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a b s t r a c t

This work explores slice profile effects in 2D slice-selective gradient-echo MRI of hyperpolarized nuclei.
Two different sequences were investigated: a Spoiled Gradient Echo sequence with variable flip angle
(SPGR-VFA) and a balanced Steady-State Free Precession (SSFP) sequence. It is shown that in SPGR-VFA
the distribution of flip angles across the slice present in any realistically shaped radiofrequency (RF) pulse
leads to large excess signal from the slice edges in later RF views, which results in an undesired non-con-
stant total transverse magnetization, potentially exceeding the initial value by almost 300% for the last RF
pulse. A method to reduce this unwanted effect is demonstrated, based on dynamic scaling of the slice
selection gradient. SSFP sequences with small to moderate flip angles (<40�) are also shown to preserve
the slice profile better than the most commonly used SPGR sequence with constant flip angle (SPGR-CFA).
For higher flip angles, the slice profile in SSFP evolves in a manner similar to SPGR-CFA, with depletion of
polarization in the center of the slice.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Gradient recalled echo sequences are the most commonly used
pulse sequences in MRI of hyperpolarized nuclei. While sequences
based on non-Cartesian k-space trajectories [1–3] promise faster
acquisitions and efficient use of available polarization due to
non-uniform k-space sampling, 2D and 3D Cartesian sequences re-
main popular as they are robust, readily implemented and images
are easily reconstructed.

The most widely used sequence is the 2D Spoiled Gradient Echo
(SPGR) sequence, also known as Fast Low-Angle Shot (FLASH) [4].
Alternatively, balanced Steady-State Free Precession sequences
(SSFP, TrueFISP, FIESTA) [5–7] are emerging in hyperpolarized no-
ble gas imaging [8], as they are able to provide a higher signal-to-
noise ratio (SNR) through recycling of available polarization, albeit
at the risk of steady-state banding artifacts in regions of low B0

homogeneity.
Hyperpolarized nuclei are by definition in a non-equilibrium

state, and longitudinal relaxation does not lead to a recovery of
polarization between radiofrequency (RF) pulses. Instead, hyper-
polarization decays exponentially with the time constant T1 to-
wards thermal equilibrium, and the remaining thermal
polarization can be considered negligible compared to the hyper-
polarized state. This T1 decay and irradiation with RF leads to a
steady depletion of polarization in the excited sample volume.
ll rights reserved.
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Fig. 1 shows the effect this steady depletion of polarization has
on the evolution of the slice profile between RF pulses (Fig. 1a), and
the effective k-space filter (Fig. 1b) for a 2D SPGR sequence with
constant flip angle (SPGR-CFA). The optimum flip angle that max-
imizes SNR can be derived analytically for SPGR-CFA with sequen-
tial phase encoding [9], and is about 7� for 128 phase encode steps.
The slice profile evolution in Fig. 1 was obtained experimentally
using this optimal flip angle. A reduction in flip angle would im-
prove the slice profile and the effective k-space filter at the expense
of image SNR.

The non-constant k-space filter leads to image blurring. This ef-
fect is already known in hyperpolarized MRI [9], and the data in
Fig. 1 are shown here for reference. Depletion of polarization can
be countered by the use of progressively increasing flip angles in
SPGR imaging, effectively yielding a constant transverse magneti-
zation after each RF pulse. This approach is used in 1H imaging at
short TR [10], but is particularly useful in hyperpolarized MRI
[11] as the optimal flip angle progression can be calculated analyt-
ically. In theory, the constant transverse magnetization imparts a
constant k-space filter and thus reduces image blurring. Addition-
ally, by employing a flip angle progression scheme that results in a
flip angle of 90� for the last pulse, the finite polarization available is
used completely and therefore efficiently.

The aim of this work was to evaluate slice profile evolution and
k-space filtering in slice-selective 2D MRI for hyperpolarized nu-
clei, using an SPGR sequence with variable flip angle (SPGR-VFA)
and a balanced SSFP sequence for imaging of hyperpolarized 3He.
It is shown that for realistic RF pulse shapes the progressive flip an-
gle scheme in SPGR-VFA leads to unwanted slice profile distortion
for later pulses. Different solutions to counter this effect are

http://dx.doi.org/10.1016/j.jmr.2009.11.003
mailto:j.m.wild@shef.ac.uk
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


Fig. 1. (a) Experimentally obtained evolution of the slice profile in SPGR imaging of
hyperpolarized nuclei employing a constant flip angle (SPGR-CFA). The FOV is
18 cm, the slice thickness 6 cm and the flip angle is 7�. (b) The effective k-space
filter in the phase encode direction resulting from integration of signal across the
slice, assuming sequential phase encoding.

