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Analytical methods are used to characterize the response of the
strongly coupled two-spin system of citrate to point-resolved
spectroscopy (PRESS)-based sequences at 3 T. The signal out-
put is analyzed line by line, as well as in the Cartesian product
operator basis. Patterns with a periodicity of 80.9 ms are iden-
tified. Furthermore, it is shown that at TE � n � 80.9 ms (n �

{0,1,2,. . .}), the spin evolution can be described without direct
reference to strong coupling terms. The theoretical results are
found to be in good agreement with in vivo experiments. These
results can be used to design protocols for prostate MRS and
MRSI at 3 T, and give guidelines for optimizing spin-echo-based
acquisition schemes for detecting two-spin systems at arbitrary
field strengths. Magn Reson Med 54:51–58, 2005. © 2005
Wiley-Liss, Inc.
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Monitoring the levels of metabolites serves as an indis-
pensable source of biochemical information about the
normo- and pathophysiological state of human organs.
Whereas most methods for assessing metabolic levels are
invasive in nature, magnetic resonance spectroscopy
(MRS) and magnetic resonance spectroscopic imaging
(MRSI) allow information to be acquired in a fully nonin-
vasive way (1). These modalities are predominantly used
for the study of the brain; however, since the early 1990s in
vivo MRS has been shown to be extremely useful for
opening a window into the metabolism of the human
prostate (for a recent review see Ref. 2 and references
therein).

From a biochemical point of view, the capability pro-
vided by 1H MRS to monitor citrate levels is of particular
interest. The role of citrate in prostate metabolism is well
understood (2). In brief, healthy prostate epithelial cells
are known to synthesize and secrete citrate in relatively
large amounts (�60 mmol/l). The high levels of zinc in the
healthy prostate inhibit the oxidation of citrate in the
Krebs cycle. However, in cancerous epithelial cells, zinc
levels are drastically reduced, resulting in decreased pro-
duction and secretion of net citrate in tumor cells. There-
fore, monitoring citrate levels in the prostate provides
direct biochemical information for the differential diagno-

sis of malignant adenocarcinoma vs. benign prostate hy-
perplasia. In MRI studies, unambiguous differentiation is
difficult to obtain; however, the combination of MRI and
MRS/MRSI is a very promising approach for achieving that
goal (2).

The observed 1H MRS signal of citrate (–OOC-CH2-C(O-
H)(COO–)-CH2-COO–) arises from its two magnetically
equivalent CH2 moieties that resonate around 2.6 ppm.
The two protons of each methylene group are magnetically
inequivalent. Under physiological conditions their Larmor
frequencies differ by 0.147 ppm, while the J-coupling
strength between them is J � 16.1 Hz (3). At currently
available fields for in vivo MRS studies (�7 T), the differ-
ence in Larmor frequencies is comparable to J. Therefore
citrate constitutes a strongly coupled AB spin system, and
consequently its response to a given pulse sequence is
field-dependent.

During the past decade, several groups thoroughly opti-
mized the acquisition schemes that are commonly used in
localized in vivo spectroscopy for citrate acquisition (4–
12). The problem at hand is to tune the acquisition scheme
to yield an intense signal whose lineshape allows reliable
quantification. Since spectral overlap with other reso-
nance lines does not present a major problem, spectral
selectivity is not a prime demand.

The double spin-echo method called point-resolved
spectroscopy (PRESS) (13) has become the main tool of
researchers in prostate MRS. This is mainly due to the high
inherent signal yield of PRESS compared to, e.g., the stim-
ulated-echo acquisition mode (STEAM) method (14).
Moreover, it is more amendable in terms of sequence op-
timization. While the optimal timing of the PRESS se-
quence was explored experimentally in pioneer studies
(4), it was soon realized that a more general approach
would be to use analytical calculations to predict the sig-
nal output (5). Aided by the increasing power of computer
algebra, analytical methods have been extensively used to
optimize PRESS localized citrate detection at 1.5 T, and
this field strength has constituted the “gold standard” for
clinical applications for far more than a decade.

In the past few years, compact MR systems that operate
at 3 T have become available for both research and clinical
use. The higher field provides increased polarization, im-
proved detection sensitivity, and higher chemical shift
dispersion. The pelvic region is only marginally affected
by respiratory and cardiac motion, which facilitates pros-
tate MRS. However, it is difficult to access the prostate
from the surface of the body. The use of endorectal coils
has brought considerable improvement (15–17), albeit at
the cost of patient discomfort and potential problems as-
sociated with signal hyperintensities close to the coil, as
well as with mechanical pressure on the periphery of the
prostate. Surface coils (and arrays thereof) avoid these
problems, but suffer on their part from lower sensitivity.
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The increased signal available at high field strengths, how-
ever, makes surface-detected prostate MRS more attrac-
tive.

