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Abstract

The magnetization response of hyperpolarized *He gas to a steady-state free precession (SSFP) sequence was simulated using matrix
product operators. The simulations included the effects of flip angle («), sequence timings, resonant frequency, gas diffusion coefficient,
imaging gradients, 7| and 7,. Experiments performed at 1.5 T, on gas phantoms and with healthy human subjects, confirm the predicted
theory, and indicate increased SNR with SSFP through use of higher flip angles when compared to optimized spoiled gradient echo
(SPGR). Simulations and experiments show some compromise to the SNR and some point spread function broadening at high o due
to the incomplete refocusing of transverse magnetization, caused by diffusion dephasing from the readout gradient. Mixing of gas polar-
ization levels by diffusion between slices is also identified as a source of signal loss in SSFP at higher o through incomplete refocusing.
Nevertheless, in the sample experiments, a SSFP sequence with an optimized flip angle of o = 20°, and 128 sequential phase encoding
views, showed a higher SNR when compared to SPGR (« = 8°) with the same bandwidth. Some of the gas sample experiments demon-
strated a transient signal response that deviates from theory in the initial phase. This was identified as being caused by radiation damping
interactions between the large initial transverse magnetization and the high quality factor (Q = 250) birdcage resonator. In *He NMR
experiments, performed without imaging gradients, diffusion dephasing can be mitigated, and the effective 7 is relatively long (>1 s).
Under these circumstances the SSFP sequence behaves like a CPMG sequence with sin(e/2) weighting of SNR. Experiments and sim-
ulations were also performed to characterize the off-resonance behaviour of the SSFP HP *He signal. Characteristic banding artifacts
due to off-resonance harmonic beating were observed in some of the in vivo SSFP images, for instance in axial slices close to the dia-
phragm where B, inhomogeneity is highest. Despite these artifacts, a higher SNR was observed with SSFP in vivo when compared to
the SPGR sequence. The trends predicted by theory of increasing SSFP SNR with increasing flip angle were observed in the range
o = 10-20° without compromise to image quality through blurring caused by excessive k-space filtering.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The inert gas nuclei of *He and '**Xe can be polarized to
extremely high levels through the use of alternative polari-
zation methods, such as spin exchange optical pumping [1].
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This hyperpolarization enables applications of gas phase
NMR that would have been impossible with the SNR con-
straints of Boltzmann polarization. One application is in vi-
vo MRI, where hyperpolarized (HP) gas can provide high
spatial and temporal resolution images of gas ventilation
in the lungs and airways as well as physiologically useful
functional information [2]. High spatial resolution imaging
of gas ventilation with high SNR, requires efficient utiliza-
tion of the finite hyperpolarization within the time course
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of a human breath-hold. Most studies of human lung ven-
tilation to date have used HP *He, and have imaged the
lungs using 2D [2-5] or 3D [6], low flip-angle, spoiled gra-
dient echo (SPGR) sequences. A low flip angle SPGR
sequence provides a steady depletion of the finite polariza-
tion during the sampling of k-space, and therefore imparts
less broadening of the point spread function (PSF) through
k-space filtering, than high flip angles [7,8]. SPGR sequenc-
es can be further optimized to reduce blurring by provision
of a steady magnetization response through use of a vari-
able flip angle [7]. Refocused magnetization pulse sequenc-
es, such as steady-state free precession (SSFP) [9,10] and
single shot multiple spin echo [11], have potential for
increased SNR and spatial resolution for imaging with
hyperpolarized (HP) agents by recycling residual transverse
magnetization with the finite longitudinal magnetization.
Previous work with SSFP using intravenous infusions of
HP '*C molecules (with long T and 75) [12] shows prom-
ising results for high SNR MR angiography. Recent preli-
minary work with HP *He in human lungs at 1.5 T [13,14],
demonstrated higher SNR with SSFP when compared to
SPGR low flip angle methods, although banding artifacts
due to off-resonance effects were identified in regions of
the lung of high By inhomogeneity.

In the work presented here, the magnetization response
of HP *He gas to a SSFP sequence was studied in detail
with numerical simulations using product operator matrix
methods. Experiments were then performed with SSFP
on gas samples in phantoms and in human subjects to cor-
roborate the simulations and these results were compared
to results from SPGR methods, which are currently used
as standard for *He ventilation imaging.

2. Methods
2.1. Simulations

A SSFP sequence, /2 — TR/2 — (« — TR)", was mod-
eled based on the pulse sequence structure depicted in
Fig. 1. The phase of the a pulse (rotation about the x-axis)
was alternated by m on alternate phase encode views,
n=1,...,N,. The evolution of the magnetization vector
was simulated with product operator matrix methods, used
previously for analysis of 'H SSFP signal dynamics
[15,16,18,19]. The theory was adapted for HP *He gas mag-
netic resonance to account for a non-renewable polariza-
tion and a contribution to the transverse signal decay
from diffusion attenuation. The 3D magnetization vector
immediately after the (n + 1)th RF pulse is given by:

M*(n+1) = AM"(n), (1)
where
A =PCR;(n)R,PC. (2)

P represents the free precession matrix rotation during a
period 7 for a spin with a frequency-offset Afy. C is the
relaxation matrix, R, is the rotation matrix of the o pulse
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Fig. 1. Schematic diagram of the SSFP sequence used in the experiments
and simulations.