Fig. 2. From bottom to top: The distribution of magnetization within the phantom
Mn(z), the slice excitation profile En(z), and the observed slice profile Pn(z) within the
FOV, (a) for the first RF pulse (n = 1) and (b) for a later RF pulse (n > 1). Before the
first RF excitation, M1(z) is homogeneous over the whole phantom, and the
observed profile P1(z) mirrors the excitation profile E1(z). For subsequent RF pulses,
magnetization is gradually depleted by RF pulses, leading to a reduced Mn(z) at the
slice location. As a consequence, the observed profile Pn(z) = En(z) � Mn(z) is
distorted.
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discussed, and an easily implemented correction method using dy-
namic scaling of the slice selection gradient is proposed.

Additionally, slice profile effects were investigated for a 2D SSFP
sequence for a range of flip angles, and results indicate that for
equivalent flip angles the slice profile is better conserved in SSFP
than in SPGR-CFA.

2. Theory

For SPGR-VFA of hyperpolarized media the ideal flip angle pro-
gression can be expressed analytically [11], as T1 relaxation can
usually be neglected on the time scale of the imaging sequence:

an ¼ arctan
1ffiffiffiffiffiffiffiffiffiffiffiffiffi

N � n
p
� �

ð1Þ

where N is the total number of RF pulses and an is the flip angle for
the nth RF pulse. This progression scheme ideally leads to a constant
transverse magnetization after each pulse. For a realistic slice-selec-
tive experiment, Eq. (1) cannot be satisfied over the whole slice be-
cause of the distribution of effective flip angles over the slice
excitation profile.

Fig. 2 shows the geometry used here for the slice profile mea-
surements. Note that the 3He phantom extends well beyond the
nominal boundary of the measured slice as defined by the FWHM.
This is necessary to highlight the flip angle inhomogeneity across
the slice and represents a realistic situation for 2D in vivo imaging
in a continuous object. Additionally, this minimizes potential
confounding effects due to diffusion restriction close to the edges
(see Section 5).

In a simple model, the observed slice profile after the nth RF
pulse Pn(z), equal to the transverse magnetization, Mxy(z), can be
expressed as the product of the excitation profile of the RF pulse
En(z) and the underlying spatial distribution of longitudinal mag-
netization Mn(z):

PnðzÞ ¼ EnðzÞ �MnðzÞ ð2Þ

Pn(z) is the slice profile observed experimentally. En(z) is equiv-
alent to the observed slice profile if the underlying longitudinal
magnetization is distributed uniformly. En(z) depends on the RF
pulse shape and the flip angle, but also includes the effect of imper-
fect RF coil homogeneity. Essentially it is the actual excitation pro-
file of the RF pulse as experienced by the spins in image space.

As no recovery of polarization occurs in hyperpolarized MRI, the
distribution of longitudinal magnetization Mn(z) depends on the RF
pulse number n. Fig. 2a depicts the case of n = 1, where Mn(z) is still
constant in space. Fig. 2b shows the situation at a later stage; here,
previous RF pulses have depleted the magnetization at the slice
location, and the observed slice profile Pn(z) is distorted, although
the excitation profile En(z) remains unchanged.

Ideally, the observed slice profile for all pulses Pn(z) would be
identical to the excitation profile of the first pulse E1(z) = P1(z).
The shape of the excitation profile En(z) depends on the RF pulse
shape, and can be regarded as independent of flip angle as long
as the latter is small (<90�). In that case, the excitation profile
can be approximated as the Fourier transform of the temporal
envelope of the RF pulse. Hence, if this small flip angle approxima-
tion is valid and the RF pulse shape is not changed during the
experiment, the excitation profiles differ only by a scaling factor
proportional to the RF pulse amplitude and independent of z, lead-
ing to

EnðzÞ / E1ðzÞ ¼ P1ðzÞ ð3Þ

A corrected excitation profile Ecorr,n(z) can be proposed which
would meet the condition

PnðzÞ ¼ P1ðzÞ ¼ Ecorr;nðzÞ �MnðzÞ ð4Þ

From Eqs. (2)–(4) it follows that

Ecorr;nðzÞ /
P1ðzÞ2

PnðzÞ
ð5Þ

Thus the corrected excitation profile Ecorr,n(z) can be determined
empirically from the slice profiles Pn(z) observed with the uncor-
rected excitation profile, except for a scaling factor related to the
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RF pulse amplitude As the correction mechanism proposed in Sec-
tion 4 relies solely on the full width at half maximum (FWHM) of
Ecorr,n(z), this scaling factor can from here on be neglected.