In this communication we present a systematic study
aimed at optimizing the timing of PRESS-based acquisi-
tion schemes for the detection of citrate at 3 T. Full ana-
lytical expressions are given. These can be used to de-
scribe the response of any two-spin system to the PRESS
sequence at arbitrary fields.

THEORY

The spectrum of the AB spin system consists of four lines.
Their positions and relative intensities are indicated in
Fig. 1 for citrate at 1.5 T and 3 T. The displayed spectra
correspond to the signal detected in a pulse-acquire exper-
iment. Inserting the J-coupling values and chemical shift
differences as determined by van der Graaf and Heerschap
(3) (J � 16.1 Hz, chemical shift difference �� �
0.147 ppm), the separation of the inner two lines is found
to be 2.5 Hz at 1.5 T and 8.6 Hz at 3 T, while the separation
of the leftmost two lines and the rightmost two lines is
16.1 Hz independently of field strength. The relative in-
tensities of the inner and outer lines scale with field:
whereas at 1.5 T 93.2% of the total signal energy is con-
centrated in the inner lines, this percentage decreases to
82.5% at 3 T.

For the purpose of this study, we model the PRESS
sequence as a series of two spin echoes ([90°]x � t1/2 �
[180°]y � t1/2 � t2/2 � [180°]y � t2/2 � Acq) induced by
delta pulses of infinite bandwidth. In this simplified pic-
ture, t1 and t2 are the only adjustable parameters. Under
these assumptions, analytical expressions can be given for
the response of the citrate spins to the PRESS sequence.
This model is expected to produce useful starting values
for an optimization process. When non-ideal pulses with
accompanying slice-selection gradients are to be included,
one typically has to resort to numerical methods (18).

The effect of the PRESS sequence can be described as
changing the intensities and phases of the four lines, but of
course not their frequency positions. The mirror symmetry
of the whole spectrum about the centerline will be pre-
served throughout the evolution, and therefore only one of
the inner and one of the outer lines are considered in the
following. The shape of one individual line can be com-
pletely described as a linear combination of an absorption
and a dispersion lineshape. Knowing the intensities as
well as the relative contributions of absorption and disper-
sion components to the inner and outer lines, respectively,
allows one to fully predict the spectrum resulting from a
specific choice of t1 and t2.

This approach corresponds to expressing the density
matrix that describes the AB spin system in a basis set
sorted by the transition frequencies. Working on this line-
by-line basis yields all characteristics of the citrate spec-
trum obtained in response to an ideal PRESS sequence.
However, it does not provide comprehensive insight into
the evolution of the spin system. Product operators (19)
represent a basis set that gives a more intuitive under-
standing of the underlying physical mechanisms. While
the original description (19) assumed weak coupling, Kay
and McClung (20) extended the theory to strongly coupled
AB and ABX spin systems. In spin-echo sequences based
on 180° rotations for signal refocusing, only the magneti-
zation components (i.e., single quantum coherences) are of
interest. Therefore, only eight of the 16 basis vectors for a
two-spin system need to be considered. Symmetry argu-
ments allow these vectors to be grouped in four sets: in-
phase magnetization (Ay � By) and (Ax � Bx), and anti-
phase magnetization (2AxBz � 2AzBx) and (2AyBz �
2AzBy). As in the single transition basis, the signal output
is again characterized by four basis vectors. For compari-
son, a weakly coupled system exclusively evolves into
terms of the form (Ay � By) and (2AxBz � 2AzBx) (19). The
occurrence of terms of the form (Ax � Bx) and (2AyBz –

2AzBy) in the density matrix is specific to strongly coupled
systems, and is due to the fact that there is an oscillatory
transfer of magnetization between the A and B spins. This
transfer is quenched in the weak coupling limit. These
facts motivate our choice of the two subspaces {(Ay � By),
(2AxBz � 2AzBx)} and {(Ax � Bx), (2AyBz � 2AzBy)} for
expressing the results below.

In the following text we use both basis sets (single tran-
sition operators and product operators) to identify suitable
parameter sets for citrate detection at 3 T. The goals of our
design strategy were to 1) channel the signal into one pair
of lines, and 2) obtain pure absorptive signals with no
contamination from dispersive contributions. These crite-
ria facilitate the identification and quantification of the
citrate peaks, and minimize the risk of mutual signal can-
cellation in cases in which the linewidth becomes compa-
rable to the separation of the individual lines of the mul-
tiplet.