(about the x-axis) and R,(n) is the phase cycling matrix
of the sense of rotation of the alternate o pulses (7 radians
about the z-axis) [16]. For fully balanced SSFP, TE = TR/
2. The matrices are laid out explicitly below:

1 0 0
R,=[0 cosa sina (3)
0 —sina cosa
[ cos(2rnAfyr)  sin(2rAfyr) 0
P = | —sin(2nAfot) cos(2nAfyr) O 4)
I 0 0 1
[exp(—1/T2(7)) 0 0
C= 0 exp(—1/T2(z)) 0
0 0 exp(—t/T1)

(5)
The starting magnetization before the first « pulse was giv-
en by M = PCR,,M,. Where M, =0, 0, My}, is the ini-
tial starting magnetization, which is proportional to the
product of the gas spin density and the optical pumping
hyperpolarization level. The contribution to 7, from the
diffusion dephasing action of imaging gradients, was incor-
porated in the relaxation matrix, C, by calculating the effec-
tive time-dependent transverse relaxation time, 75(1),

T

L0 = oot (6)
where 7 represents the echo time, and 75 is the upper limit
on the transverse relaxation time for the given sequence as
measured with a CPMG sequence with the same echo sep-
aration in the absence of gradient induced diffusion
dephasing.

The relation in Eq. (6) is based on the approximation
that diffusion dephasing due to the imaging gradients in
fully balanced SSFP is described by an additional trans-
verse relaxation term, exp(—b(t)D). Previous theoretical
and experimental work has shown that this approximation
can break-down for diffusion weighted SSFP (where the
sequence is no longer fully balanced) in the limit where
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either the diffusion-weighted gradient b-values are high or
the diffusion coefficient is large [17-20]. The validity of this
approximation for the fully balanced SSFP sequence used
in the *He NMR regime is discussed later.

For gas phantoms 7, = 1 s was assumed from observa-
tion of the signal decay in experiments with o = 180° where
the SSFP sequence equates to a CPMG sequence with
inter-echo time TR — see Section 2.2 and Fig. 3a of Results.
For simulations of in vivo conditions a 7, = 100 ms was
assumed from values reported at 1.5 T by Vignaud et al.
[21], which were also derived from a CPMG sequence, these
are shorter than the estimates of Mugler et al. of several sec-
onds [22]. For the simulations of a SPGR sequence, it was
assumed that the phase and slice gradients were not balanced
i.e. the phase dispersion due to the area under both slice and
phase encode was not refocused. In this case the 7> was
replaced with 75 = 25 ms as measured previously at 1.5 T
in vivo using multiple interleaved single gradient echoes
[23]. The diffusion weighting b value, b(t), was calculated
from the time integral of the readout gradient waveform [8]

b = [ k()P e, 7)

where k(t) =y [; G(#)d¢. The same waveforms that were
used in the experimental pulse sequences were used to cal-
culate b(t) as outlined in the experimental methods. It is
worth noting at this point that in the start up period TR/
2, there are no readout gradients applied and so the diffu-
sion b value = 0.

Two versions of the sequence were simulated with differ-
ent read gradient waveforms to assess the effects of diffu-
sion dephasing. The b values for the two read gradient
waveforms were, A(TE)=0.292scm > and b(TR)=
0.584 scm 2 for the high bandwidth waveform (referred
to as the high b wvalue sequence), and, bH(TE)=
0.0757secm > and A(TR)=0.1514scm > for the low
bandwidth waveform (referred to as the low b value
sequence). For both sequences, TE = TR/2 = 5ms. The
remaining parameters for the gas phantom simulations
were, T) =20 min and D = 0.9 cm? s~ ! as measured previ-
ously in a plastic syringe. The parameters for the simula-
tions of in wvivo conditions were; 7T;=20s and
D=02cm?>s'. To account for B, inhomogeneity, the
simulations could be performed assuming a Lorentzian dis-
tribution in the resonant frequency. The FWHM of the
*He resonance was estimated from visual inspection of
the shimmed spectrum. This then allowed an estimate of
the 75 of the *He syringe phantom to be made
(FWHM = 1/nT3) resulting in 75 = 100 ms. To study
off-resonance effects, the RF transmit center frequency fo,
was offset in 10 Hz increments between 0 and 60 Hz.

2.2. Experimental methods
2.2.1. Gas polarization

The *He gas (Spectra Gases, UK) was polarized on site
to approximately 30% with rubidium spin exchange appa-

ratus (GE Healthcare, Durham, NC). NMR studies were
performed using plastic syringes as phantoms, which were
placed along the z-axis at iso-center. These contained
10 cm? of *He and 40 cm? of N,. Further phantom imaging
experiments were performed with read gradients on 1 1 vol-
ume Tedlar plastic bag phantoms (Jensen Inert Products,
Coral Springs, FL) which were filled with 100 cm® of *He
and 900 cm® of N,. The gas mixture for both phantoms
had a measured apparent diffusion coefficient, D =
0.9 cm? s~ '. The longitudinal magnetization for the respec-
tive phantoms was estimated from My = uPN/2, where u is
the nuclear magnetic moment of *He, N is the number of
3He atoms in the volume and P is the polarization. For
the syringe phantoms, My~ 7x10"7JT~!, for the bag
phantom, My~ 7x 107®J T~'. Prior to placing the phan-
toms in the MRI scanner, their signal was measured on a
low frequency (24 kHz) calibration spectrometer using a
small surface coil with a small flip angle pulse-acquire
sequence. This provides a means of measuring the relative
M, of the sample prior to the experiment, thus allowing
normalization for differences that may result from inaccu-
racies in gas volume dispensing and polarization decay in
the optical pumping storage cell between experiments.