Note that this calculation is done entirely in spatial coordi-
nates, as only the spatial excitation profile of the RF pulse has
been investigated, not its time envelope. As long as the corrected
excitation profiles Ecorr,n(z) are based on actually observed uncor-
rected profiles, additional effects of polarization mixing due to
diffusion of gas in and out of the excited slice, which lead to
broadened slice profiles [12], are intrinsically considered in this
analysis.

A method based on Shinnar–Le Roux transformation [13] to
compensate for RF depletion has been proposed by implementing
a view dependent modification of the RF pulse shape [14]. In Sec-
tion 4, it will be shown that a purely spatial modulation by scaling
of the slice gradient amplitude also yields satisfactory results.

3. Experimental

Measurements were conducted on a GE 1.5T Signa HDx scan-
ner (GE, Milwaukee, WI, USA), using a home-built linear Birdcage
coil tuned to the 3He resonance frequency of 48.63 MHz. The coil
has a diameter of 15 cm and a length of 19 cm, and is surrounded
by an RF shield of 22 cm diameter. A B1 map of the coil is given in
Ref. [15]. 3He was polarized to �25% using a prototype Rubidium
spin-exchange polarizer (GE, Milwaukee, WI, USA). To image slice
profiles a cylindrical 400 ml glass phantom filled with 100 ml
hyperpolarized 3He and 300 ml N2 was used. Slice profiles were
obtained by placing the read and slice gradients on the same axis
and nulling the phase encode gradients for each encoding step
(view).

Imaging parameters for SPGR sequences were a 128 � 128 ma-
trix, a receiver bandwidth of 31.25 kHz, a FOV of 18 cm and a slice
thickness of 6 cm. The relatively small FOV and thick slice were
chosen to resolve the slice profile well. Sequence timing was
TE = 4.2 ms and TR = 8.7 ms. For the SSFP sequence, receiver band-
width and FOV were increased to 250 kHz and 48 cm, respectively,
while maintaining a 128 � 128 matrix and a 6 cm slice thickness.
The timing was TE = 4.2 ms and TR = 2TE = 8.4 ms. In SSFP imaging
the magnetization was catalyzed by a single a/2 � TR/2 start-up
phase. The long echo times for both SPGR and SSFP are a conse-
quence of accommodating both slice and read gradient waveforms
on the same axis.

Before SSFP imaging the magnet was shimmed manually to
�0.2 ppm FWHM of the main spectral peak observed. A small sec-
ond resonance amounting to less than 5% of the total intensity was
observed about 2 ppm up-field, which is attributed to the neck of
the phantom used for filling. During the shimming process the
main peak was brought on resonance, and all SSFP profiles pre-
sented here were acquired with RF excitation at this frequency.

Four different RF pulses were used for the experiments with the
SPGR sequence: a symmetric sinc pulse apodized with a Hamming
window, truncated either at the second, third or fourth zero-cross-
ing. These pulses are designated sinc1, sinc2 and sinc3, respectively.
The fourth pulse was a symmetric Gaussian. For the SSFP sequence
only the Gaussian pulse was used. The transmit bandwidths were
5 kHz for sinc1, 10 kHz for sinc2, 15 kHz for sinc3, 4.0 kHz for the
Gaussian pulse in SPGR and 4.163 kHz for the Gaussian pulse in
SSFP.

Prior to imaging, the flip angle was calibrated by placing a small
sphere containing hyperpolarized 3He at the center of the RF coil,
and monitoring the depletion of signal using a non-slice-selective
pulse-acquire sequence with constant flip angle and spoiling be-
fore each RF pulse. The signal decays according to

Sn ¼ S1 � ðcos aÞðn�1Þ ð6Þ
Here, Sn is the signal after the nth RF pulse, and a is the flip an-
gle. A fit of Eq. (6) to the resulting signal amplitudes allows extrac-
tion of a. The flip angle was calibrated separately for each RF pulse
shape used in this work.

To assess the possibility of using simulated rather than mea-
sured slice profiles as P1(z) and Pn(z) for determination of Ecorr,n(z)
via Eq. (5), SPGR-VFA slice profiles were simulated in MATLAB
(MathWorks, Natick, MA, USA), using matrix multiplication meth-
ods based on the Bloch equations [8] assuming the low flip angle
approximation whereby the slice profile is given by the Fourier
transform of the RF pulse envelope. The simulations used the ac-
tual Gaussian RF pulse shape as stored on the scanner. Simulation
input parameters were: TE = 4.2 ms, TR = 8.7 ms, T2

* = 27.5 ms,
T1 = 1200 s.

