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a b s t r a c t

In this work Linear Response Equilibrium (LRE) and Echo-planar spectroscopic imaging (EPSI) are com-
pared in terms of sensitivity per unit time and power deposition. In addition an extended dual repetition
time scheme to generate broad stopbands for improved inherent water suppression in LRE is presented.
The feasibility of LRE and EPSI for assessing cholesterol esters in human carotid plaques with high spatial
resolution of 1.95 � 1.15 � 1.15 mm3 on a clinical 3T MR system is demonstrated.

In simulations and phantom experiments it is shown that LRE has comparable but lower sensitivity per
unit time relative to EPSI despite stronger signal generated. This relates to the lower sampling efficiency
in LRE relative to EPSI as a result of limited gradient performance on clinical MR systems. At the same
time, power deposition of LRE is significantly reduced compared to EPSI making it an interesting niche
application for in vivo high field spectroscopic imaging of metabolites within a limited bandwidth.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

In vivo applications of chemical shift imaging (CSI) [1] are often
limited by long total scan durations. Many approaches of fast spec-
troscopic imaging methods (SI) have thus been proposed to signif-
icantly reduce the total measurement time.

Besides the use of rapid pulse sequences, often derived from fast
imaging methods, parallel imaging [2], fractional k-space sampling
[3] and non-Cartesian k-space trajectories [4,5] have been demon-
strated to achieve reductions in total measurement time.

It has been shown that simultaneous encoding of spatial and
spectral information does not change sensitivity per unit time
(SNRt) as long as the total acquisition window is kept constant
[6]. In many fast spectroscopic imaging techniques gradients for
frequency encoding are applied during readout. Accordingly, the
total measurement time is divided by the number of spatial points
encoded within the acquisition window.

Steady-state free precession sequences (SSFP) offer a high sig-
nal-to-noise ratio within short scan times and are therefore
interesting for fast spectroscopic imaging. Non-balanced [7,8] as
well as fully balanced sequences [9] have been designed for spec-
troscopic imaging purposes. The application of balanced SSFP in
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particular has been of great interest as it provides the highest sen-
sitivity per unit time of all imaging sequences [10].

The Linear Response Equilibrium (LRE) scheme is based on a
steady-state free precession sequence with small flip angles and
fully balanced gradients [11]. Herein, the signal is acquired during
the steady-state of a periodically evolving spin system. In contrast
to the common balanced SSFP scheme employing relatively large
flip angles, there is no formation of an echo between two subse-
quent pulses. Instead, a longer time span of nearly free precession,
referred to as Ts, comprising multiple equidistant pulses is exploited
before the signal is refocused back to the initial state. During this
period Ts of nearly free precession chemical shift and spatial
information is encoded by repetitively traversing one or multiple
k-space lines on a Cartesian grid. The train of excitation pulses
within Ts results in a periodic pattern of pass- and stopbands in
the frequency domain with a periodicity given by the inverse of
the repetition time TR. By modulating the excitation angles within
one period, the spectral response of LRE is shaped to specifically
excite spectral regions of interest. In turn, the periodic excitation
pattern generated allows for intrinsic water suppression by center-
ing a stopband region at the water resonance.

Echo-planar spectroscopic imaging (EPSI) [12,13] has been well
established as it provides spatial-spectral encoding that has, gradi-
ent ramp sampling provided, the same SNRt as CSI [6]. It has been
applied to human brain [13], breast [14] and calf muscle [15], as
well as to tumor characterization in rodents [16,17] and murine
prostate [18].
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Lipids in atherosclerotic lesions are supposed to be a key factor
for the stability of atherosclerotic plaques and a marker for the risk
of thrombotic events and embolism [19]. A particularly interesting
potential application of fast spectroscopic imaging methods relates
to the characterization of vascular plaques providing information
that goes beyond the usual contrasts generated with MR imaging
methods. Multi-contrast weighted MRI has become a standard tool
for distinguishing different plaque components with a high speci-
ficity reported [20]. Nevertheless, several authors have emphasized
problems in the unique differentiation of plaque components [21]
and concerns regarding the identification of the lipid rich necrotic
core have been raised [22]. To this end, single voxel spectroscopy
has been used to collect lipid spectra of atherosclerotic plaque
samples at body temperature ex vivo [23–25] allowing for unam-
biguous quantification of liquid cholesterol esters, a major content
of human atheroma [26]. The problem of poor spatial information
and contamination of spectra by inaccurate voxel placement has
been addressed by image guided spectroscopy [27] and projec-
tion-reconstruction techniques [28]. Spectroscopic imaging, on
the other hand, promises precise localization of lipid depositions
as well as information on spatial variations of plaque composition.
This application is, however, very challenging as reliable quantifi-
cation demands high spatial and spectral resolution within reason-
able scan times.

