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Magnetic-resonance imaging using the novel MR signal
source provided by hyperpolarized noble gases ***Xe and
®He may prove to be an important new diagnostic technique
for medical imaging (1). Imaging with a hyperpolarized
noble gas is different in many ways from conventiona im-
aging. The large nonequilibrium polarization of the nuclei
is nonrenewable; hence, special considerations are required
when designing suitable imaging pulse sequences. Every
excitation pulse destroys some of the hyperpolarized longitu-
dinal magnetization, which then cannot be restored by wait-
ing for relaxation back to thermal equilibrium as in conven-
tional MRI. This disadvantage is offset by the elimination
of long recycle delays. In particular, high-speed gradient-
echo technigques can be devel oped that are especially suitable
for imaging hyperpolarized noble gases.

In this Communication, we investigate gradient-echo
imaging strategies for hyperpolarized ***Xe MRI. We find
that the choice of flip angle, sampling order, and resolution
has critical consequences for image quality. Sobering et
al. recently suggested a variable-flip-angle approach for
hyperpolarized **Xe (2), and several authors have pre-
viously applied this technigue to conventional MRI using
thermally polarized protons (3—-5) . Here we report experi-
ments on the use of different gradient-echo pulse se-
guences and find that a variable-flip-angle approach can
improve the hyperpolarized '?°Xe signal-to-noise ratio
(SNR) and eliminate some typical image artifacts. We
also demonstrate that, although a constant signal intensity
can be obtained with such an approach, the maximum
spatial resolution achievableis constrained by the longitu-
dinal relaxation time, T,, of the hyperpolarized **°Xe.

Hyperpolarization of ***Xe is achieved by collisional spin
exchange with optically pumped rubidium vapor, which
yields up to 100,000-fold enhancement in spin polarization
and MR detectahility (6). We used natural abundance xenon
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(26% **Xe), which was contained in a 25 cm?® cylindrical
glass cell (2 cm diameter, 7.5 cm length), at 3 atm, along
with 3 atm N, buffer gas and a small quantity of solid Rb.
129X e was hyperpolarized in the fringe field of a 1.5 T super-
conducting magnet. Circularly polarized 795 nm light from
diode laser arrays (Optopower, Tucson, Arizona) was used
for optical pumping of the Rb vapor. After 30 min of optical
pumping at 90—100°C, the glass cell was rapidly cooled in
ice water to remove the Rb vapor by condensation onto the
cell walls. *Xe spectra and images were obtained at 17.7
MHz on a 1.5 T magnet interfaced with a SMIS spectros-
copy/imaging system. Spoiler gradients were used in al
experiments to dephase residua transverse magnetization
remaining after each acquisition. This was required because
of the long T3 values of *Xe in the gas phase.

Several investigators have used low-flip-angle gradient-
echo techniques such as fast low-angle shot (FLASH) (7)
for imaging hyperpolarized ***Xe and °He (1, 8-12). The
use of repeated small-flip-angle excitation pulses is espe-
cially suitable for imaging hyperpolarized species in experi-
ments involving the administration of an initial bolus of
hyperpolarized gas. Since repetitive sampling of the residual
longitudinal magnetization causes nonrenewable depletion,
low-flip-angle excitations are effective in preserving the po-
larization while all rows of k space are sampled. The longitu-
dinal magnetization remaining after n excitation pulses is
proportional to (cos )", where 6 is the pulse flip angle.
Using too small aflip angle, however, resultsin unacceptably
low SNR.

Let us consider a system of hyperpolarized spins with
longitudinal magnetization amy, where my, is the thermal
equilibrium longitudinal magnetization enhanced by the hy-
perpolarization factor «. The FID amplitude for the nth exci-
tation pulseis given by amycos™ 9 sin 6, ignoring T, relax-
ation. This relationship is demonstrated in Fig. 1a, which
shows observed hyperpolarized **Xe signal amplitudes of
the xenon pumping cell for atrain of 128 12° pulses (filled
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FIG. 1. (a) Hyperpolarized **Xe signal amplitude for a train of 12°

pulses. The filled circles represent experimental data. The solid line is
the theoretical signal amplitude expected. (b) Hyperpolarized **°Xe signal
obtained using a variable-flip-angle pulse sequence. Filled circles represent
experimental data; the straight line is the theoretical signal amplitude. The
dlight rise and fall of the signal is due to the inability of the spectrometer
to generate flip-angle increments smaller than 0.1°. The initial flip angle
was 5.07° and the last was 90°.

circles). Because the T, value of the xenon cell was long,
about two hours, compared with the TR value of 100 ms,
the experimental results are in close agreement with the
theoretically expected signal amplitude, in which T, relax-
ation was ignored (Fig. 1a, solid line).