All slice profile data sets shown in this work were divided by
the amplitude of the first profile. This normalizes the peak of the
first profile to unity amplitude and maintains the relative ampli-
tudes of subsequent profiles.
4. Results

4.1. SPGR-VFA

Fig. 3 shows slice profiles (a–d) and k-space filters (e) measured
for a 2D SPGR-VFA sequence for four different RF pulse shapes and
with flip angle progression according to Eq. (1). For the number of
RF pulses used (N = 128), this corresponds to a flip angle evolving
from 5� for the first pulse to 90� for the last. It can be seen that
Eq. (1) is satisfied well in the center of the slice resulting in a con-
stant signal with increasing n at z = 0, which is an improvement
over the depletion seen in SPGR-CFA (Fig. 1a).

Towards the end of the sequence, however, the lower effective
flip angle at the slice edges leads to a distortion of the slice profile,
with large excess signal lobes arising at the edges. This is a conse-
quence of insufficient depletion of polarization during the earlier
pulses.

Comparing the different pulse shapes, sinc pulses with a larger
time–bandwidth product (corresponding to a larger number of zero
crossings) inherently have a flatter flip angle distribution across the
slice, and hence are able to maintain the slice profile better. On the
other hand they have increased sidebands, which start to become
more prominent at the final RF view where the flip angle is 90�.

Usually in thermally polarized experiments, the sidebands of
sinc pulses are still considered negligible at a flip angle of 90�. In
the present experiment, however, the situation is somewhat differ-
ent. As the 90� sidebands extend beyond the nominal slice, they ex-
cite areas which have not been depleted at all by previous RF
pulses. Hence the large excess in polarization outside of the slice
in combination with the relatively small (but not negligible) flip
angles arising from the sidebands can result in the fact that most
of the signal for the final RF view arises from outside of the actual
slice. This effect can be seen in Fig. 3b and c.

The k-space filters resulting from integration of signal across
the slice are shown in Fig. 3e. As expected, sinc pulses with a larger
time–bandwidth product perform best in the earlier phase of the
imaging sequence. Almost no difference in k-space filter is ob-
served between sinc2 and sinc3, both of which deviate from a flat
response by 10% after the 105th RF pulse. For sinc1 the same 10%
deviation is observed after the 69th pulse, and after the 53rd pulse
for the Gaussian shape. For the latter, the signal enhancement of
the last RF pulse amounts to almost 300%.
4.1.1. Slice profile correction from empirical data
The data shown in Fig. 3 were used to calculate the ideal exci-

tation profiles according to Eq. (5). Fig. 4a depicts the excitation



Fig. 3. Evolution of the slice profile with SPGR-VFA of hyperpolarized 3He observed experimentally, for different RF pulse shapes: (a) sinc1, (b) sinc2, (c) sinc3 and (d) Gaussian.
The RF pulse shapes in the temporal domain are given in the insets. (e) The effective k-space filters in the phase encode direction obtained from integration of the signal across
the slice.
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profiles E1(z) = Ecorr,1(z) and Ecorr,128(z) for the case of the Gaussian
RF pulse. The shape of Ecorr,n(z) does vary with n, and the ideal exci-
tation profile could be realized by dynamic shaping of the RF pulse
[14]. The main variation in excitation profile shape, however, is via
its width. In Fig. 4a, a Gaussian excitation profile with identical
FWHM to Ecorr,128(z) is plotted, and it can be seen that although it
differs from the ideal profile, this difference is quite small.

This insight leads to a simpler approach to slice profile correc-
tion. Instead of using a different RF pulse shape for each n, the slice
gradient is scaled while maintaining the same RF pulse shape, to
yield an excitation profile of identical FWHM to the ideal excitation
profile Ecorr,n(z). As the slice thickness is inversely proportional to
the slice gradient amplitude, the scaling factor is proportional to
the inverse of the FWHM of Ecorr,n(z). Fig. 4b shows the correction
factor function for the different RF pulses as obtained from the data
in Fig. 3.

To obtain a smooth correction curve the following empirical
function was fitted to the correction factors obtained from the in-
verse FWHM:
FðnÞ ¼ Aþ B
ðn� n0Þ

þ C

ðn� n0Þ2
þ D

ðn� n0Þ3
ð7Þ

F(n) is the correction factor by which the slice selection gradient
is to be scaled for the nth RF pulse. A, B, C, D and n0 are fitting
parameters, and their values for the different RF pulses are given



Fig. 4. (a) The corrected excitation profiles Ecorr,1(z) and Ecorr,128(z) calculated from the data shown in Fig. 3(d) using Eq. (5), and compared to a Gaussian. (b) The correction
factors derived from FWHM�1 of Ecorr,n(z) for the different pulse shapes. Dashed lines in (b) are the best fits in a least squares sense, using Eq. (7) and the parameter values
given in Table 1.
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in Table 1. The best fits in a least squares sense are also depicted in
Fig. 4b. The inverse polynomial form was chosen instead of a nor-
mal polynomial to better represent the divergence for later RF
pulses.

