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NMR Imaging of Thermally Polarized Helium-3 Gas
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It is shown that thermally polarized *He gas can be used to
measure important physical parameters and to design, test, and
tune imaging sequences. The bulk values of Ty, T,, and the diffu-
sion coefficient were measured in a glass cell containing a mixture
of helium-3 (0.8 bar) and oxygen (0.2 bar). They were found to be
T,=7s,T,=24s,and D = 1.6 cm?s™". The relaxation times T3
and T, and the apparent diffusion coefficient of thermally polar-
ized helium-3 gas were measured in the rat lung, and these pa-
rameters were used to design a helium-3 optimized multi-spin—

at room temperature is sufficient for measuring the maj
parameters ofHe within reasonable experiment times in e
glass cell at atmospheric pressure as well as in the rat lung. \
show that careful design of the imaging sequence with respe
to the parameter measurements allows imaging of the rat lu
with *He in thermal equilibrium. Thus, measurement of impor
tant physical parameters such as relaxation and diffusion de
as well as design, optimization, and tuning of MRI technique

echo sequence which was shown to increase the signal-to-noise
ratio sufficiently to obtain the first NMR-images of thermally
polarized helium-3 in the rat lung. © 1999 Academic Press
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can be carried out with thermally polarized gas rather than wi
hyperpolarized gas, allowing one to prepare the way for mo
sensitive experiments with laser polarized gas.

All measurements were performed in a BRUKER 2.35

magnet (40 cm bore) using a SMIS imaging system. We us
an Alderman-Grant rf-coil resonant at 76 MHz fste and at
Magnetic resonance imaging of hyperpolarizdd ¢gases 100 MHz for *H. For the phantom studies, we used a Pyre
promises to become an important method for pulmonary irglass cell of 48 criffilled with a mixture of'He (p,. = 0.8 bar)
aging (L—12. The unusual values of physical parameters @nd O (po, = 0.2 bar). All experiments were carried out a
gases compared to those of water make the adaptationr@dm temperature (21°C). ThE, value of the mixture was
imaging techniques necessary. Optimized imaging has to takgiermined using a saturation-recovery technique. The res
into account a variety of major parameters. Phie, theT, wasT, = 10=* 1s.T, was obtained using a CPMG sequence
values range from 10 to 50 s in helium/oxygen mixtured/e have acquired 64 echoes. The inter-echo time was cho:
(9, 12—12 up to days in puréHe (15). The diffusion coeffi- to be 640us in order to avoid the influence of diffusion in the
cient of *He at 300 K is on the order of 1-2 éra * (16—18, Possibly inhomogeneous static field. We obtaindd walue of
so up to 5 orders of magnitude greater than that for waté * 0.2 s. The diffusion coefficierid was measured using a
protons. This limits the ultimate spatial resolutid®) {9 and spin—echo method (Fig. 1). We acquired 16 echoes with i
induces signal loss in the presence of imaging gradier€asing gradient strengt; = iAG with i =1, ..., 16.
(10, 16, 19. Furthermore, susceptibility differences betweehne signal attenuatioA(G;) is given by the Stejskal-Tanner
gas and tissue give rise to microscopic field gradients, herfR@uation,
shortening bothT*% and T, (4, 20-23. Restricted diffusion
effects in the lung tissue can, however, strongly reduce the
mean path of the gas atoms during imaging which would
decrease diffusion—induced signal attenuati@4).(To choose
an imaging strategy and to optimize the signal-to-noise ratiwheres is the gradient duration angis the*He gyromagnetic
parameter measurement is necessary. ratio. D was obtained from a nonlinear least-squares adju:
Lung gas phase imaging at thermal polarization level wasent of Eq. [1] over the experimental echo amplitudes. Figu:
recently demonstrated in the rat using an inert fluorinated gashows the measurement data as well as the fitted theoret
(25). In this work, we show that the thermal polarizatior’de  decay. The measured attenuation curve shows good agreen