2.2.2. MRI

All experiments were performed on a 1.5 T whole body
MRI system (Eclipse, Philips Medical Systems, Cleveland,
OH). The system was fitted with a second RF amplifier
(2 kW, Analogic Corporation, Peabody, MA) and trans-
mit-receive circuit tuned to 48.5 MHz for *He. A home-
built low-pass birdcage transmit-receive coil was used for
all of the phantom work. The coil was shiclded and had
12 elements with a length of 25 cm and diameter 18 cm.
The measured Q with the coil matched inside the magnet
was 250 at 48.5 MHz. Isolation between the two orthogo-
nal ports was —26 dB. A flexible twin saddle design quad-
rature transmit-receive coil was used for all of the in vivo
*He work (IGC Medical Advances, Milwaukee, WI).

A transmitter pulse angle calibration was first performed
by acquiring a set of n=1:64 FIDs with a pulse-acquire
sequence with a short TR (4 ms). Any residual transverse
magnetization between pulses was spoilt with a gradient
crusher. The received *He signal from the whole of the coil
was then fitted to M,, = M(cos «)"~ ' sin o, enabling an esti-
mate of o to be made for the loaded coil. For the phantom
calibration, 10 cm® of gas diluted with 990 cm® of N, was
used. For in vivo calibration, 30 cm® of gas diluted with
970 cm * of N, was used. The residual longitudinal magne-
tization was then used to center the resonant frequency and
shim the subject/phantom by manual adjustment of the lin-
ear x, y and z shim currents. Following shimming an esti-
mate of the FWHM of the linewidth of the spectrum was
made.

2.2.3. SSFP sequence
The 2D SSFP sequence was programmed in-house. Due
to spectrometer constraints the sequence had a relatively
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long TR = 10 ms, when compared to many SSFP sequenc-
es currently in use on high performance gradient systems
with rapid sampling rates. Two variants of the sequence
were used with high and low b-value readouts. The high
b-value (BW =250 kHz) version was used for investiga-
tions of SSFP in gas phantoms in order to assess the effects
of diffusion dephasing. The readout gradient waveform for
this sequence had linear ramps, a constant gradient during
sampling = 16.6 mT m ™', 256 samples and a dwell time of
4 ps. The low b-value version (BW = 62.5 kHz) was used
for SSFP imaging to reduce diffusion dephasing. The read-
out gradient waveform for this sequence had linear ramps,
a constant gradient during sampling=4.2mTm™', 128
samples and a dwell time of 16 ps. The b-values of both
waveforms are given in Section 2.1.

2.2.4. Phantom NMR experiments

A set of NMR experiments was performed on phantoms
without any imaging gradients to investigate the SSFP sig-
nal dynamics in the limit of long effective 7, where diffu-
sion dephasing is limited to the non-refocused
contribution from the background field inhomogeneity
gradients. These NMR experiments were performed with-
out slice selection to ensure signal change due to mixing
of gas polarization by diffusion in and out of slice was elim-
inated as a source of error from the analysis of the signal
time course [6]. In the first series of experiments on the
same phantom, a wide range of flip angles were studied,
o = 10-192°. Off-resonance effects were investigated in a
second series of experiments, which took place on the same
phantom with a fresh supply of polarized *He. In these
experiments, the spectrometer frequency was offset between
experiments in 10 Hz increments in the range Af=0-
60 Hz. In both these series of NMR phantom experiments,
the diminishing polarization between measurements on the
same sample was monitored with a single pulse acquire
with a small flip angle of 0.5°. This allowed normalization
of the data for M, for direct comparison.

2.2.5. Phantom MRI experiments

The relative SNR and filtering of the k,, direction (phase
encode) of k-space with SSFP was investigated by turning
off the phase encode and slice gradient and running the
high b-value sequence with read gradients alone in a 1D
imaging experiment. Direct comparisons were then made
with the optimized SPGR version of the same sequence.
2D phantom imaging was then performed using the low
b-value SSFP sequence with a 10 mm axial slice with o in
the range 5-45° and N,, = 128 phase encode views. Between
imaging experiments, the depolarized gas in the imaged
slice was allowed to mix by diffusion with the rest of the
gas in phantom for 2 min before the signal from the whole
phantom was calibrated for residual M, as described
above. The same slice was also re-imaged with the SPGR
sequence for comparison. This was the same sequence with
the exception that, there was no («/2 — TR/2) startup, and
spoiling was achieved by removing the read gradient refo-

cus lobe and placing a crusher gradient on all axes. The
SPGR sequence had an optimum o = 8° to provide maxi-
mum weighting of k,(0) for N, =128 sequential phase
encode views [8].

2.2.6. In vivo MRI experiments

All of the in vivo imaging experiments were performed
with a 2D slice thickness of 13 mm, 128 sequential phase
encodings and a FOV = 48 cm. The studies were conducted
on three healthy volunteers (Subject 1: male, 36y, 100 kg;
Subject 2: male, 24y, 80 kg; Subject 3: male, 35y, 80 kg)
with informed consent and approval from the local
Research and Ethics Committee. The imaging was per-
formed in a single breath-hold following inhalation from
a Tedlar bag filled with 300 cm® of *He and 700 cm® of
N>. A range of flip angles were studied, o = 5-20°. Higher
flip angles were difficult to achieve in vivo due to power
constraints of the RF amplifier (2kW) and imperfect
matching of the flex coil, the loading of which changed sig-
nificantly with subject size.

3. Results

3.1. Phantom NMR experiments — 10 cm’ of > He and 40 cn®
of N, in plastic syringes

Fig. 2 shows the SSFP results from the syringe phantom
NMR experiment using a flip angle o = 30°.