Fig. 5 shows the resulting slice profile measurements from a
SPGR-VFA sequence, with scaling of the slice selection gradient
amplitude according to the correction factors shown in Fig. 4b.
Slice profile distortion has been reduced for all four RF pulse
shapes (Fig. 5a–d). The effect of the correction mechanism is most
pronounced for the sinc1 (Fig. 5a) and Gaussian (Fig. 5d) pulse
shapes, which performed worst without correction (Fig. 3).

While the shapes of the observed profiles in the later pulses still
deviate from the original excitation profiles, the imposed k-space
filter has been significantly improved (Fig. 5e). The signal inte-
grated over the profile remains within ±5% of the starting value
for the first 127 RF pulses for sinc1 and Gaussian, and within
±12% for sinc2 and sinc3. Remaining deviations from a flat response
are attributed to the emergence of sidebands in the later RF pulses
(which are not accounted for in the derivation leading to Eq. (5),
and which are more significant for pulses with a larger time–band-
width product) and possible errors in phantom placement between
uncorrected and corrected measurement (as occasionally the
phantom had to be refilled).

4.1.2. Slice profile correction from simulations
Slice gradient scaling according to correction factors deter-

mined from uncorrected profiles requires an additional measure-
ment. Fig. 6 assesses the possibility of replacing this preparation
measurement with simulated data requiring only knowledge of
the RF pulse shape. Fig. 6a shows the slice profile evolution ob-
served experimentally for the Gaussian RF pulse, while Fig. 6b
shows profiles simulated with matrix multiplication methods [8].
Table 1
The fitting parameters for the correction factor in Eq. 7, resulting in the correction
factors shown in Fig. 4b.

Pulse shape A B C D n0

sinc1 0.707 �45.32 �975.26 �9825.6 141.84
sinc2 0.947 �8.92 �84.88 �301.74 132.4
sinc3 0.949 �8.76 �178.3 �2128.7 142.03
Gaussian 0.803 �31.38 �746.18 �8365.7 143.24
The actual RF pulse envelope as obtained from the scanner was
used as input for the simulations. Small deviations between exper-
imental data and simulation are due to the fact that the effects of
B1 inhomogeneity and diffusion are not accounted for in the
simulations.

Figs. 6c and d show the profiles observed experimentally with
slice gradient scaling, with the correction factors obtained from
experimental data and simulations, respectively. Qualitatively no
great difference is observed between the two approaches. Fig. 6e
shows the correction factors obtained from both methods, and it
can be seen that the simulated data results in larger gradient scal-
ing throughout. This translates directly to the effective k-space fil-
ters shown in Fig. 6f. The data obtained with correction from
experimental data deviates to higher signal for later RF pulses,
while the data obtained with correction from simulation appears
to deviate to lower signal initially, curving upwards only for the
last pulses. This is a consequence of overestimated correction fac-
tors obtained from simulation. In both cases, however, the effective
k-space filter has been greatly improved by slice gradient scaling.

4.2. SSFP

In SSFP imaging, dephasing of transverse magnetization due to
diffusion along field gradients plays a somewhat more important
role than in SPGR imaging, because it attenuates the desired coher-
ence between gradient echoes. The effective transverse relaxation
time T2,eff is given by [16]:

T2;eff ¼
TE

bðTEÞ � Dþ TE=T2
ð8Þ

Here, TE is the echo time, D is the diffusion coefficient, T2 is the
upper limit for the transverse relaxation time as measured by a
CPMG sequence, and b(TE) is the b-factor related to the gradient
waveform [8]. According to Eq. (8), large diffusion dephasing due
the free diffusion of the gas in the strong gradients leads to a short
T2,eff. This effectively converts a SSFP sequence into a SPGR se-
quence, as the read gradient works as a spoiler and prevents recy-
cling of magnetization. Hence, in order to achieve true SSFP
conditions, the field of view (FOV) and receiver bandwidth were in-
creased for the SSFP experiments, which is consistent with realistic
parameters for in vivo imaging.