A disadvantage encountered using conventional constant-
flip-angle sequences for imaging of hyperpolarized species
is the progressively diminishing signal strength during the
course of acquisition: since a fraction of the longitudinal
magnetization is depleted after each excitation pulse, a con-
stant-flip-angle sequence generates a steadily decreasing sig-
nal for acquisition of each subsequent line in k space. The
effect of this nonlinear sampling is to introduce an artifact
along the phase direction of the image (4, 13—15). Centri-
cally ordered phase encoding results in a loss of high-fre-
guency spatial information, whereas sequential encoding un-
derrepresents the center of k space, causing aloss in overall
SNR, and unequal representation of the high spatial frequen-
cies. To correct for this decreasing SNR, the pulse flip angle
can be progressively increased during the course of acquisi-
tion (2-5). Employing a variable-flip-angle scheme to
maintain a constant transverse magnetization, the flip angle,
6., for the nth excitation pulse, ignoring T, relaxation, is
given by

1 1
0, = tan (m) , [1

where N is the total number of excitation pulses. Note
that the last flip angle generated by this algorithm will
correspond to a 90° pulse, effectively using all of the
remaining magnetization.

Figure 1b shows a plot of the hyperpolarized X e signal
amplitude employing the variable-flip-angl e technique (data,
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filled circles; theoretical, solid line) . Note the constant signal
amplitude response over the course of the acquisition train.
(The dight rise and fall of the signal is due to the inability
of the spectrometer to generate flip-angle increments smaller
than 0.1° in this case.)) A 90° pulse applied to the sample
following this experiment produced no significant signal,
evidence that the variabl e-flip-angle sequence effectively uti-
lized al of the available magnetization.

An interesting feature of hyperpolarized noble gas MR is
that the longitudinal relaxation times, T4, are typically quite
long (16); for example, we observed up to three hours for
xenon as apure gas a 1.5 T. In biological tissues in vivo,
the T, values for ***Xe decrease to the 1 to 100 seconds
range (11, 17), ensuring that longitudina relaxation will
play aroleinimaging xenon in biological tissueswith gradi-
ent-echo sequences lasting some 500 ms or more.

Let us now consider the effects of relaxation. Consider a
gradient-echo sequence of the form §,—TR—6#,—TR—

- - -0y with a total of N pulses with variable flip angle ;
and with the phases of the RF pulses al aong the x axis of
the rotating frame. To determine the signal available after
each pulse, a Bloch equation analysis is performed with two
assumptions. The first assumption is that complete spoiling
of the transverse magnetization is achieved prior to each RF
pulse. This may be accomplished with spoiling gradients or
may occur naturally given relatively fast T3 transverse relax-
ation and sufficiently long TR periods. The second assump-
tion isthat the thermal equilibrium term, my[1 — exp(—TR/
T1)], which should be added to the longitudinal relaxation
at theend of each TR period, is negligible. Thisistantamount
toignoring al termsin the longitudinal magnetization Bloch
eguation which are not proportional to the hyperpolarization
constant « and is justified by the large values of «, typically
10,000 or more, experimentally attainable for both ***Xe and
®He (1, 8, 18). Such large hyperpolarization factors make
tracking the conventional thermal equilibrium magnetization
relevant only once the hyperpolarized state has diminished
to levels approaching thermal equilibrium. At this point, the
signal levels are too small to use in single-shot imaging
sequences. Thus the approximation assumes that we are only
considering images generated from signals well above ther-
mal equilibrium. Given these assumptions, a Bloch equation
analysis yields the transverse magnetization following the
nth RF pulse to be

S =amyexp[—(n—1)TR/T,]siné, |;| cosf;. [2]

i=1

For aconstant flip angle 8, the trigonometric term becomes
simply sin § cos" V4. The more general form given in Eq.
[2] allows us to examine the effects of variable flip angles
during the course of the sequence. In particular, from Eq.
[2] arecursive relation is derived for incrementing the flip
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FIG. 2. (a) Simulation demonstrating the relationship of the initial flip
angle and total number of pulses that can be applied to achieve a constant
signal using a variable-flip-angle sequence assuming a T, of 10 sand TR
of 20 ms. The recursively calculated flip angle is plotted as a function of
pulse number for five different initial flip angles ranging from 2.5° to 15°
in steps of 2.5°. (b) Demonstration of the relation between maximum signal
intensity and number of phase-encoding steps accessible with the recur-
sively incremented-flip-angle approach for T, values of 1, 10, and 100 s,
using a TR of 20 ms.

angle such that the signal remains constant at itsinitia level
of S, = amysin 6. To ensure this constancy of signal, we
must let the nth flip angle be

g - sin‘l[eXp[(n — 1)TR/T,]sin 01}

-1
[17=i cos 6,

[3]

The flip angle can be incremented according to Eq. [ 3] until
f reaches 7/2, at which point the magnetization will be
exhausted. Thus, depending on the T, value, the initia flip
angle, and the TR value, the number of pulses which can
be appliedislimited asisthe total number of phase-encoding
steps available. Figure 2a demonstrates this effect for the
case of T, = 10 sand a TR value of 20 ms. The recursively
calculated flip angleis plotted as a function of pulse number
for five different initial flip angles from 2.5° to 15°, in steps
of 2.5°. Asmay be seen, the smaller the flip angle, the larger
the number of pulses or, equivaently, phase-encoding steps.
Note that even with a flip angle as low as 5°, the standard
use of 128 phase-encoding steps is prohibited with the recur-
sively incremented-flip-angle approach for this T, value. In
general, signal must be sacrificed to increase the number of
available phase-encoding steps. Equation 3 may be used to
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study the relationship between signal intensity, T,, and num-
ber of phase encode steps. Figure 2b demonstrates this rela-
tionship with the recursively incremented-flip-angle ap-
proach for T, values of 1, 10, and 100 s. Thisis the relevant
range recently associated with biological tissue **Xe T, val-
ues (11, 17,19). Note that if TR/T, < 1, then Eq. [3]
reduces to Eq. [1] and the effects of longitudinal relaxation
can be ignored.