The objectives of the present work were to compare sensitivity
per unit time, resolution limits and power deposition of both LRE
and EPSI using computer simulations and phantom experiments.
A modification to LRE employing alternating repetition times is
proposed to extend the stopband width limited by TR constraints
at clinical MR systems. Finally, ex vivo lipid spectra of human ath-
erosclerotic plaque are demonstrated revealing local differences in
abundance and composition of lipid cores.
2. Methods

2.1. Theory

2.1.1. Linear Response Equilibrium
In LRE the steady-state signal is generated by a train of small

hard radiofrequency (RF) pulses with periodically alternating flip
angles (Fig. 1). Based on a small tip angle approach, a desired exci-
tation profile in the frequency domain can be designed by modu-
lating the RF-amplitudes [11]. In the following the envelope
function of the flip angles will be referred to as flip function and
the steady-state response in the frequency domain will be called
excitation function.
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Fig. 1. Pulse sequence diagrams of EPSI, LRE and dTRLRE. EPSI: chain of N frequency enc
Space read out direction alternates between neighboring echoes due to zigzag readout gra
pulse amplitudes, given by Fourier analysis of the desired response in frequency space, v
after a number of start-up shots. For each phase encoding step spectrally resolved sign
windows at different time points of the periodic signal evolution. dTRLRE: sequence schem
bi, also with period N, is used for shaping the frequency response and generating larger
According to [11] the steady-state signal is a sum of Lorentzian
peaks weighted by the Fourier coefficients ~an of the flip function
a(t) and the transverse magnetization Mxy can be written as:

Mxyðt;DxÞ �
X1

n¼�1
CXn eiXnt; ð1Þ

with

CXn ¼ M0

X1
k¼�1

~an�kN
i=T2 þ ðXn � DxÞ

1=T2
2 þ ðXn � DxÞ2

:

Here, M0 is the equilibrium magnetization, Dx is the off-
resonance frequency and fXn ¼ 2pn=Tsgn2z is the set of discrete ex-
cited frequencies that is defined by TS = N � TR, the period of a(t).
Though RF-pulses are applied every TR expression (1) describes a
state of coherent spins having approximately the same phase evo-
lution as in free precession over a time span of multiple TR making
the steady-state suited for spectroscopy. TS determines the dura-
tion of the spectral readout.

For simplicity we use flip functions a(t) of the type

aðtÞ ¼ a0

Xm

j¼�m

cosðXjtÞ; m 6 ðN � 1Þ=2; ð2Þ

exciting a passband formed by a subset of ð2mþ 1Þ 6 N coherent
frequencies {Xj}je{�m, . . ., m} with constant amplitude a0 (Fig. 2).

Based on a second order perturbation approach expression (1)
has been shown to hold for designing an excitation pattern of pass-
and stopbands by an appropriate choice of a(t) [11]. Nevertheless,
higher order terms have to be considered when calculating spectral
peak amplitudes and the influence of relaxation time constants.
Accordingly, for simulation purposes, the forward Bloch equations
were solved numerically using a matrix description of pulses and
inter pulse periods of free precession with full relaxation terms
[29].

Steady-state solutions are used to estimate signal-to-noise ra-
tios. Sensitivity is calculated from the spectral amplitude S the
standard deviation of the spectral noise rspec and the total mea-
surement time:

SNRt ¼
Sffiffiffiffiffiffiffiffiffiffiffi

Tmeas
p

rspec
: ð3Þ

In view of in vivo applications of spectroscopic imaging tech-
niques at high field strength, specific absorption rates (SAR) are
an issue. This is of particular relevance for sequences with short
TR [30], such as LRE. While relatively large flip angles are used in
conventional balanced SSFP type sequences, LRE incorporates
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Fig. 2. Coherent set of discrete frequencies selected for excitation with constant amplitude a0 (upper left panel). Resulting flip functions a(t) and b(t) that determine the RF-
amplitudes at time points j � TR1 and jTR2; j 2 N respectively (black and grey bars; upper right panel). b is only used for dTRLRE. The lower row shows simulated peak
amplitudes for common LRE and dTRLRE respectively. A broad, deep stopband appears in the excitation function of dTRLRE. The inset illustrates an enlarged section of the LRE
passband revealing moderate ripples. Simulation parameters: TR = 3.2ms; TS = 496ms; Df = 2 Hz; T1 = 500 ms, T�2 = 45 ms; flip function parameters: N = 155; (2m + 1) = 79;
a0 = 0.3� and a0 = b0 = 0.15� for LRE and dTRLRE, respectively (see Eqs. (2) and (8)).
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small flip angles into the flip function. The energy density w of an
RF-waveform with magnetic induction B1(t) and duration s quanti-
fies the relative power consumption:
w /
Z s