MATERIALS AND METHODS

All of the algebraic calculations were performed using a
Mathematica (Wolfram Research, Champaign, IL, USA)
implementation of the product operator formalism for
strongly coupled AB spin systems (20). To calculate the

FIG. 1. Sketch of the citrate signal as obtained in a pulse-acquire
experiment at 1.5 T (bottom) and 3 T (top). J denotes the strength of
the J-coupling in Hz; � � ��	��
2 � �	J
2, where �� is the differ-
ence in Larmor frequencies between the two unequivalent protons
in Hz. The total intensity is one.
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single line characteristics, a single transition basis was
chosen within the same framework.

In vivo experiments were performed on a Philips Intera
3.0 T system (Philips Medical Systems, Best, The Nether-
lands). The study complied with the regulations of the
local ethics committee. The spectra of three healthy vol-
unteers (24–53 years old) were acquired from volumes
varying between 9.0 and 12.4 ml that were defined in the
central part of the prostate. A single-element surface coil
(rectangular, 10 cm � 20 cm) was used in combination
with body coil transmission. Sixty-four to 512 scans were
averaged at TR � 1.2 s. Water signal was suppressed using
band-selective inversion with gradient dephasing (BAS-
ING) refocusing (21), and fat suppression was accom-
plished by a frequency-selective inversion recovery pre-
pulse, which was found to have no effect on the citrate
signal. The inversion time was optimized in each experi-
ment. The manufacturer’s default PRESS implementation
was used, in which the first TE (t1) is made as short as
possible to render the PRESS sequence as asymmetric as
possible to avoid stimulated echoes. In our experiments
the minimum t1 was 28 ms, and was limited essentially by
the length of the RF pluses. Postprocessing was restricted
to DC correction and exponential apodization correspond-
ing to 1.5 Hz line-broadening.

RESULTS

We present the results of our analysis in two parts: First,
the spectrum obtained in response to the PRESS sequence
is characterized line by line. Second, the same signal is
described in the product operator basis. In each part, we
first present the full analytical expressions in a compact
form, and then discuss typical features by considering
specific examples.

The amplitudes for the absorptive and dispersive con-
tributions to the inner and outer lines in dependence on t1
and t2 are given in Table 1. Each of the four amplitudes is
described by a sum of three terms. Only the last one of
these three terms depends on the degree of asymmetry of
the PRESS sequence, i.e., on (t1 � t2). The other two terms
depend exclusively on the total TE (t1 � t2). Each of the
three terms contributes significantly to the citrate spec-
trum at 3 T.

As a typical example, we plot in Fig. 2 the individual
contributions as a function of t2 for a PRESS sequence with
the first TE (t1) fixed at 28.0 ms. This corresponds to the
PRESS implementation that was used for the in vivo ex-
periments presented below, where as usual the first TE
was made as short as possible. As previously pointed out
by Schick et al. (4), the outer lines are subject to faster
oscillations than the inner lines. Furthermore, it is appar-
ent that the total signal energy oscillates between the inner

Table 1
Absorption and Dispersion Contributions to the Inner and Outer Lines in Response to the PRESS Sequence ([90°]x � t1/2 � [180°]y �
t1/2 � t2/2 � [180°]y � t2/2 � Acq)*

Absorption Dispersion

Inner

�	J
2�� � 	J
 cos��� � 	J
TE
��2(� � 	J) cos[	J � TE]

�2�2	J sin�1
2
� � TE�sin�	J � TE �

1
2
�(t1 � t2)�

� (	J)2 (� � 	J) sin[(� � 	J)TE]
� �2(� � 	J) sin[	J � TE]

�2�2	J sin�1
2
� � TE� cos�	J � TE �

1
2
�(t1 � t2)�

Outer

(	J)2(� � 	J) cos[(� � 	J)TE]
� �2(� � 	J) cos[	J � TE]

�2�2	J sin�1
2
� � TE� sin�	J � TE �

1
2
� (t1 � t2)�

� (	J)2 (� � 	J) sin[(� � 	J)TE]
��2(� � 	J) sin[	J � TE]

�2�2	J sin�1
2
� � TE� cos�	J � TE �

1
2
�(t1 � t2)�

*J denotes the strength of the J-coupling in Hz: � �
1
2
��, where �� � 2	 �� and �� is the difference in Larmor frequencies in Hz: �

� ��2 � �	J
2; TE � t1 � t2.

