the detection
magnetic field is discussed and demonstrated for MS DNPI.
Key words: MR imaging; contrast manipulation; DNP; Over-
hauser’s enhancement.

INTRODUCTION

Weak-field MRI methods have the common feature that
the polarization of the sample and signal detection are
performed under different conditions. In most cases, the
detection magnetic field, B,, alone is not strong enough
to produce a useful magnetization of the sample. For this
reason, no magnetization recovery can be observed in
weak fields, as it does in inversion recovery (IR) se-
quences in strong magnetic fields. However, zero-cross-
ing of the magnetization for a particular longitudinal
relaxation time, T, similar to the phenomenon observed
in IR sequences, can be achieved also in weak fields. The
basic idea is to employ two polarization periods with a
polarizing field in the same direction. Between these two
polarizations, the direction of the sample magnetization
is inverted by application of a 180° pulse. The second
polarization, depending on its duration, initially de-
creases and then subsequently increases the sample mag-
netization, very much like the effect of the 180° — g90°
time interval in the IR technique. We have named this
technique magnetization subtraction (MS). Its main ad-
vantage is in the possibility of T,-contrast manipulation
in weak-field MRI experiments. Remembering that differ-
ences between the T, of different biological tissues be-
come significantly larger in weak magnetic fields (1, 2)
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makes the ability of contrast manipulation in weak-field
MRI even more attractive. Magnetization subtraction was
first applied in our experiments with Earth’s magnetic
field (3) and presented recently (4), but without detailed
theoretical treatment.

In our experiments, we had used dynamic nuclear
polarization-enhanced MRI (DNPI), an imaging method
that became popular over the past five years due to its
interesting potential for medical applications (5-9). In
these experiments, DNPI was used as a proton—electron
double resonance technique, where the nuclear magneti-
zation of the sample containing a free radical, is in-
creased by saturation of the electron resonance (10-12).
The aim of this work was to apply the idea of MS to
DNPI, and to give a general theoretical treatment of the
MS technique in weak magnetic fields.

MATERIAL AND METHODS

All DNPI experiments were performed on a Bruker im-
aging system, with facilities for static magnetic field cy-
cling, and conversion of NMR receive/transmit frequency
between 289 kHz and 10.711 MHz. The main magnetic
field was generated by the resistive air core split-sole-
noid, and field cycling was performed with an adapted
gradient power supply. Gradient and shim fields were
generated by standard Bruker coils (inside diameter, 31
cm). Nuclear magnetic resonance signal detection was
performed at 68 G (289 kHz). Electron spin resonance
(ESR) irradiation frequencies of 199 MHz and 16.2 MHz
were used and were generated by a 40-W and 30-W
power amplifier, respectively. The ESR irradiation field
was always perpendicular to the direction of the main
magnetic field. All DNPI experiments were performed on
phosphate-buffered solutions of the nitroxide 2,2,6,6-tet-
ramethyl-4-oxo-piperidine-N-oxyl (Aldrich Co.), referred
to as TXO.

In all weak-field MRI methods, relatively high-induc-
tance NMR coils have to be used for the detection of low
Larmor frequencies. Switching the high-inductance coils
causes transients that impair the quality of NMR pulses.
For this reason, the setup with separate transmit and
receive NMR coils is advantageous in weak-field MRL

THEORY

The signal amplitude after an MS sequence can be cal-
culated using the Bloch equations. The calculation is a
little more complex than the calculations for IR se-
quences because most weak-field MRI methods involve
switches of constant magnetic field. In practice, this re-
quires ring-down delays after every change of magnetic
field, taking into account the T, field-dependence also.
In this paragraph, the proton magnetization after MS is
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calculated for DNPI and for prepolarized MRI in weak
magnetic fields (such as Earth’s magnetic field).

DNP-Enhanced MRI

The free-radical solution can be treated as a two-spin
system with proton spins coupled to electron spins. In
such a system, any deviation from the equilibrium pop-
ulation of the electron levels produces a change in the
nuclear polarization. A consequential enhancement of
the nuclear polarization (therefore, of the NMR signal)
may be observed in a free-radical solution if the correct
electron transition is saturated before the 90° pulse. The
deviation from equilibrium nuclear magnetization due to
DNP is usually expressed by Overhauser’s enhancement
Factor A:

M,

A= Y 1, [1]
where M, is the maximum magnetization that can be
achieved by given DNP enhancement in the polarizing
field B,, and M,, is the equilibrium magnetization in the
same field. Enhancement Factor A can be determined
experimentally by measuring the NMR signals in B,, with
and without ESR irradiation.
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FIG. 1. (a) The preparation part of pulse sequence for MS DNPI
experiment. (b) the preparation part of pulse sequence for MS in
prepolarized MRI in the weak magnetic field. The applications of
gradients are as in conventional MRI and are not shown in the
figure. The T,, contrast manipulation is achieved by varying the
second ESR irradiation time, t.. The d-s are ring-down delays and
d" is the variable time delay when the sequences are used for T,
contrast manipulation.
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Enhanced magnetization M, can point in the direction
of B, or in the opposite direction. The sign of M, de-
pends on the nature of the electron—proton interaction,
and, in weak fields, also on how electron wave functions
are mixed as a result of the hyperfine coupling between
electrons and nuclei. In a very weak polarizing field, B,,
it is practically impossible to measure the nonenhanced
NMR signal (which is proportional to M,). However, in
field cycling experiments the detection field, B, is usu-
ally larger than the polarizing field B, therefore, the
nonenhanced NMR signal may be measurable in the de-
tection field. In this case, it is more convenient to define
the enhancement factor as:

E=—-——, (2]

which is related to Overhauser’s enhancement factor de-
fined in Eq. [1] by the expression

A=Ep 1. [3]

Figure 1a shows a typical MS sequence for DNPI. The
applications of gradients are as in conventional MRI and
are not shown in the figure. Let us assume that the
magnetization decay is monoexponential, with the relax-
ation times T,,, and T,, (T, in B, and B, respectively)
and initial magnetization is equal to M, (i.e., long repe-
tition time). In this case, the following expressions for
time evolution of magnetization during MS sequence in
DNPI can be obtained

M, = M,

M, = M,(1 - U,) + MU,
M, =M1 - V) + M,V
M,=M41-Uy)+ MUy,

M; = —qM,

My = M,(1 — U,) + MU,
M; = M,(1 — X) + M X
i\/IB . Md(l == Ud\,' o= M;;l]d

where

d d
Up:exp —,Tl'p , Uj=exp —:T—u-f ,

tp tS
V=exp L X =exp T,
P

p/

and the meaning of time intervals is indicated in Fig. 1a.
The constant g describes the quality of 180° pulse. The ¢
can be estimated by

I Smn)Z
= 41— : (6]
7y (sgu
where S,,, and Sy, are signal amplitudes after 180° and
after 90° pulses, respectively. Using simple algebra, the
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magnetization My, which is proportional to NMR signal
amplitude after the 90° pulse, can be expressed as fol-
lows:

M, = MyU41 — X — qXU,U, + gXU,U,V)

+ Md(l - Uﬂi + qXU[szp el qXUdUp - qXUdzUpzm

+MPXUd(I - Up+quUp2V_quUi,V). [7]

Two particular cases were examined. In the first case,
B, is equal to B, (no field cycling). Because there is no
switching of main magnetic field in this case, the ring-
down delay, d, can be considerably shortened, and Eq.
[7] is simplified by setting U, = U, = 1:

MB:MA(l—X(1+q—qV+%qV)). [8]

Note that with perfect 180° pulse (g = 1) and complete
initial polarization (V = 0), M, is equal to M,(1 —
2exp(—t,/T,,)), which is exactly the result obtained for IR
in strong magnetic fields. For substantial DNP enhance-
ment (1E1=>1), the term E —1qV in Eq. [8] can be left out,
making the signal after MS sequence equal to

S=5.1-X(1+q1-V), (9]

where S, is NMR free induction decay signal obtained
with an ESR irradiation time longer than 5 T,. Using Eq.
[9], it is possible to estimate the duration of the second
ESR irradiation, required to get zero signal (the condition
to obtain signal void in a part of the sample with a
particular T,)

to=T,In(1+q(1 - V). [10]

The dynamic range of the method, i.e., the difference
between the largest positive and largest negative signal
(i-e., t, = 0 and t, >5 T,, respectively) is given by

AS =541+ q(1 - V) = 28, [11]

In the second case, we considered DNPI experiments
with field cycling. In this imaging method, the main
magnetic field is switched to a lower value during ESR
irradiation. This is the usual way that the ESR frequency
and related sample heating are reduced (13) and how
DNPI experiments in very low magnetic field are per-
formed (13-16). Instances of significant enhancement
(IEI=>1) in weak polarization field (B,<<B,) are of par-
ticular interest. In this cases, the second and the third
line in Eq. [7] can be left out, giving the expression

My = MaUs1 — X(1 + qUaU,(1 — V))) (12]

from which the condition for signal void and the dy-
namic range are calculated

ts = Tip In(1 + qUyU,(1 — V), [13]
AS = 5,U41 + qUuU,(1 = V). [14]

As expected, the dynamic range in this case is narrower
due to the signal decay during ring-down delays (com-
pare Egs. [11] and [14]). Note that by changing the dura-
tion of the second ESR irradiation it is possible to achieve
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T,, contrast manipulations in DNPI. By measuring the
signal amplitude versus the duration of second ESR irra-
diation, the longitudinal relaxation time T,, of the sam-
ple can be determined.