0
B1ðtÞB�1ðtÞdt: ð4Þ

Assuming arbitrary but identical RF-shapes and given
w / |B1|2 / a2 the average total quadratic flip angle per time unit
is a measure for the power deposition. For flip functions according
to Eq. (2) with N pulses per Ts it can be shown that the average qua-
dratic flip angle is given by (Appendix):

w / aðtÞ2
D E

¼ 1
TS

XN�1

k¼0

aðk � TRÞ2 ¼
ð2mþ 1Þja0j2

TR
: ð5Þ

Since a0 � (2m + 1) = a(t = 0) corresponds to the maximum flip
angle in the flip function, the total power deposition per time unit
is thus proportional to the product of the maximum flip angle and
the amplitude a0.
2.1.2. Dual-TR Linear Response Equilibrium
A theoretical framework for an extension of LRE employing an

alternating repetition time is given herein. In analogy to imaging
sequences with varying TR [31–34] the new sequence aims at
increasing water suppression.

The spectral bandwidth Df in LRE is limited by the minimum TR

achievable. On modern MR systems repetition times on the order
of 2 ms can be achieved corresponding to a maximum bandwidth
of Df � 500 Hz. At 3 T this bandwidth may, however, not be suffi-
cient to cover the range of resonances present.
Several variants of steady-state free precession sequences for
MR imaging have been developed to shape the excitation function
and to suppress frequency ranges in the steady-state response.
Modulations of pulse phases [35] or flip angles [11,29,36] allow
for tailoring of passbands and stopbands. However, the width of
suppressed and excited regions in LRE remains limited by the 1/
TR-periodicity of the flip function according to the formal solution
of the Bloch equations (see Appendix).

To overcome the 1/TR periodicity of the excitation function
alternating TR’s may be used following up on previous work con-
cerning balanced SSFP sequences [32–34]. Here, we present a mod-
ified sequence pattern for LRE with two alternating repetition
times TR1 and TR2 for suppressing larger spectral bands referred
to as dual-TR LRE (dTRLRE) hereafter.

The modified Bloch equation for dTRLRE reads:

d
dt

Mxyðt;DxÞ ¼ ½iDx� 1=T2�Mxyðt;DxÞ þ aðtÞ
Xnmax

n¼0

dðt � nðTR1

þ TR2ÞÞMzðt;DxÞ þ bðtÞ
Xnmax

n¼0

dðt � nðTR1 þ TR2Þ

� TR1ÞMzðt;DxÞ: ð6Þ

Assuming flip functions a(t) and b(t) with periodicity TS and
small flip angles the solution to Eq. (6) is given by:

Mxyðt;DxÞ �
X1

n¼�1
DXn eiXnt; ð7Þ

with

DXn ¼ M0

X1
k¼�1

~an�kN þ
X1

k¼�1

~bn�kNe�i
2pkTR1

TR1þTR2

 !
i=T2 þ ðXn � DxÞ

1=T2
2 þ ðXn � DxÞ2

:
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The steady-state signal is thus a sum of Lorentzian peaks
weighted by a linear combination of the Fourier coefficients ~ak

and ~bk of the two flip functions.
In contrast to the coefficients CX with CX = CX+Nk in standard LRE

(Eq. (1)) the coefficients DXn are in general different from DXnþNk
.

Thereby the transverse magnetization loses its 1=ðTR1 þ TR2Þ
� periodicity.

We choose the flip functions a(t) and b(t) such that their Fourier
coefficients are only different from zero within the zero-order fre-
quency band i.e. ~al ¼ ~bl ¼ 0 for l R { �(N � 1)/2, . . ., (N � 1)/2}, and
again restrict our considerations to flip functions exciting a coher-
ent passband at constant strength:

aðtÞ ¼ a0

Xm

j¼�m

cosðXjtÞ; bðtÞ ¼ b0

Xm

l¼�m

cosðXltÞ;

m 6 ðN � 1Þ=2; a0; b0 2 C:

ð8Þ

For the amplitude of the Lorentz peaks follows:

DXn ¼ M0 ~aðnþN�1
2 modNÞ�ðN�1Þ=2 þ ~bðnþN�1

2 modNÞ�ðN�1Þ=2e�i
2pTR1

TR1þTR2
x

� �

� i=T2 þ ðXn � DxÞ
1=T2

2 þ ðXn � DxÞ2
: ð9Þ

Here, the integer x represents the off-resonance order of the fre-
quency band that contains Xn (i.e. Xn e {XxN�(N�1)/2, . . ., XxN+(N�1)/2}).
By choosing b0 = �a0 all Fourier coefficients fulfil the relation
~bn ¼ �~an and the zero-order frequency band is completely sup-
pressed whereas frequencies within other bands are excited with
non-zero amplitude. An example of a flip function design is shown
in Fig. 2. An increased stopband width can be achieved by choosing
TR1 + TR2 smaller than 2TR of standard LRE. To keep the sum of the
two repetition times short we restricted signal readout to the
larger TR2.

In analogy to standard LRE the power deposition of dTRLRE is
given by:

w / ð2mþ 1Þ
TR1 þ TR2

ja0j2 þ jb0j
2

� �
: ð10Þ
2.1.3. Echo-planar spectroscopic imaging
In EPSI k–t-space is read out by a zigzag readout train after each

excitation with Ernst angle aE (Fig. 1).
The time for phase encoding, prephasing and spoiling is kept as

short as possible thereby optimizing SNRt. Though reducing SNRt

slightly, ramp sampling has been switched off for both LRE and
EPSI thereby avoiding gridding problems. The power deposition
at repetition time TR_EPSI is given by:

w / a2
E

TR EPSI
: ð11Þ
3. Computer simulations

Matrix descriptions of the Bloch equations were implemented
in IDL (Interactive Data Language Version 6.3; Research Systems
Inc.) and numerically solved for steady-state conditions for stan-
dard LRE and dTRLRE. The duration of excitation pulses were as-
sumed to be infinitesimally small for all simulated sequences, a
valid assumption for low flip angles and short pulses [37].

For LRE equally sized stop- and passbands were chosen, i.e.
(2m + 1) � N/2 in Eqs. (2) and (8). In dTRLRE we set |b0| = |a0|. Signal
amplitudes were optimized by stepwise scaling the flip function
and calculating the Ernst angle for EPSI. In EPSI a time gap of
0.6 ms plus 50% of an echo spacing was assumed before data col-
lection. Spectral bandwidths of LRE and EPSI were set identical. Gi-
ven differences in sampling efficiency in EPSI, LRE and dTRLRE the
readout gradient strengths were adjusted appropriately. Accord-
ingly, noise levels in standard LRE and dTRLRE were increased rel-
ative to EPSI assuming the receiver to be blanked 1.3 ms, 2.3 ms
and 0.3 ms between subsequent readout windows in LRE, dTRLRE
and EPSI, respectively. Finally, the ratios SNRt(LRE)/SNRt(EPSI)
and SNRt(dTRLRE)/SNRt(EPSI) were calculated for different combi-
nations of spectral resolution and spectral bandwidth for on-reso-
nant protons. Furthermore the dependence of these ratios on
relaxation times was studied to figure out metabolites delivering
high signal as potential targets for LRE spectroscopy.

For the comparison of experimentally and numerically esti-
mated sensitivity ratios measured relaxation constants as well as
all time parameters of the implemented sequences were adapted
from the phantom experiments. In particular a bandwidth of
1222 Hz was assumed for EPSI and 312.5 Hz in LRE and dTRLRE.
Numerically optimized flip angles were used.
4. Experiments

Standard LRE, dTRLRE and EPSI were implemented on a 3T Phi-
lips Achieva system (Philips Healthcare, Best, The Netherlands). In-
vitro experiments were performed in water phantoms doped with
MnCl2 (T1 = 1090 ms; T2 = 86 ms for SNRt measurements and
T1 = 950 ms; T2 = 87 ms for the other experiments) and in phan-
toms filled with olive oil (T1 = 260 ms; T2 = 69 ms).