Fig. 5. Experimentally observed evolution of slice profiles in SPGR-VFA corrected by slice gradient scaling, for the different RF pulse shapes: (a) sinc1, (b) sinc2, (c) sinc3, (d)
Gaussian. Scaling factors were derived from the experimental data shown in Fig. 3. (e) The resulting effective k-space filters. Note that for comparison all axes are scaled
identically to those in Fig. 3.
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Fig. 7a–c show the evolution of slice profiles obtained with a
SSFP sequence for a range of flip angles. For comparison, the case
of SPGR-CFA with a = 7� using the same FOV is shown in Fig. 7d.
Note that, because of the absence of spoiling and due to phase cy-
cling of ±180� of the transmit pulse, a SSFP flip angle of a leads to
the same transverse magnetization as a SPGR sequence with a flip
angle of a/2 when relaxation is neglected [7]; hence the cases
shown in Fig. 7a and d yield comparable signal, while for Fig. 7b
and c the detected signal is higher by virtue of a larger flip angle.
Due to the rescaling for comparison of the slice profiles, this
improvement in absolute signal with increased flip angle is not
apparent in Fig. 7.

From Fig. 7 it can be seen that a balanced SSFP sequence con-
serves the slice profile better than the standard SPGR-CFA se-
quence for a comparable flip angle. In SPGR-CFA with 128 phase
encode views, a flip angle of 7� yields optimal SNR, and the corre-
sponding slice profile evolution with the known effect of RF deple-
tion is shown in Fig. 7d. In SSFP, a flip angle of 14� leads to the same
transverse magnetization, while the slice profile is better main-
tained, exhibiting no depletion in the slice center (Fig. 7a). RF
depletion only becomes significant at higher flip angles, as shown
in Fig. 7b and c.

Nevertheless, unwanted slice profile distortion is observed for
the first �20 RF pulses in the SSFP sequence, which is a conse-
quence of imperfect catalyzing of the equilibrium magnetization
prior to acquisition. In this work a single a/2 � TR/2 start-up period
was used, which assumes all spins to be exactly on resonance [17].
In practice this ideal condition is never reached completely, and



Fig. 6. Comparison between slice gradient scaling factors obtained from previous experimental data and from simulations. (a) Experimentally observed slice profiles for
SPGR-VFA obtained with the Gaussian RF pulse without slice gradient scaling. (b) Slice profiles simulated from knowledge of the RF pulse shape. (c) Measured profiles with
the correction factor derived from the experimental data in (a). (d) Measured profiles with the correction factor derived from the simulated data in (b). (e) The correction
factors obtained from the measurement in (a) and the simulation in (b). (f) The resulting k-space filters from the slice profiles shown in (a–d).
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off-resonance spins contribute to the signal during the first few RF
views, until they have dephased and only on-resonance spin coher-
ences remain.
5. Discussion

This work has shown that slice profile effects in 2D SPGR-VFA of
hyperpolarized nuclei lead to an overall signal response that di-
verges with RF pulse number n, resulting in a non-uniform k-space
filter in the phase encode direction. This is a consequence of vari-
ation of the flip angle across the slice profile, making it impossible
to satisfy the optimum SPGR-VFA condition in Eq. (1) at every loca-
tion. Here, the flip angle has been calibrated so that Eq. (1) is ful-
filled at the slice center. This results in the desired flat signal
response in the middle of the slice, but at the same time leads to
insufficient depletion of polarization and subsequent excess signal
at the slice edges.

The data presented here show that automatic calculations of flip
angles in SPGR-VFA according to Eq. (1) can lead to slice profile dis-
tortions and excess signal, in the worst case amounting to up to al-
most 300% due to flip angle variation across the slice. A non-
constant divergent signal for SPGR-VFA with hyperpolarized sam-
ples is often interpreted as a consequence of imperfect flip angle



Fig. 7. Evolution of slice profiles in a balanced SSFP sequence for flip angles of (a) 14�, (b) 42�, and (c) 70�. For comparison, (d) shows the reference case of SPGR-CFA with a flip
angle of 7�.
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calibration and B1 transmit coil inhomogeneity. While this is cer-
tainly the case for 3D sequences [2] and 2D projection imaging
with a very weak or absent slice selection gradient [11,18], this
work demonstrates that the effect is inherent to slice-selective
2D imaging by virtue of flip angle variation across the slice.

The simplest approach to improve the slice profile and k-space
filtering performance of the SPGR-VFA sequence is to discard the
later RF views. This could be done prospectively, by using Eq. (1)
to calculate the flip angle progression, replacing the total number
of RF pulses N by N + M, where M is an integer number of additional
‘discarded’ pulses. Thus, the flip angle progression is calculated for
a higher number of pulses than are actually played out.