The same pulse sequence can be used also for T,
contrast manipulations (T, ; measurement). By keeping
(therefore, X) constant and changing the delay, d, in the
magnetic field B, before applying the 180° pulse, the
typical zero-crossing can also be achieved. To realize
this, Eq. [12] should be rearranged as follows:

Mg = MyUs((1 — X) — U'ygXU,(1 - V) [15]
where
Uys= ( d,) [16]
R

and d’ is the variable time delay. But, because d’ cannot
be shorter than ring-down delay d, the dynamic range for
T, 4 MS method is equal to

AS = S,UifUgX(1 - V). [17]

The optimal parameter X can be estimated from the ad-
ditional requirement that the extreme negative and pos-
itive signals have the same magnitude, giving

1
Xop= : (18]

1
1+ > qUaU,(1 — V)

Combining Egs. [17] and [18], the dynamic range for
T, 4 MS method is given by

pq(an)_
1+ qL U,1-1V)

1
AS S\ 5_25..1, [19]

from which it is evident that even under the ideal con-
ditions, only one-third of the dynamic range for T, » MS
method (Egs. [11] and [14]) can be reached.

Prepolarized MRI in Weak Magnetic Field

Figure 1b shows a typical MS sequence for prepolarized
MR experiment in weak magnetic field. The sample is
prepolarized in relatively strong polarizing field B,
which is then switched down to a very weak detectmn
field B, (about 0.5 G for Earth’s magnetic field). The
orientation of the coil setup is such that B,, is perpendic-
ular to B, In contrast to DNPI, this method does not
require the use of chemical agents. The signal arises from
the magnetization of the sample that builds up while B,
is applied. Adiabatic switches are the important mecha—
nism of spin manipulation in this method. Theory shows
that during an adiabatic switch-off of B, the net magnetiza-
tion of the sample turns in the dH’BCthIl of the residual field
Bg. The 90° and 180° pulses of oscillating magnetic field are
applied in the direction perpendicular to B,,.

Although the orientation of the magnetization of the
sample changes between two perpendicular directions,
the time evolution of magnetization can be calculated in
the same way as for MS DNPL By comparing the two
sequences (Figs. 1a and 1b), it easy to see that the latter
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can be obtained from the former with the substitution of
M, by M,, and with d = 0 (i.e., U, = 1). Because in this
method, B,>>B,,, the terms in Eq. [7] containing M, can
be left out, and the expression for the magnetization after
MS sequence, shown in Fig. 1b, can be written as follows

M=M,U41 - X(1 + qUy1 - V). [20]

The conditions for signal void and the dynamic range
are calculated from Eq. [20]

tsw = Tip In(1 + qU(1 — V), [21]

AS = S,U, (1 + qUy1 — V). [22]

Note again that the method enables T,, contrast manip-
ulation. By rearranging Eq. [20] as

d
M=MU41-X)—qU' (1 —-V), Uy= exp( - J
Tld

[23]
one can see that the zero-crossing of magnetization can
also be achieved by keeping the duration of second mag-
netization constant and changing the time interval d’
between two magnetizations. This would result in T,
contrast manipulations. Calculations similar to those
used for DNPI show that the dynamic range, in this case,
is again less than one-third of the dynamic range given by
Eq. [17], making this version of MS in weak magnetic
fields less interesting,

RESULTS

Figure 2 shows the MS DNP-enhanced images for differ-
ent £, values. These images were obtained at 68 G, with-
out field cycling and with ESR frequency of 199 MHz.