For the SNRt measurements a 15 mm slice was excited either in
olive oil or water using the same sinc-Gaussian pulse for LRE,
dTRLRE and EPSI. A field of view of 90 � 90 mm2 was acquired
using a 60 � 60 matrix. Scans at a spectral resolution of 4.8 Hz,
5.7 Hz and 6.7 Hz were acquired for all three sequence types using
a bandwidth of 1222 Hz in EPSI and 312.5 Hz in LRE and dTRLRE.
Flip functions exciting 50% of the total bandwidth were used for
LRE and dTRLRE. Signal was optimized for each set of parameters
and sequence type by acquiring a series of data sets with different
flip angles. Scan efficiency was 60% in EPSI and 34–36% in dTRLRE.
Due to B1 constraints scan efficiency was lowered in all LRE proto-
cols requiring a larger maximum flip angle in the flip function. At a
resolution of 4.8 Hz the maximum angle in the flip function for
optimum signal in oil was 46.2� resulting in an efficiency of 53%
whereas efficiency was 61% for the water scan at 6.7 Hz requiring
a maximum flip angle of 25.3� only. The experimental parameters
were used in the simulation programs.

Noise data were recorded by switching off gradients in zero flip
angle scans.

Excitation functions were visualized in phantoms by applying a
constant shim gradient of 0.35 mT/m in-plane (TR = 4.8 ms;
TS = 955 ms in LRE and dTRLRE scan; TS = 1042 ms in the dTRLRE
scan with an additional CHESS module of 72 ms duration).

In dTRLRE a module for additional water suppression was intro-
duced. For this purpose a set of consecutive pulses with very small
flip angle was skipped in both flip functions a(t) and b(t) along with
data sampling to accommodate 86.4 ms for a 650 Hz CHESS
sequence.

For the ex vivo experiments a sample of human carotid athero-
sclerotic plaque was frozen with liquid nitrogen immediately after
endarterectomy and kept at �80 �C. For the MR experiments the
specimen was defrosted and mechanically fixed in a bottle with
demineralised water. The sample was slowly heated to 42 �C in a
water bath to melt crystallized cholesterol esters.

Three-dimensional spectroscopic imaging of the plaque sample
was performed at 37.0 �C (±0.4 �C) with the dTRLRE and the EPSI
acquisition scheme both with CHESS water suppression. Sequence
parameters were as follows: FOV: 95 � 95 � 37 mm3; matrix size:
48 � 83 � 32 resulting in a spatial resolution of 1.95 � 1.15
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� 1.15 mm3; keeping the frequency encoded readout duration short,
the measurement direction was placed along the cylinder axis of the
plaque resulting in an isotropic resolution for cross sections with a
slice thickness of 1.95 mm; spectral resolution: 6.2 Hz; duration of
the frequency encoded spectral readout train: 160.8 ms; excitation
centered at�450 Hz relative to the water peak; second order pencil
beam shim. The specific parameters for dTRLRE were: spectral band-
width: 417 Hz; maximum angle in flip function: 15.8�; TR1 = 0.6 ms;
TR2 = 1.8 ms; TS: 247 ms (including 86.4 ms for water suppression);
passband width: 206 Hz. For the EPSI scan the bandwidth was
1432 Hz; TR: 257 ms (not including 88 ms for water suppression);
flip angle: 70�. Data were acquired with an elliptical k-space shutter
within one average in a scan time of 7 min for dTRLRE and 9 min for
EPSI, respectively. The longer measurement time in 3D EPSI is a re-
sult of duty cycle restrictions prolonging TR. For comparison a single
volume (15 � 15 � 36 mm3) STEAM spectrum was measured with a
spectral resolution of 3.52 Hz; TR/TE: 1100 ms/9 ms; CHESS water
suppression. For imaging structural information multi-slice spin
echo sequences with T1, T2 and proton-density weighting were ac-
quired with an in-plane resolution of 0.25 � 0.25 mm2 and a slice
Table 1
Numerically estimated fluctuations of the spectral peak amplitudes within the
passband. Smoothness is lost at combinations of long T�2 and poor spectral resolution.

Df T�2 T�2 at Df = 2.5 Hz Max. passband ripple in %

0.015 6 0.11
0.03 12 0.44
0.0625 25 1.87
0.125 50 6.85
0.1875 75 12.99
0.25 100 18.41
0.375 150 26.20

Fig. 3. The numerically derived time course of steady-state LRE signal within one peri
frequency of 26.6 Hz (b). The comparison with free induction decay (dashed gray curve
TE = 1 ms; T1 = 280 ms; T�2 = 60 ms; flip function: N = 47; (2 m + 1) = 23; a0 = 0.5�).