All curves are normalized by the signal from the first o
RF pulse. The rapid stabilization of the signal into a
steady-state, indicates that in the absence of read gradients,
and with good By homogeneity, SSFP can offer almost
complete refocusing of transverse magnetization. The sta-
bilized signal for points »> 10 is almost completely flat
compared to the SPGR signal with the same flip angle.
The SSFP signal response is also much flatter than that
of the optimum SPGR sequence with « = 8° for N, = 128

— SSFP a=30°
W e spoiled a=30°
gas syringe phantom (D=0.9x104) ... spoiled a=8°

1§ Signal decay characteristics:
08 {3
06

04

02 | by

Signal normalized by amplitude of first point (a.u.)

.....

Fig. 2. SSFP signal decay for a gas syringe phantom acquired on-
resonance with o =30° flip angle over 128 views. The curves are
normalized by the signal from the first « RF pulse. Also shown is the
SPGR signal decay for o = 30° and the optimum o = 8°.
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views, which would impart more k, filtering and broaden-
ing of the PSF in an imaging experiment. Despite the nor-
malized curves passing through the n = 64 point (center of
k, space in the equivalent MRI experiment) around the
same place, the SSFP sequence has a higher weighting than
the SPGR version, which is given by the ratio: sin(ass,/2)/
(SIn ogpoit(cOS ocspoil)”*l) in the absence of diffusion weight-
ing [8]. This gives a relative predicted SNR improvement
of over 3.

3.2. SSFP NMR—Alip angle dependence

Fig. 3 shows the results from the flip angle experiments
performed in syringe phantoms. The curve shapes in
Fig. 3a are very similar, with a rapid approach to a
steady-state. These experiments were performed in succes-
sion over a 10-min period on the same phantom. Therefore
a reduction in the starting magnetization, M,, between
experiments was to be expected due to incomplete refocus-
ing of the steady-state signal and T} decay (7} of *He/N,
mix =20 min inside the syringe). The depletion in M,
between experiments was normalized by using the pulse-ac-
quire signal intensity as described in the Methods. In
Fig. 3b the normalized amplitude of the n = 64 view is plot-
ted against flip angle. The data shows a good fit to the
sin(a/2) curve of theory as depicted by the solid line.

3.3. SSFP NMR—off-resonance behaviour

Fig. 4 shows the results of the SSFP experiments per-
formed at increasing frequency increments off-resonance.
The curves display harmonic beating in the SSFP signal
as Afincreases to 50 Hz as shown in Fig. 4a. These exper-
iments were also performed on the same syringe phantom
in succession, which explains the decreasing signal intensity
with increasing Af. A more direct comparison can be made,
by scaling the curves by division with the magnitude of the
first point. Fig. 4b shows the on-resonance curve and the
50 Hz off-resonance curve scaled in this manner. Off-reso-
nance introduces beating, which causes the banding arti-
facts common in '"H SSFP images and also compromises
the efficiency of refocusing of the magnetization when com-
pared to the on-resonance signal, which soon stabilizes to a
slowly decaying curve.

The curves of Fig. 4c were simulated based upon esti-
mates of the relaxation times and frequency dispersion in
the phantom from the FWHM of the spectrum (3.2 Hz)
and show a good resemblance to experiment (Fig. 4b).

3.4. Phantom MRI experiments—I100 cm® of >He and
900 en® of N in Tedlar plastic bag

3.4.1. SSFP MRI—{lip angle dependence

Fig. 5 demonstrates the flip angle dependence of the effi-
ciency of the SSFP sequence in the presence of read gradi-
ents; the experimental curves (shown in blue) are scaled by
the magnitude of the first point. Also shown are the
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Fig. 3. (a) SSFP signal decay from a gas syringe phantom acquired on-
resonance with different flip angles. The same gas phantom was imaged
successively with an increasing flip angle in the range o« = 10-192°. The
curves have been normalized by the amplitude of the starting magneti-
zation (M,) as measured with the pulse-acquire sequence. All curves share
the same feature of a flat underlying steady-state with different levels of
oscillation. (b) Curve of the flip angle dependence of the signal. Signal
intensity was measured as the amplitude of the n = 64 point, after M,
normalization with amplitude of the FID from the pulse acquire sequence.
The error bars were calculated from the SD of the oscillation in the 10
points either side. The error bars get larger as the oscillations become
larger at higher flip angle and also as noise starts to become evident in the
steady-state signal at higher flip angle due to a decreasing M,. The data
shows a good fit to the sin(2/2) curve of theory plotted as a solid line.

simulated curves for o = 15° (grey solid line) and 30° (grey
dotted line). The simulations accounted for the effects of
diffusion, with an effective 7, = 18.67 ms which was calcu-
lated from Eq. (6), for; TE=5ms, b =0.292 s em 2, T, =
1s, D=0.9cm?s ' and zero frequency offset. The curves,
which were also scaled by the magnitude of the first point,
show a similar shape to those observed experimentally;
however it is obvious from the different vertical range of
the curves, that the experimental data demonstrates a
smaller first point than those predicted by the simulations.
When the simulations were corrected for the effects of radi-
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ation damping, a better match with experiment is seen in
the black lines.