This would mean that not all of the available magnetization is
used, and hence this method is slightly less efficient than the ideal
progression according to Eq. (1); however, for a small number of
discarded pulses the difference in signal is relatively small. As
the transverse magnetization is kept constant during the imaging
experiment, the size of the signal is determined by the flip angle
of the first RF pulse. For example, considering an experiment in
which 128 phase encode views are to be acquired, the initial flip
angle is reduced from 5.07� to 4.88� if the calculation is done for
138 views, which corresponds to ten discarded views. This is
equivalent to a signal loss of less than 4%. Nevertheless, depending
on the RF pulse shape as shown in Fig. 3e, the deviation from a flat
k-space filter can be as much as 10% as early as after the 60th RF
pulse, and a flat filter might necessitate the discarding of a large
number of RF views.

The most comprehensive solution to this problem would be a
dynamic modification of the RF pulse shape from view to view
[14], which is intensive in terms of spectrometer run time memory
usage. An alternative method which is somewhat easier to imple-
ment is proposed in this work. Slice selection gradient scaling as a
function of RF pulse number results in a satisfactory k-space filter,
while a constant signal is maintained in the slice center. Neverthe-
less, the shape of the observed slice profile for later pulses still
deviates from the ideal profile.

Obviously the amount of correction depends on the pulse shape,
with higher RF bandwidth pulses (for a given pulse duration)
requiring less correction. This can also be seen in Fig. 4b, where
the correction factor is smaller for higher RF bandwidth pulses.
From this perspective the use of pulses with a large time–band-
width product can be regarded as preferable, bearing in mind that
it might be necessary to skip the last few RF views. Particularly for
high RF bandwidth the use of 90� pulses at the end of an imaging
sequence can lead to the highly undesirable excess signal in side-
bands outside of the slice as seen in Figs. 3 and 5b and c.

There is, however, a number of arguments in favor of RF pulses
with a smaller time–bandwidth product, particularly for imaging
of hyperpolarized 3He. By using lower bandwidth pulses, the same
slice thickness can be achieved for a weaker slice selection gradi-
ent, which reduces diffusion attenuation during slice selection
[12]. Alternatively, for a given slice gradient strength lower TEs
can be attained. Additionally, lower bandwidth pulses deliver high-
er flip angles for lower RF transmit power, which might become
important for nuclei of lower gyromagnetic ratio with body trans-
mit coils and limited broadband RF amplifier power. Ultimately the
choice of RF pulse is determined by the nature of the imaging
experiment; however, the effects described in this work should
be taken into account when designing 2D experiments on hyperpo-
larized nuclei.
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The correction mechanism based on slice gradient scaling pro-
posed here is based on knowledge of the uncorrected slice profile
evolution. This knowledge can either be obtained by a preparation
measurement or by simulation. An additional measurement,
requiring an additional dose of hyperpolarized agent, is not very
practical for in vivo studies, given the overhead in scanning time
and the relatively large additional amount of agent needed.

An advantage of slice profile correction based on a preliminary
measurement is that it corrects not only for the flip angle varia-
tion inherent to the excitation pulse shape, but also takes into ac-
count the B1 inhomogeneity of the transmit coil across the excited
slice and polarization mixing due to gas diffusion through the
slice [12]. This is a consequence of the fact that all calculations
are carried out in the spatial rather than the temporal domain.
For in vivo studies, however, both of these effects are expected
to be reduced, as usually good B1 homogeneity can be reached
on the scale of a typical slice thickness [19], and in vivo diffusion
is reduced considerably by the structure of the lung. Hence it can
be assumed that, for in vivo studies, correction factors obtained
from simulations would allow satisfactory correction of slice pro-
file deviations.

In principle, the performance of a simulation-based correction
approach is defined by the quality of the simulations. The effects
of B1 inhomogeneity and diffusion dephasing have not been incor-
porated in the simulations presented here. In the existing frame-
work, the correction factors obtained from simulations are
expected to perform best if the transmit field is homogeneous
and diffusion dephasing is minimized. The results shown in Fig. 6
demonstrate good correction performance for a Gaussian RF pulse.
If a pulse with larger bandwidth is used, the slice gradient becomes
stronger, exacerbating diffusion dephasing. This effect could, how-
ever, be readily accounted for within the framework of the simula-
tions using the approach outlined in [12].

For simplicity, the present experiments were limited to a single
slice. In multi-slice imaging the situation is somewhat more com-
plex. Signal at the slice edge would be expected to be reduced if
longitudinal magnetization in the adjacent slice has been depleted
by previous pulses. Depending on the order in which slices are ac-
quired this might result in asymmetric slice profiles. This effect
could be mitigated by slice interleaving as this would lead to a
more uniform depletion of longitudinal magnetization across all
slices. Of course, a viable alternative for imaging whole objects
avoiding these issues is presented by 3D sequences, which benefit
from the fact that a long TR is not necessary (and, in fact, undesir-
able) for hyperpolarized nuclei [12]. Under certain circumstances it
might, however, be desired to acquire only a subset of slices, in
which case aforementioned effects might have to be considered.