Fig. 4. Visualization of the excitation function of standard LRE (TR = 4.8 ms; TS = 955.2 ms;
dTRLRE with an additional water suppression module (TR1 = 1.2 ms; TR2 = 3.6 ms; TS = 104
scan a constant gradient (0.35 mT/m) has been applied in read direction to spatially resol
are shown. Equally sized stop- and passbands were chosen for LRE. The broad stopband
thickness of 1 mm. Lipids were stained with Oil Red O staining in his-
tological sections.
5. Results

Excitation functions as simulated for standard LRE and dTRLRE
are shown in Fig. 2. The inset magnifies passband ripples, which
arise from truncation. The flank of the individual passband can
be approximated by the downslope of a Lorentz peak and may pre-
vent complete signal suppression in the stopbands. For dTRLRE the
intensity of the individual passband varies as does the width of the
stopbands. In Table 1 the dependency of passband ripple on T�2 and
spectral resolution is given. The ratios are defined as difference be-
tween passband maximum and adjacent local minimum relative to
the maximum. The values show that the smoothness of the excita-
tion profiles is lost for combinations of long T�2 and poor spectral
resolution (large Df). The evolution of the steady-state signal on-
and off-resonant is demonstrated in Fig. 3a and b, respectively.
The comparison with the intensity-scaled FID shows that LRE exci-
tation recovers spectral frequencies accurately and hence demon-
strates feasibility of LRE for recording spectra.

The results of the simulation were verified in experiments using
a cylindrical water phantom (Fig. 4). The excitation functions in
phantoms (gray inserts) are in good agreement with the results
from numerical calculations. The degree of suppression is found
to be significantly increased in the broad stopband in dTRLRE
(Fig. 4b) as compared to conventional LRE (Fig. 4a). Modifying
the dTRLRE sequence with an additional water suppression module
(Fig. 4c) allows specific excitation of a narrow spectral domain, e.g.
of the range of aliphatic lipid signals.

Fig. 5 represents passband amplitudes and power deposition
values for LRE and dTRLRE as a function of the maximum angle in
the flip function. Experimental data (symbols with error bars)
od of the flip function is shown for on-resonant protons (a) and an off-resonance
s) demonstrates the feasibility of LRE for spectroscopy (TR = 3.2 ms; TS = 150.4 ms;

a0 = 0.2�) (a) dTRLRE (TR1 = 1.2 ms; TR2 = 3.6 ms; TS = 955.2 ms; a0 = b0 = 0.1�) (b) and
1.6 ms; a0 = b0 = 0.1�; CHESS: duration: 72 ms; suppression band: 1 kHz). During the
ve the excitation pattern. Total spectral area and profiles along a center line as insets

in dTRLRE is approximately three times wider than a normal stopband.



Fig. 5. (a) Peak amplitudes in the spectral domain (real part) plotted as a function of the maximum angle in the flip function a(t) for LRE and dTRLRE. Simulated (lines) and
measured values (symbols) match well for small flip angles. Parameters: T1 = 950 ms; T2 = 87 ms; TR = TR1 + TR2 = 5.6 ms; TS = 677.6 ms; N = 121; (2m + 1) = 61. (b and c)
Simulated peak amplitudes in the spectral domain are plotted as a function of the maximum angle in the flip function a(t) for LRE and dTRLRE (straight curves; left vertical
axis). In the same diagrams the average quadratic flip angle per unit time is presented as a measure for the power deposition (symbols; right vertical axis). (b) T1 = 950 ms;
T2 = 87 ms; TR = TR1 + TR2 = 5.6 ms; TS = 677.6 ms; N = 121; (2m + 1) = 61. (c) T1 = 450 ms; T2 = 50 ms; TR = TR1 + TR2 = 5.6 ms; TS = 196 ms; N = 35; (2m + 1) = 17. For both
parameter sets the power deposition for the LRE sequences at the angle providing maximum signal is significantly smaller compared to an excitation with the Ernst angle
(dashed horizontal line) assuming the same pulse shape and bandwidth.

Fig. 6. Dependence of the simulated sensitivity ratios SNRt(LRE)/SNRt(EPSI) and SNRt(dTRLRE)/SNRt(EPSI) on T1, T�2 and spectral bandwidth. Using optimal flip angles, the
influence of the longitudinal relaxation rate is marginal (a). LRE and dTRLRE perform better at small bandwidth (d) low spectral resolution and long transverse relaxation time
(b and c). Parameters: BW: 300 Hz; T�2: 50 ms (a); BW: 300 Hz; T1:750 ms (b and c); T1: 500 ms; T�2: 50 ms (d).

Fig. 7. Measured and simulated SNRt values for LRE, dTRLRE relative to the SNRt of EPSI in olive oil (left) and doped water (right diagram).
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and simulation results (lines), weighted by the excitation profile of
a sinc-Gaussian pulse, agree well for small flip angles but do differ
slightly for larger peak amplitudes (Fig. 5a). For both LRE and
dTRLRE the power deposition at the position of maximum signal
is remarkably smaller relative to Ernst angle excitation applying
the same RF-waveforms, which is indicated by a dashed horizontal
line in Fig. 5b and c.