The inset of Fig. 5b demonstrates the effect of including
an intrinsic frequency distribution, with simulations for a 1
and 10 Hz line broadening. The frequency distribution
smoothes out some of the initial oscillations, but both
curves then stabilize to the same shape.
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Fig. 6. (a) Axial 2D SSFP image acquired with the low b-value readout from a 10 mm slice from a Tedlar bag phantom with the optimum flip angle of
o = 24°, and 128 phase encodings. Slight off-resonance banding is visible near the fold in the flexible bag where the susceptibility gradients are greatest.
Shown below is the axial SPGR image acquired from the same 10 mm slice with the optimum flip angle of « = 8°, and 128 phase encodings. The arrow
indicates the greater degree of signal dephasing in the SPGR image in the region of susceptibility related field inhomogeneity near the fold in the bag. (b)
SNR of the 2D phantom imaging experiments using the low b-value sequence at a range of flip angles. The SNR, which was measured from the magnitude
images, was normalized for M, decay between successive imaging experiments by division with the amplitude of the low flip pulse-acquire FID. The
simulations shown are the weighting of the n = 64 echo for the low b-value sequence with an effective 7, = 68 ms-see grey curve of Fig. Sc. The experiment

and theory show good agreement, particularly at lower o.

Fig. 5c shows simulations of the weighting of the k,(0)
point (n = 64) for sequentially encoded SPGR and SSFP
acquisitions as a function of the flip angle for different effec-
tive T5. The dashed line is that predicted for the low b-value
gradient with an in vivo T» =100 ms and D =0.2cm?s ™"
giving an effective 75 value of 76 ms. The optimum predicted
o = 25°. The dotted line is that predicted for the phantoms
with the low b-value gradient (effective 7, 68 ms), the opti-
mum predicted o = 24°. The dash-dot line shows the simulat-
ed SPGR signal behaviour for in vivo conditions. This was
based ona I; = 25 ms [23], optimum o = 8° and the same
degree of diffusion dephasing as the SSFP waveform at
7= TE = 5 ms, giving an effective 7; = 20 ms.

The results of the gas phantom images acquired with the
low b-value SSFP sequence are shown in Fig. 6 with a
direct comparison with the SPGR image of the same
10 mm axial slice. The SSFP image, demonstrates a small
off-resonance banding artifact close to the fold at the top
of the phantom. However the signal dephasing due to field
inhomogeneity in the SPGR image (bottom arrow) is refo-
cused to some extent in the SSFP image. Otherwise the spa-

tial resolution and uniformity are comparable with those
observed with the SPGR image from the same slice. The
SNR of the SSFP image (SNR = 71) is 1.5 times that of
the SPGR after it has been scaled for depolarization (nor-
malized SNR = 46). The simulations of Fig. 5c, predict a
twofold increase in optimum SNR of SSFP (grey line) com-
pared to SPGR (dash-dot line). When the SSFP SNR was
investigated as a function of flip angle, a very good agree-
ment with theory was observed for the 1D imaging exper-
iments (single readout gradient), especially at lower o, as is
shown in Fig. 6b.

3.4.2. SSFP MRI in vivo

Fig. 7 shows the in vivo SSFP signal response from the
whole of the lungs of Subject 1 with o = 14°, both with
and without the high b-value read gradients applied.

Figs. 8a and b are axial images acquired from Subject 1
with the low b-value SSFP sequence with o =20°, the
images are sharp with well-defined edges and very little
blurring. This is further evidence of the reduced weighting
of the k-space filter that can be achieved at high flip angles

<

Fig. 5. (a) 1D SSFP imaging experiments performed on the bag phantom with read gradients applied. The SSFP signal decay is shown at o = 15° (dotted
blue line) and 30° (solid blue line) flip angle. The simulated SSFP signal decay curves are also shown, the grey curves do not include the effects of radiation
damping. The black curves are those simulated with the effect of radiation damping. (b) Simulations of the same o = 15° SSFP curves in the range n = 1:64
to illustrate the effect of background B, inhomogeneity. The curves shown were simulated with a 1 and 10 Hz Lorentzian frequency distributions centered
around zero. The high frequency oscillations in the initial phase are damped by the frequency distribution. (c) Simulations of the flip angle dependence of
the SSFP and SPGR sequences for in vivo parameters. Simulations for SSFP were performed with effective 7, = 68 ms (low b-value phantom) and 76 ms
(low b-value in vivo) as derived from Eq. (6) for the in vivo imaging parameters. The faint dashed lines indicate the predicted signal intensities of SSFP
imaging at the flip angles that were used in the in vivo imaging investigation of the effect of flip angle-see Figs. 8¢ and f for the results.
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Fig. 7. SSFP signal dynamics in vivo, the results were acquired from
Subject 1 with o = 14°. The efficiency of refocusing in SSFP (dotted line) is
reduced when compared to the results from the gas phantoms shown in
Fig. 3a. The application of a readout gradient (solid line) further reduces
the effective T, by diffusion dephasing.

with the sequentially encoded SSFP sequence as was dem-
onstrated in Fig. 7. The off-resonance banding artifacts,
previously observed by Mugler et al. [13]in coronal images,
were observed here only in the slice closest to the dia-
phragm — see arrow in Fig. 8b. Fig. 8c is a coronal SSFP
image from Subject 2 with o = 20°, the image is not blurred
with delineation of the vessels and sharp delineation of the
edges of the lungs. Off-resonance banding artifacts are evi-
dent near the diaphragm. Fig. 8d is the corresponding
SPGR image acquired with the optimum flip angle of 8°
for 128 views with sequential encoding (see dash dot curve
of Fig. 5c). Although free from off-resonance banding arti-
fact, the SNR of the SPGR image is less than that of the
SSFP image. The SNR was compared over all slices by
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averaging the SNR from six ROI’s, placed in the upper,
mid and lower, left and right lungs. SSFP demonstrated a
higher SNR (SSFP SNR = 10.3, SPGR SNR = 8.8). This
increase in SNR is less than was predicted by the simula-
tions of Fig. 5S¢ which predict a twofold higher weighting
of the center of k-space for SSFP with o = 20° compared
to the SPGR. Figs. 8¢ and f are coronal SSFP images from
the same slice from Subject 3, acquired with o = 10° and
o = 20°, respectively. The images have been windowed to
the same contrast and brightness levels to emphasize the
higher SNR in the o =20° image (1.6 times higher) than
in the o = 10° image.