FIG. 2. The results of contrast manipulation using MS DNPI on a
phantom (no field cycling, magnetic field 68 G, ESR irradiation
frequency 199 MHz, image matrix 64 x 64, no slice selection,
eight averages).
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The Overhauser enhancement was obtained by saturating
the central ESR line of TXO (i.e., transition T, defined in
ref. 16). The images obtained with field cycling are
shown in Fig. 3. In this case, the static magnetic field was
switched between 14 G (during ESR irradiation at 16.2
MHz) and 68 G (during detection of the NMR signal). The
Overhauser enhancement was obtained by saturating the
ESR line corresponding to transition 7', defined in ref.
16. In the first experiment, the phantom consisted of
three 25-ml bottles, and in the second, of five 14-ml
bottles. All the bottles contained TXO solution at various
concentrations, and were arranged as shown on Figs. 2
and 3. In all cases we used a first ESR irradiation of 1.5 s
and repetition time of 2 s. Imaging was performed on a
64 X 64 matrix, with and without slice selection, typi-
cally with eight averages, in about 30 min. A signal void
and contrast inversion were observed for every sample.
However, some deviations from typical inversion-recov-
ery results were noted. Figures 2 and 3 show that several
bottles may be nulled out simultaneously though they
contain solutions at different free-radical concentrations.
The reason for this is that, in MS sequences, the signal
amplitude depends on T, relaxation times and on the
enhancement factor E, and both quantities happen to
vary with the free-radical concentration, c. It is well
known that 1/T, is roughly proportional to ¢. The depen-
dence of E on ¢ is more complex and further depends on
the ESR irradiation frequency. With an ESR irradiation
frequency of 199MHz, E(c) has a maximum at 3mM TXO
concentration. This explains why the contrasts of 1mM
and 2mM samples in Fig. 2 are almost equal. On the other
hand, we measured that, with an ESR frequency of
16.2MHz, E is roughly proportional to ¢ for the concen-
trations used in this experiment. This can account for the
unusual contrast behavior in Fig. 3. Table 1 shows the

FIG. 3. The results of contrast manipulations using MS DNPI on a
phantom (field cycling, polarizing magnetic field 14 G and detec-
tion field 68G ESR irradiation frequency 16.2 MHz, image matrix
64 x 64, slice thickness 20 mm, 10 averages).
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Table 1

Measured enhancement factors (E), T, relaxation times, 180°
pulse quality factors (g), and calculated tsp values for MS in
DNPI2

— E Te=Talmsl g tolms]
ESR freg. 16.2 MHz (t, = 1.5s, d = 100 ms)
6mM -85 400 = 50 0.85 +0.05 160 + 55
3mM -6.5 700 = 50 0.85 = 0.05 310 + 40
— £ Timsl 0 g tslms]
ESR freqg. 199 MHz (t, = 1.5s,d =100 ms)
6mM  -20 400+50 0.88 + 0.05 170 + 60
2mM  -25 930+50 0.88+0.05 420 + 40

# No difference between Tip and T, 4 values for TXO solutions in 14 and 68
G was observed.
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FIG. 4. Comparison of Ti, and T,, MS methods. The measure-
ments were performed in 14-G polarizing field, with an ESR irra-
diation frequency of 16.2 MHz, on agarose sample with added
TXG solution. The signal was normalized to the NMR signal in the
detection field (68 G). The second ESR polarization time, t,, was
set to 130 ms during T, MS measurements. To present both
measurements on the same graph the 100-ms ring-down delays
were subtracted from o in T,, MS method.

calculated t,, values for two samples taken from each
experiment.

As we have already mentioned in the theoretical sec-
tion, the same MS sequence can be also used for T\ a
contrast manipulation. The comparison of the results
obtained with the T, and T,; MS methods on agarose
samples with added TXO solution (Fig. 4) clearly shows
the poor dynamic range of the latter method.

CONCLUSIONS

The theoretical treatment of the general MS technique
has been presented for applications to DNP-enhanced
MRI and prepolarized MRI in magnetic fields as weak as
Earth’s magnetic field. Our experiments confirmed that
MS is useful T, contrast manipulation method for DNPI.
On all the images, shifts in signal void were clearly
visible, depending on the second ESR irradiation dura-
tion. Observed and calculated t,, values show a good
correlation. In addition, it has been shown, theoretically
and experimentally, that where field-cycling experi-
ments are concerned, the same method can be applied for
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T, measurements in the polarizing and detection mag-
netic fields. However. the dynamic range of the latter is
considerably lower. Tt is also worth noticing that field-
cycling DNP-enhanced images were obtained using an
ESR irradiation frequency as low as 16.2 MHz. To the
best of our knowledge this is the lowest ESR irradiation
frequency used in DNPI so far. Low ESR irradiation fre-
quency is of high importance for potential in vivo DNPI
applications, because RF power absorption in biological
tissues is proportional to the square of the frequency.
However, tuture in vivo DNPI applications will depend
also on development of new free radicals that give rea-
sonable enhancement at lower concentrations.
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