Fig. 6 compares SNRt(LRE)/SNRt(EPSI) and SNRt(dTRLRE)/
SNRt(EPSI) based on simulations. The two ratios are only weakly
depend on T1 (Fig. 6a), but increase with increasing T�2 (Fig. 6b
and c). The influence of the spectral bandwidth on the sensitivity
ratios is illustrated in Fig. 6d. As long as the total number of sam-
pling points is kept constant the SNRt of an EPSI sequence without
ramp sampling does only slightly depend on spectral bandwidth
[6]. In contrast LRE benefits from increased sampling efficiency at
low spectral bandwidth. LRE and dTRLRE yield inferior SNRt values
to EPSI.

Fig. 7 depicts SNRt measured experimentally for EPSI (spectral
bw: 1222 Hz), LRE and dTRLRE (spectral bw: 312.5 Hz) in water
and oil phantoms for different spectral resolutions as well as simu-
lated values for the respective experimental parameters. Conven-
tional LRE yields higher SNRt values than dTRLRE. The pair of
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(k)

Fig. 8. T2 weighted spin echo (a and f); T1 weighted spin echo (b and g); and histological sections (c and h) of an atherosclerotic carotid plaque ex vivo. Panels (d and i) show
the real part of dTRLRE-spectra and panels (e and j) display EPSI-spectra collected from a 1.95 � 1.15 � 1.15 mm3 voxel marked with an asterisk in the anatomical images
(spectra with moderate exponential filter). The grid in the T1 weighted images corresponds to the in-plane resolution of the spectroscopic imaging sequences. The passbands
of the dTRLRE-spectra are in accordance with the gray shaded part of the single voxel STEAM spectrum covering the entire plaque (k). Local differences in lipid composition are
evident comparing the spectra from the two selected voxels.
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bandwidths has been chosen with regard to capable values for lipid
spectroscopy. Measured and computed sensitivities for LRE are
slightly higher whereas those of dTRLRE are lower compared to EPSI.

Finally the performance of the LRE sequences and EPSI have
been evaluated by studying arteriosclerotic plaques ex vivo. Ana-
tomical images with either T2 or T1 weighting of two sections are
depicted in Fig. 8a, b and f, g respectively. dTRLRE and EPSI spectra
from voxels indicated in the anatomical images (asterisk) are
shown in Figs. 8d, i and e, j. Red staining in the images of histolog-
ical sections (Fig. 8c and h) indicates lipid rich regions at these
positions. Methyl (0.8 ppm) and methylene peaks (1.2 ppm) are
clearly distinguishable. EPSI and dTRLRE spectra match well though
dTRLRE is characterized by a clear cut between stopband and pass-
band and an underlying broad signal that extends across the width
of the passband. The Comparison of spectra 8d, 8e with 8i, 8j reveal
that the chemical composition of the plaque is heterogeneous, i.e.
the ratio of the methylene and methyl signal intensity depends on
the location. For comparison a single voxels STEAM spectrum of
the whole plaque is shown (Fig. 8k). The region shaded in gray in
the single voxel spectrum corresponds to the primary passband ex-
cited in the dTRLRE sequence. Signals occurring at chemical shift
values above 2 ppm, in particular that of water protons are sup-
pressed by a combination of sequence intrinsic stopbands and peri-
odically repeated water suppression pulses.
6. Discussion

In this work, the sensitivity and power deposition of LRE spec-
troscopic imaging were compared to EPSI using computer simula-
tions and phantom experiments for a range of relaxation times and
spectral resolutions. A modified LRE scheme employing alternating
repetition times has been proposed to accommodate sufficient
spectral bandwidth without aliasing for spectroscopic imaging at
a clinical 3 T system. It has furthermore been shown that very
low excitation angles in the flip function of the modified dTRLRE
scheme may be skipped to include additional water suppression
pulses. This modified dTRLRE sequence was used to map choles-
terol content in arteriosclerotic ex vivo plaques to demonstrate
the feasibility of the approach.

Our simulations show that the ratios SNRt(LRE)/SNRt(EPSI) and
SNRt(dTRLRE)/SNRt(EPSI) only marginally depend on T1, provided
flip angles were adjusted accordingly.