A(G) = exp(—g yZDG?83) , [1]
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90° 180° decreased value is most probably due to insufficient magr
shimming. However, bulk magnetic susceptibility effects coul
contribute to line-broadening in this nonlocalized measur
ment. The shorfT% value requires adapted acquisition time:

rf I b per excitation. On the other hand, susceptibility gradients in tl
S 1 & rat lung coupled to rapid diffusion dHe could reduce signif-
- plg— icantly the apparent,. It was previously shown, however, that

the observed, of **Xe in the rat lung was long enough for
multi-spin—echo sequence23]. Similarly, for helium gas in
the human lung at low fieldl, was found as largese6 s when
G,' measured with a CPMG sequence at 30 ms inter-echo tin

suggesting motional narrowin@)( Finally, it was shown that
FIG. 1. Sequence used for the diffusion coefficient measurement in the 99 9 @)( y

cell. The gradient duratio® was 5 ms, the diffusion gradient incrementr:_)roje_Ctlon Imaging mmlmlzes_ signal I(_)SS due to diffusive ma
yAG/27 = 47.5 Hz cm* and the repetition time 60 s. The 180° pulse wadiON in the presence of imaging gradien§.(Thus, we have
applied in the presence of the diffusion gradient. The pulse length of the 18thosen a multi-spin—echo projection—reconstruction techniq
pulse was 10Qus so that its bandwidth was large enough to refocus all spir(q;:ig. 3) which allows a very short echo time to be used. In ol
in the cell homogeneously at the maximum gradient value. current implementation, no slice selection was performed. Tt
could be introduced by using selective refocusing pulses
with Eq. [1]. The resulting diffusion coefficient wad = combination with slice gradients, but would require rapid gre
1.60 = 0.05 cnf s*. This value was also found in gooddient commutation. No signal averaging was performed in ar
agreement with the valuB = 1.51 cnf s %, calculated at 1 of the experiments. The data set was first used to estimate
atm from the diffusion coefficient measured at 3.6 atm in apparent diffusion coefficier®,,, in the rat lung as the se-
*He/O, mixture at thermal equilibrium with a 27%,Graction quence represents a repeated Stejskal-Tanner experiment.
(16), assuming that gas coefficients scale inversely with gasming a negligiblél', decay during the echo train, the signa
pressure 46). As expected, the diffusion coefficient of theattenuation at the center of tmeh echo is given by
*He/O, mixture was found to be smaller than that of pcire
at 1 atm and room temperature which was reported tb be 1
1.96 cnf s™* (17) from techniques other than NMR, whereas A, = exp<— 15 ¥ Dan fTEn) : (2]
a recent NMR measuremerit§) in a hyperpolarized sample at
. -1

1 atm y'eld.s a valu_e ob = 1'.87 onf s, . where T is the inter-echo timeG, is the projection-gradient

A preliminary animal experiment was performed using the

. e ;
same imaging system and helium rf-coil as described abo\%rength which was 44T cm ~in our experiment. From the

The rat was anesthetized (halothane 1%), tracheotomized, %(c;gfz)r;;:L?%?f?Zs?;;hioeecf?igi:rrﬁr;plItz:ﬁ Vt\)”e:[hr:;easelj:rheod)numb‘
app app

mechanically ventilated. Normal saline containing pancuro- : I
nium bromidye (0.04 mg/ml) was infused intreperitognepally at 32° obtained by fitting Eq. [2] to the measured echo amp
rate of 1-2 ml/h throughout the study. After positioning, a
proton gradient-echo image was acquired. Befte breath-
ing, the animal was ventilated with pure oxygen for 10 mirS [a.u.]
Anesthesia was maintained with halothane (1%). Then three
breaths of°He were used in order to wash out the residual
oxygen in the lungs. The rat was then held in apnea. During
this first apnea phase, we measured Thevalue using a
saturation-recovery technique (duration 3 min) as well &s
Then, the normal ventilation (air/halothane) was continued for
20 min followed by a period of 10 min of ventilation with pure
oxygen. After washing out the residual oxygen in the lungs, the
rat was held in apnea for 8 min to acquire a transverse image '
of the rat lung. At the end of the experiment, the rat was
euthanized with an overdose of halothane.

The relaxation timeT, was measured to be 35 s. From
linewidth measurements, a value Dt = 2 ms was found in
the rat lung. This value is shorter than the results recently YG/2n (Hzem™)
reported in the live guinea pig lung from spatially resolved i, 2. Least-squares fit (line plot) of the function given by Eq. [1] to the
measurementsT(; ~ 11-16 ms) 82 T (22). Thus, the spin-echo amplitudes (triangles) fiste diffusion coefficienD measurement.
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FIG. 3. Multi-echo projection—reconstruction sequence used for lung imaging. The orientation of the projection-@adgientated at each excitation. 16
projections with 64 echoes each were acquired. From each echo, 16 data points were collected. The acquisition time was chosen to be 1.6 ms fadeac
the inter-echo time was 2.5 ms. The field-of-view was 7 cm.