4. Discussion
4.1. SSFP NMR—Alip angle dependence

The sin(a/2) relation of Fig. 3b has been observed pre-
viously, with solutions of HP '*C compounds that had
very long T; and 75 [12], and relies on almost complete
refocusing of the transverse coherence to enable efficient
exchange with the longitudinal magnetization. This was
possible in these *He NMR experiments due to the fact
that the T is long (20 min) and the 7, is also relatively
long (~1s) in the absence of diffusion dephasing. It is
worth pointing out that the optimum flip angle of
a=180° as observed by Svensson et al. with HP '*C
[12], results from the long 7>, and indeed in this case
the SSFP sequence that uses a (o/2 — TR/2) starter
equates to a CPMG NMR sequence or a single shot
multiple spin echo imaging sequence.

4.2. SSFP NMR — off-resonance behaviour

The characteristic harmonic beating at offset frequency
50 Hz is evident in the SSFP signal. With TR = 10 ms,

Fig. 8. Axial SSFP images acquired with o = 20° from Subject 2, the images are sharp with well-defined edges and very little blurring. Off-resonance
banding artifacts were only observed in the slice closest to the diaphragm — see arrow in (b). (c) A coronal SSFP image acquired with « = 20° from Subject
3. (d) The SPGR image from the same slice acquired with the same volume of gas. (e and f) Coronal SSFP images from the same slice from Subject 2,
acquired with o = 10° and o = 20°, respectively. SNR increases with o without a noticeable change in the level of blurring.
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an off-resonant frequency of 100 Hz would give a full 2x
phase precession during TR. The frequency range investi-
gated thus represents the response for just over half of a
full periodic cycle and the beating of the 50 Hz offset signal
is due to anti-phase interference. It is evident that the on-
resonance data in Fig. 4a shows less efficient refocusing
than the data in Fig. 3a, which has a flat steady-state. This
may be due to a poorer shim for this experiment-FWHM
3.2 Hz whereas line-widths <2 Hz have been achieved pre-
viously in syringe experiments.

Differences in simulated and experimental curves in
Figs. 4b and c are attributed to inaccuracy in estimates
of the actual frequency distribution in the phantom and
imprecision in experimental center frequency measurement.
Hargreaves et al. [15] noted similar discrepancies between
simulated and experimental results with 'H SSFP, and also
attribute them to inexact knowledge of the experimental
frequency distribution. For the motionally narrowed
regime of freely diffusing gas the Lorentzian distribution
is the most appropriate approximation. Another possible
source of difference is the estimate of the 7. For gas phan-
toms this was assumed to be 7, = 1 s, which is a conserva-
tive lower limit based on the rate of decay of the SSFP
signal at o =~ 180° as shown in Fig. 3a. The T, dependence
means that the observation of the SSFP signal response
could be one way of determining the *He 7> for the given
pulse sequence parameters in a way similar to that pro-
posed by Oregioni et al. for thermally polarized '*°Xe [24].

4.3. SSFP MRI — flip angle dependence

Comparing Fig. 5a with Fig. 3a it can be seen that the
application of imaging readout gradients shortens the effec-
tive 7> due to diffusion dephasing, and reduces the efficien-
cy of SSFP with increasing flip angle compared to the
NMR experiments. Nevertheless, these phantom experi-
ments highlight the potential improvements over the SPGR
signal behaviour (Fig. 2) providing that effective T2 > TR.
For example the o« = 15° SSFP data shows a comparable k,
filter function with an increase in SNR predicted by the
ratio sin(otspp/2)/ (S0 otgpoir (COS ocspoﬂ)N"’/ N = 1.7, If effec-
tive T2 starts to approach T2" then the predicted SNR
gains will be less.

Referring to the curves of Fig. 5a it is apparent that the
experimental data demonstrates a smaller first point than
those predicted by the simulations. An explanation for this
difference is radiation damping of the large initial magneti-
zation when it is first tipped in to the transverse plane by
the first RF excitation (e/2). The transverse magnetization
following the first o/2 pulse is not dephased as rapidly as in
the subsequent inter-pulse periods because there are no
readout gradients applied. The result is a highly coherent
large transverse magnetization (resulting from the hyper-
polarization) which induces a current in the coil, and sets
up a counter field to the B1 [25]. The net effect is a “pushing
back’ of some of the transverse magnetization in to the lon-
gitudinal direction prior to the application of the first o

pulse, which can be effectively treated as a lower than
expected effective flip angle <o/2 in the start-up phase. This
effect has been observed previously in phantoms of HP gas
with small receive coils of high Q [26]. A full description of
the diagnosis of radiation damping in hyperpolarized
NMR and the electromagnetic theory of the interaction
for the birdcage resonator was recently presented [27] and
will be submitted to this journal in the near future. For
the purposes of this work the effect was accounted for by
reducing the flip angle of the first rotation to 2/3 of its
expected value i.e. a/3. This is consistent with the flip angle
calibrations observed with a radiation damping sensitized
RF calibration sequence [27] for the transverse magnetiza-
tion evolution periods experienced here. The resulting
scaled curves (o« = 15° black solid line and 30° black dotted
line) closely resemble those observed experimentally. It is
worth pointing out that the syringe phantom NMR exper-
iments are not noticeably affected by radiation damping
due to the fact that the starting M, was much smaller (1/
10th volume of HP *He) and the sample-coil filling factor,
n, is much less due to the phantom’s smaller volume
(50 cm® compared to 11). The radiation damping relaxa-
tion time is proportional to (QMyy)~' [25-27], as such
the effect is negligible in small volume, low M, samples.
Similarly the low Q of the loaded body coil and the shorter
T; of *He in lungs should eliminate radiation damping
effects in in vivo SSFP.