Particularly in hyperpolarized noble gas imaging diffusion plays
an important role. Two different diffusion mechanisms along the
direction of slice selection have an influence on the data presented
here. Diffusion of transverse magnetization during TE leads to a
broadening of the slice profile, as spins move between excitation
and detection, and diffusion of longitudinal magnetization between
pulses leads to partial replenishment of the depleted polarization.

Assuming a diffusion coefficient of D = 0.9 cm2 s�1 for 3He in N2,
the diffusion length during TE = 4.2 ms is 1.2 mm. This gives an
estimate for the size of the first effect in the present experiments.
Even using a very diffusive gas such as pure 3He and a rather long
TE, the expected broadening is small compared to typical slice
thicknesses in 2D imaging. Here the gas was freely diffusive within
the phantom. In in vivo lung imaging, the effect of diffusion during
TE will be even less pronounced due to the presence of restrictions.

Diffusion of longitudinal magnetization between pulses plays a
more significant role in the present experiments. This effect has
been modeled and measured previously for the 2D experiment
with free gas with finite difference simulations [12]. As long as
the compensation strategy proposed is based on experimental
data, these effects are inherently taken into account. Nevertheless,
occasional misalignment of the phantom led to the presence of gas
reservoirs of different volumes on both sides of the imaged slice.
This resulted in asymmetric slice profiles for later RF pulses, as
replacement of depleted polarization was more efficient from the
larger reservoir. An example for this effect can be seen in Fig. 7d,
where the observed slice profiles exhibit a slight asymmetry for la-
ter RF pulses.

In addition to the insights gained in this work on slice-selective
SPGR-VFA imaging, a balanced 2D SSFP sequence was also evalu-
ated with respect to slice profile effects in hyperpolarized MRI. It
was found that, in comparison to SPGR-CFA with equivalent flip
angle, the slice profile is better conserved using a SSFP sequence,
as RF depletion is reduced due to rephasing of transverse magneti-
zation by balanced gradients. This is a new finding, as previous
studies with SSFP in hyperpolarized imaging have focused on the
analysis of magnetization evolution in the ky direction, motivated
by the possibility of using higher flip angles, resulting in higher
SNR [8]. Together with the results obtained here for SPGR-VFA,
SSFP with relatively small flip angles (<20�) might be considered
as an alternative to SPGR-VFA for minimizing image blurring, par-
ticularly in 2D slice-selective imaging.

The usefulness to this end of the SSFP sequence used here is
limited, however, as additional slice profile distortions are ob-
served in the first �20 RF pulses. These arise from the frequency
distribution of spins as a consequence of B0 imperfection. These
off-resonance spins accrue additional phase between RF pulses,
which leads to oscillating signal behavior until their spin coher-
ence has completely dephased. The performance of SSFP could be
improved further by better tailored start-up schemes to catalyze
the equilibrium magnetization and reduce oscillating behavior be-
fore acquisition, along the lines of methods proposed to accelerate
the transition into the steady state in 1H MRI [20,21]. The investi-
gation of such schemes for SSFP of hyperpolarized nuclei will be
the subject of future experiments.

All SSFP acquisitions presented here were done using on-reso-
nance RF excitation. Off-resonance excitation is known to lead to
significant slice profile distortions in balanced SSFP imaging [22];
however, a detailed investigation of the influence of deliberate
off-resonance excitation is beyond the scope of this work.

The magnetic environment during in vivo imaging is more het-
erogeneous compared to the phantom experiments shown here, as
tissue susceptibility plays a role. In SSFP imaging this increases
both the transient oscillations in the initial phase of the experi-
ment and the banding artifacts arising in areas of low B0 homoge-
neity. Hence every effort should be made to minimize TR in SSFP,
to which end RF pulses of lower bandwidth again become interest-
ing. Ultimately the usefulness of SSFP sequences in general is
greater in systems with strong gradients and fast slew rates for
the same reason.

In conclusion, slice profile effects were investigated in 2D slice-
selective SPGR-VFA and balanced SSFP imaging of hyperpolarized
3He. It was shown that in SPGR-VFA the distribution of flip angles
across the slice results in large excess signal from the slice edges in
later RF pulses, which in turn leads to non-constant transverse
magnetization. A correction mechanism for this effect via scaling
of the slice gradient was proposed. Furthermore it was demon-
strated that SSFP imaging using small flip angles results in a better
preservation of the slice profile than SPGR sequences.
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