Overall the sensitivity of EPSI was found to be higher compared
to LRE. This primarily relates to the higher sampling efficiency and
thus lower noise level of EPSI which allows for continuous sam-
pling after excitation while in LRE data acquisition is interrupted
by RF-pulses. The increased noise in LRE and dTRLRE outweighs
the gain in signal relative to EPSI. LRE was found to outperform
EPSI with respect to sensitivity only at low spectral resolution
and T�2 values above 80 ms corresponding to a spectral line width
of �4 Hz which is an unrealistic value for most metabolites
in vivo at 3 T. In addition it has to be considered that a smooth
passband in LRE is only generated for small products Df T�2.

The sensitivity values measured in phantom experiments re-
vealed a comparable SNRt performance of LRE and EPSI and a lower
sensitivity of dTRLRE due to lower sampling efficiency. Experimen-
tal results and simulations were found to agree well. The SNRt val-
ues were collected at fourfold higher bandwidth for EPSI relative to
LRE and dTRLRE. Thus, the sensitivity of EPSI was slightly decreased
since ramp sampling was switched off for all sequences.
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Taking the average quadratic flip angle per time as a measure
for the power deposition a lower specific absorption rate was
found for LRE and dTRLRE compared to EPSI. SAR could be reduced
in EPSI by applying longer RF-pulses which is difficult in LRE-type
sequences due to the need for short repetition times. Applying
longer excitation pulses will on the other hand result in a lower
pulse bandwidth and therefore in a higher separation between
excited slices due to off-resonance effects. This can be an issue
in 2D acquisitions and at low field homogeneity. In addition
increasing pulse durations will slightly increase the echo time
which results in a signal loss of metabolites with very short T�2
values.

For medical applications the sequence intrinsic suppression
might be insufficient to prevent aliasing and additional water
suppression modules have to be introduced into the sequence
lowering acquisition efficiency. The detection of lipid signal con-
stitutes a favorable situation for a method such as LRE spectros-
copy: given the high signal within a limited spectral range lipid
spectroscopy may profit from rapid steady-state sequence since
only a few averages will be necessary. The spectral resolution in
dTRLRE is less limited than in multi-echo based methods such as
IDEAL [38–40]. We therefore tested the dTRLRE sequence with
additional water suppression in a human atherosclerotic plaque
embedded in water.

Methyl and methylene peaks have different ratios depending on
the position in the atheroma suggesting local variations of lipid
composition in the plaque. Providing an average of all lipid rich re-
gions this information cannot be derived from the single voxel
spectrum. As lipid depositions are considered to be a crucial
parameter for plaque stability [19] the information about local dif-
ferences in the composition of lipids can potentially be of clinical
importance and can help classifying the risk of an atherosclerotic
plaque. Additionally, spatially resolved in vivo MR-spectroscopy
of cholesteryl esters could be a promising tool to study the effects
of cholesterol lowering drugs non-invasively or to gain further in-
sight into the progression of atherosclerotic disease. To this end,
our ex vivo study indicates the potential of dTRLRE and EPSI for pla-
que spectroscopy with low SAR.

By increasing TR the ratio of data acquisition to periods with
blanked receiver can be expanded. As spectral bandwidth is there-
by lowered, this might be an option to increase SNRt for applica-
tions containing spectral information within a small region of
interest only or at low field systems. Also stronger gradient power
will increase sampling efficiency making animal systems an inter-
esting platform for LRE. It also remains to be investigated by how
much the number of pulses in LRE can be reduced while conserving
the excitation function with stopbands for intrinsic water
suppression.

In summary, both dTRLRE and EPSI permit spectroscopy of lipid
compounds with high spatial resolution within short scan times.
The limited sampling efficiency of LRE/dTRLRE, however, offsets
the gains in signal and hence results in lower SNRt compared to
EPSI. In contrast, power deposition in LRE sequences is lower com-
pared to EPSI and renders LRE an alternative in cases were SAR is a
concern.
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Appendix A

A.1. The power deposition for a flip function of the type given in
formula (2) is
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In the third and fourth line we used the respectively relations
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(
:

A.2. Formal solution of the Bloch equations for the transverse
magnetization Mxy

d
dt

Mxy t;Dxð Þ ¼ ½iDx� 1=T2�Mxy t;Dxð Þ þ aðtÞ

�
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d t � n � TRð ÞMz t;Dxð Þ:

at the echo time TE after a set of k RF-pulses with amplitudes a(t)
applied every TR:

Mxy kTR þ TE;Dxð Þ ¼ eðkTRþTEÞð� 1
T2
þiDxÞXk
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a nTRð ÞMz nTRð ÞenTRð 1
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