4.4. SSFP MRI - diffusion effects on image SNR as a
Sfunction of flip angle

The simulations of Fig. 5¢c demonstrate that higher SNR
could be achieved with a higher flip angle if the time depen-
dent diffusion attenuation term can be minimized through
gradient optimisation [22]. Out of interest the reader is
referred to Fig. 1 in the paper of Wu and Buxton [19],
where experiments are described with diffusion weighted
SSFP in liquids, and a flip angle dependence in the trans-
verse magnetization as a function of diffusion was evident.
The need for readout gradients with low b-values in order
to preserve effective 7, and hence SNR, ultimately imposes
a limit on the maximum duration of the readout in *He
SSFP MRI. It also limits the maximum read gradient
and readout bandwidth possible, and therefore the mini-
mum sequence TR. This is unlike the case of proton SSFP,
where the in vivo sequence efficiency is greatest with ultra-
short TR and high bandwidth readouts [28]. When diffu-
sion dephasing can be mitigated, for example in HP *He
NMR experiments that do not use imaging gradients, the
corresponding curves are shifted to the right with a peak
at o = 180° in the limit of negligible diffusion (curve of
Fig. 3b), and the SSFP sequence becomes a CPMG
sequence. This corresponds to the sin(«/2) dependence of
the transverse magnetization as observed with HP '*C
[12]. Ultimately, diffusion in the presence of background
field inhomogeneity prevents complete refocusing and lim-
its the measured 7, to a value lower than the true dipole—
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dipole upper limit. This incomplete refocusing is caused by
the finite RF pulse separation in the echo train. Higher flip
angles would be possible with SSFP MRI of HP '*Xe,
which has a lower sensitivity to diffusion dephasing due
to its lower in vivo ADC [29]. Another suitable application
would be high SNR HP SSFP '*’Xe spectroscopic imaging,
where the b-values of the 2D phase encoding gradients are
negligible [8] and diffusion dephasing is therefore minimal.

These simulations assumed a contribution to the effec-
tive 75 from diffusion in SSFP that is described by an addi-
tional transverse relaxation term, exp(—b(t)D). Previous
work with "H SSFP has shown that this approximation
can break down in the limit where either the diffusion-
weighted gradients are high, or the diffusion coefficient is
large [17-20]. Under these conditions, the curve of log sig-
nal intensity versus b-value can deviate from linear — see
Fig. 3 of [17] and Fig. 9 of [19]. The experiments described
in [17-20] were performed with additional pulsed diffusion
gradients either side of the o pulses for diffusion sensitiza-
tion, and as such the SSFP sequences used were not fully
balanced in terms of gradient waveform area. The time
integrals of the imaging gradients simulated and used in
this work with *He average to zero within a TR and are
thus fully balanced. Further more the h-values representing
diffusion during the frequency readout are weak when com-
pared to those used in the diffusion weighted experiments
described in [19], namely 10 mT m~' gradients of 30 ms
duration separated by 60 ms (b = 3.2 x 10*s cm~?). How-
ever the diffusion coefficients of liquids used in these exper-
iments were characteristically lower than *He in air by
between four to five orders of magnitude: phantom
Dipge = 09cm?s™!, lung Diyy. = 0.2cm?s™! compared
to Di,o = 2.5 x 107 cm?s™'. This gives a diffusion
weighted attenuation approximation exp(—bD) = 0.45 for
the experiments described in [17] when compared to 0.77
for the high b-value *He bag phantom imaging experiments
and 0.98 for the low b-value in vivo experiments described
here. From these comparisons it is fair to conclude that
the assumption of exp(—bD) for diffusion related 7 relax-
ation is valid in vivo however the approximation may
become less valid for free gas experiments with higher b-
values. These effects may therefore also contribute to the
differences between simulation and experiment in the imag-
ing experiments of Fig. 5a after correction for radiation
damping was made. This is the subject of further work
where non-linearity in the diffusion dependence of HP
*He SSFP will be explored at higher b-values.

When the SSFP SNR was investigated as a function of
flip angle, a very good agreement with theory was observed
for the 1D imaging experiments (single readout gradient),
especially at lower «, as is shown in Fig. 6b. With respect
to the 2D phase encoded images presented in Fig. 6a, the
shortfall of experimental SNR results with theory predicted
in Fig. 6b could be due to distortion in the slice profile
causing a non-ideal flip angle response [8] or inter-slice
polarisation mixing between o pulses on successive phase
encode views, which was analyzed in detail previously for

2D SPGR sequences [6]. These mechanisms are currently
under further investigation. The effects due to the second
possible explanation are expected to be less significant in vi-
vo by virtue of the lower ADCs.