We have modeled both the variable-flip-angle (VFA) and
constant-flip-angle (CFA) sequences, using phase profiles
along the length of ahyperpolarized ***X e gas cell (rectangu-
lar profile), to point out the relative advantages of the VFA
approach. The left panel of Fig. 3 shows the simulated pro-
files along the phase direction for the cases of sequentia
CFA (Fig. 3a), centric CFA (Fig. 3b), and sequential VFA
(Fig. 3c) using 128 phase-encoding steps. While a substan-
tial ringing artifact is present in the sequential CFA simula-
tion (Fig. 3a), and an edge-blurring artifact in the centric
CFA profile (Fig. 3b), the VFA profile (Fig. 3c) more accu-
rately represents the origina object. With maintenance of
the echo amplitude by the use of VFA, the k-space tragjectory
becomes irrelevant. Figures 3d—3f display the experimental
phase profiles obtained using the above three approaches.
The experimental profilesresemblethe simulations. We attri-
bute the rise near the edges of the profiles to a combination
of two effects. First, the gas cell contains two tips, created
by flame sealing during the filling process giving more gas
volume in these regions. Since no dlice selection was used
during excitation, the phase profiles include these regions of
excess gas near the ends of the cell due to volume averaging.
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FIG. 3. (Left) Simulated profiles of the xenon pumping cell along the
phase direction (rectangular profile) for the cases of (a) sequential CFA,
(b) centric CFA, and (c) sequential VFA using 128 phase-encoding steps.
(Right) Experimental phase profiles obtained using (d) sequential CFA,
(e) centric CFA, and (f ) sequential VFA. For both the simulations and the
experiments, 128 phase-encoding steps were employed. (), (b), and (c) are
not normalized to each other, but scaled to best demonstrate the artifacts.




FIG. 4. Hyperpolarized **Xe gradient-echo images obtained using (a)
sequentially ordered CFA, (b) centrically ordered CFA, and (c) sequentially
ordered VFA sequences. Theimages were obtained on sequential runsusing
the same hyperpolarized pumping cell with the same initia polarization.
All images were processed using the same gray-scale window and contrast
level.

Second, the large diffusion constant for xenon (20) may
cause restricted diffusion at the end of the cell due to reflec-
tion of the spins at the edge boundaries (21, 22). A quantita-
tiveinvestigation of the effect of diffusion onimaging hyper-
polarized **Xe will be the subject of future work.
Hyperpolarized **Xe images of a cylindrical gas cell are
shown in Fig. 4. Figure 4a was obtained using sequentially
phase-ordered CFA. Figure 4b shows the result using centri-
caly ordered CFA. Figure 4c is the image obtained using
sequentially ordered VFA. The images were obtained on
successive runs using the same hyperpolarized pumping cell
with the sameinitia polarization. All images were processed
using the same gray-scale window and contrast level. Note
the low SNR in the sequential CFA image (Fig. 4a) and the
significant blurring of the horizontal edges of the concentric
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CFA image (Fig. 4b). The improved SNR and absence of
phase artifact of the VFA image closely agree with the simu-
lated results (Fig. 3). The ringing artifact is not seen along
the phase direction of the sequential CFA image (Fig. 4a),
athough it is present in the simulation (Fig. 3a), because
the axial profile of the cell is round instead of square. The
much smaller signal that is encoded at the high-spatial-fre-
guency components of k space for a round profile removes
the ringing artifacts; however, shape distortions still remain.

In conclusion, substantial improvements in SNR and im-
age quality can be obtained using VFA approaches. There
is a trade-off between the maximum spatial resolution
achievable and signal intensity using the VFA approach,
whichis constrained by the longitudinal relaxation time (T,)
of the hyperpolarized *X e. We have experimentally demon-
strated the improvement in image quality obtainable using
aVFA sequence. Dueto the typically long T, and T values
of *°Xe, further SNR improvements may be possible by
employing multiple-echo-summation techniques. One could
also consider the use of multiple echoes in echo-planar-
imaging (EPI) formats in which the phase-encode steps are
incremented from echo to echo to compl ete k-space sampling
rapidly. Examples include the RARE and GRASE se-
guences, which are potential candidates for imaging hyper-
polarized species (23—25). Such strategies will be explored
in detail in a forthcoming paper. The specific gradient-echo
sampling considerations described in this Communication
are readily extendable to imaging hyperpolarized *He.
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