tudes. The fit result foD,,, is shown in Fig. 4. The experi- whereB(t) is thenth echo of each echo train arig{t) the
mental points do not decay perfectly exponentially. This mulveighted signal sumN is the number of echoes to be
tiexponential behavior could reflect the presence &ummed.W, represents a matched weighting function. Us
compartments with different sizes (for example, alveoli andg the Cauchy—Schwartz inequality, it is easy to show th
trachea). Refocusing-pulse imperfections leading to a steasiytimum weighting regarding signal-to-noise ratio is
state could also introduce some nonexponential decay. We cachieved by settingV, = S,, whereS, is the amplitude of
however, give the result as an estimationdf,, during the the nth echo which is given by Eq. [2] foD,,, = 0.4 cnf
inter-echo timéT¢: D, ~ 0.4 cnt s *. The difference between s, This result is widely used in NMR spectroscopy fol
the diffusion coefficient of helium in the phantom and thexample when a FID is multiplied by an exponentially

alveolar tissue is probably due to restricted diffusi@#)( decaying function with a time constaft;. Images were
For image reconstruction, we performed a weighted summgbtained by interpolation of thie-space data on a rectilinear
tion of the echoes using grid, zerofilling, 2D-Fourier transformation, and modulu:

calculation. Taking into account the overall size of the re
lung (about FOV/3), it should be noted that the data |
significantly oversampled both in the radial direction (by .
factor of 3) and in the angular direction (by a factor ofrs/

In Fig. 5, the reconstructed images fir= 1, 4, 16, and

64 are displayed. The images show that a significant gain
signal-to-noise ratio can be obtained by using the propos

N

S(t) = > W,By(1), [3]

n=1

Staul : S 3 multi-spin—echo technique which takes advantage of tt
R long T, value. The 64-echo image (Fig. 5d) can be con
4'02‘ , 7 pared to the proton image (Fig. 5e). The two lungs as we
2 1 as the position of the heart can be identified in the heliul
30F 4 image.
2 We have shown that NMR measurement of physical parar
2 1 eters is possible in thermally polarizéde. Important param-
2.0 3 3 eters for the design of pulse sequences have been measure
2 1 *He in the rat lung. Taking into account the measured parat
1.0F 3 eters, we were able to obtain the first thermally polariZed
3 images of the rat lung. The use of an optimized multi-ech
O_OE L , T 1 projection—reconstruction sequence allowed us to obtain a s
0 20 40 60 go ficient signal-to-noise ratio with a total imaging time of 8 mir
number of echoes and an in-plane resolution of 4x4 4.4 mnt. The imaging time

FIG. 4. Measurement of the apparent diffusion coefficiBnj, in the rat could be significantly reduced by USIﬁge/Oz mlxtyres which
lung. Triangles, experimental echo amplitudes: line-plot, fit result for th¥ould offer the advantage of a reduc@&g, allowing shorter
function @Q). repetition times to be used. The same technique could be u:
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FIG.5. TransverséHe images of the rat lung reconstructed from weighted signal sumi: €a)l, (b)N = 4, (c)N = 16, (d)N = 64. (e) FLASH proton
image (128x 64 pixels, field-of-view 7x 7 cn?, slice thickness 5 mm).

ments in the live guinea pig lung, Magn. Reson. Med. 40, 61-65
(1998).
X.J.Chen, M. S. Chawla, L. W. Hedlund, H. E. Moller, J. R. MacFall,

under normal ventilation conditions. It should be noted that a

similar technique was recently exploited with hyperpolarized

*He to obtain human lung image&7). Since the first demon- 5 S onem v e L anE !

- . - : : and G. A. Johnson, microscopy of lung airways with hyperpo-
Simuiated great intesest for both ciical appjcations, 120 e Magn.Reson.ed. 3, 70-84 1555

) . 6. H. L. Middleton, R. D. Black, B. T. Saam, G. D. Cates, G. P. Cofer,

(2,3,5,7,9, 1%and animal model studieg{6, 10, 11, 28— e eron ac aan gres orer

. R. Guenther, W. Happer, L. W. Hedlund, G. A. Johnson, K. Juvan,
32). The use of thermally polarized gas could be of great help and J. c. Swartz, MR imaging with hyperpolarized *He gas, Magn.
for optimizing the MRI strategy.
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