4.5. SSFP MRI in vivo

With regard to the in vivo SSFP signal dynamics shown
in Fig. 7, the coil has quite a poor Bl homogeneity; the
standard deviation in flip angle across the whole of the
lungs has been previously measured as approximately
+50% [30]. Furthermore there is significant By inhomoge-
neity across the lungs. These two factors explain why the
well-defined oscillatory behaviour of the SSFP signal that
was observed in the phantom experiments (which had a
homogeneous volume By and B), is absent in the in vivo
curves (dotted line). Nevertheless, the k, filter is similar
in shape to that of the optimum SPGR sequence shown
in Fig. 2 with approximately twofold higher weighting in
SNR. The application of the high b-value readout gradient
(solid line) reduces the effective 7> of *He in the lungs and
reduces the efficiency of SSFP as was observed in the
results from the gas phantoms. The SNR should improve
with a higher flip angle of o =25° as demonstrated by
the simulations of Fig. Sc, but the short effective 7, com-
promises the spatial resolution by broadening the PSF at
very high flip angles as was found in the phantom MRI
experiments. Therefore the SNR « (sin ¢/2) relation shown
in Fig. 3b and reported by Svensson et al. with HP '3C is
not valid for SSFP imaging of *He in the lungs if blurring
in the images is to be avoided. The flip angle of 70° report-
ed by Mugler et al. [13] was performed with a sequence
with b-value of 0.046 s cm 2. This flip angle would certain-
ly have produced a heavily broadened PSF with the gradi-
ent configuration described in this work. As no mention of
the effect of flip angle on relative spatial resolution was
made in their work a direct comparison is not possible.
The simulations for the gradient configuration presented,
indicate an optimum in vivo flip angle of around 25°. In this
work, higher in vivo flip angles were not possible with the
flex coil used due to the present RF power limitations.
However the phantom imaging experiments that were
performed with read gradients, (Fig. 6b), fully indicate that
the signal curve becomes more heavily weighted at higher «
due to incomplete refocusing of transverse coherence.

With regard to the in vivo SNR comparisons of SSFP
and SPGR in Fig. 8, as in the phantom experiments, the
shortfall of experimental results with the simulations (per-
formed on-resonance) is attributed to off-resonance and
line broadening effects caused by B, inhomogeneity, which
is high in the lungs. Reduction in refocusing efficiency by
slice mixing through diffusion may also contribute to the
shortfall but is expected to be less of a contributing factor
than in the phantom imaging experiments. A slight further
increase in SNR may be found at the optimum in vivo flip
angle of o = 25° which was not achieved in practice due to
power constraints of the RF amplifier and imperfect
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matching of the flex coil. The SNR comparison of the in vi-
vo images shown in Figs. 8¢ and f, is in good agreement
with the simulated data and is highlighted by the faint
dashed lines in Fig. 5c. Despite the increased flip angle both
images display comparable spatial resolution indicating
that the level of PSF broadening through the k-space filter-
ing effect at higher flip angle is acceptable.

Although the SSFP images show higher SNR, their
diagnostic utility at high By remains to be verified, largely
because of the prevalence of banding artifacts, which may
be misdiagnosed as ventilation defect as has been described
previously for SPGR images in regions of field inhomoge-
neity [31,33]. The robust nature of optimized SPGR
sequences make choice of SSFP over SPGR for routine
clinical use a difficult one. In this work, variable flip angles
[7] were not used with SPGR due to spectrometer pulse
programming constraints so it is hard to say how SSFP
performs against fully optimized SPGR. The SSFP
sequence has yet to be used for routine breath-hold imag-
ing on this system as the benefits of increased SNR are
compromised by the banding artifacts which could be mis-
diagnosed as ventilation defect.

These artifacts could be further mitigated by refined
shimming methods, reducing the sequence TR with a high-
er performance system, or alternatively by performing HP
*He SSFP imaging at lower B [11,26,32—34]. The high dif-
fusivity of *He and the associated shortening of 75 due to
gradient dephasing, precludes the use of very high flip
angles previously reported for SSFP HP '3C MRI [12].
Moreover care should be taken not to degrade SNR in
HP *He SSFP through excessive T, shortening through
the use of sequences with strong readout gradients and high
bandwidth that are now standard in short TR proton SSFP
sequences.

Higher SSFP sequence efficiency through use of higher «
is expected with '*?Xe MRI by virtue of the lower in vivo
diffusion coefficient. However, the higher optimum o that
is expected could create potential SAR problems with the
use of high o« SSFP at short TR, which are already an issue
in vivo with ultra-short TR 'H SSFP. Providing the effec-
tive 7, can be kept short with gradient optimization, HP
*He SSFP has the potential for larger 2D phase encoding
matrix sizes than is achievable with SPGR sequences and
possibly 3D SSFP experiments. These experiments were
performed with sequential phase encoding throughout.
Centric encoding would be inadvisable due to the oscillato-
ry nature of the signal in the stabilization period as it
approaches steady-state (n < 10). Alternatively a prepara-
tory scan phase could be used in which data was not col-
lected as the signal approaches a pseudo-steady state,
followed by sampling with centric or half-Fourier sequen-
tial encoding.

5. Conclusion

It has been demonstrated theoretically and experimen-
tally that SSFP sequences can provide high spatial resolu-

tion images of lung ventilation at breath-hold with HP
3He at 1.5 T with the potential for higher SNR than SPGR
methods. Although HP gas M|, is not renewable, under the
right conditions of a long effective 75, a pseudo-steady-
state can be achieved within the time course of an MR
imaging experiment. When effective 75 is shortened by dif-
fusion dephasing, SSFP yields a decaying magnetization
response. Nevertheless this non-steady-state can still be
used to good effect in vivo as it provides higher SNR for
a given level of blurring in the PSF than an optimized
SPGR sequence response.

The theoretical analysis presented here, fully encom-
passes the effects of a finite polarization and a time-depen-
dent diffusion dephasing effect of the encoding gradients.
This work represents an extension of the matrix methods
presented in the past [15,16,18,19] for SSFP of thermally
polarized proton spins to the analysis of HP gas signal
dynamics. Furthermore the simulations presented accu-
rately account for off-resonance effects that were not
included in the analytical analysis of the HP '*C signal pre-
viously presented by Svensson et al. [12].
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