FIG. 2. Contributions to the citrate signal in response to the PRESS
sequence ([90°]x � t1/2 � [180°]y � t1/2 � t2/2 � [180°]y � t2/2 �
Acq). The signals are displayed as a function of t2, while t1 is fixed
at 28.0 ms. a: Signal of the inner lines. b: Signal of the outer lines.
Bold solid line: absorption component (A); dashed line: dispersion
component (D); thin solid line: total intensity �A2 � D2.
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and outer lines. The period of this transfer is 2	/�, where
� � ��	��
2 � �	J
21/ 2. At 3 T, this characteristic time is
80.9 ms. In the present example, the first maximum of the
inner lines intensity occurs at t2 � 23.0 ms � 	/� �
63.4 ms. At this time the outer line’s intensity has its first
minimum. The position of these extrema (but not the pe-
riod length) along t2 depends on the choice of t1. This
point will be revisited later.

The design strategy defined above involves channeling
the signal energy into a single pair of lines. Since the inner
two lines reach stronger maximum intensities, we focus on
this pair. The maxima of the total intensity are found in
our example at t2 � 63.4 ms � n � 2	/� (n � {1,2,3,. . .}),
i.e., at t2 � 63.4 ms, t2 � 144.3 ms, t2 � 225.2 ms, etc.). At
the first two maximum positions (corresponding to TE �
91.4 ms and TE � 172.3 ms) the shape of the inner lines
has strong dispersion components (cf., Fig. 2a). At the time
of the third maximum (TE � 253.2 ms), however, the
lineshape is almost completely absorptive, as desired.

As stated above, the position of the extrema in total
intensity along t2 depends on the value of t1. The optimal
choice is t1 � 2	/� � 80.9 ms. With this setting the
maxima in the total intensity of the inner lines occur at the
earliest time. The first maximum is then at t2 � 0 ms
(which of course is not practical) and further maxima
follow at n � 2	/� (n � {1,2,3,. . .}), i.e., at t2 � 80.9 ms, t2 �
161.7 ms, etc., corresponding to TE values of TE �
161.7 ms, TE � 242.6 ms, etc.). This means that the favor-
able spectral appearance described above can already be
found at TE � t1 � t2 � 80.9 ms � 161.7 ms � 242.6 ms.

To demonstrate the “good” properties of this sequence
timing, we show in Fig. 3 the parametric plots of the trajec-
tory of the inner lines, and the outer lines’ signal through the
space of possible lineshapes as TE is increased from 0 to 6 �
2	/� (see figure caption). This is of course nothing else than
the trajectories of the inner lines’, and the outer lines’ mag-
netization in the transverse plane. Consider again the inner
lines: We start with purely absorptive, positive lines (at t �
0). The trajectory then passes through smaller values of total
intensity (i.e., smaller radii), and touches the line of maxi-
mum intensity at t � t1 � 2	/� (i.e., at t2 � 0). At these times,
strong dispersive components contribute to the signal. The
same is true for the second maximum at t � 4	/� (i.e., at t2 �
2	/�). At t � 6	/� (i.e., at t2 � 4 	/�), we are almost back to
the starting point, where strong nearly purely absorptive
inner lines are obtained.

Additional insight can be gained if the same results are
expressed on a Cartesian product operator basis. The cor-
responding analytical expressions are given in Table 2.
Figure 4 shows parametric plots of the trajectories, but
now in the spaces defined above: {X�,Y�} � {(Ay � By),
(2AxBz � 2AzBx)} and {X–,Y–} � {(Ax � Bx), (2AyBz –
2AzBy)}. We find that at total echo times (TEs) � n � 2	⁄�
(n � {1,2,3,. . .}) only terms in {X�,Y�} are nonzero. This
finding holds independently of the specific choice for t1,
i.e., the position of these points depends solely on the total
TE. In contrast, the trajectory between these points
changes according to the setting of t1 for a fixed value of
TE.

As mentioned above, {X�,Y�} represents the space
where a weakly coupled two-spin system would “live”
during evolution under the PRESS sequence. Therefore, at

the specific TEs n � 2	/� (n � {1,2,3,. . .}) the spin system
behaves as if it was weakly coupled. For these values of
TE, the density matrix � is (cf. Table 2)

��TE � n � 2	/�
 �

� �Ay � By) � cos[2	 � n � 	J/�

� �2AxBz � 2AzBx) � sin[2	 � n � 	J/�. [1]

For comparison, for a weakly coupled two-spin system
we obtain

��TE) �

�(Ay � By) � cos[	J � TE] � (2AxBz � 2AzBx) � sin[	J � TE]

[2]

for all values of TE.

FIG. 3. Parametric plots of the trajectory through the space of possible
lineshapes for the signal of the inner lines (a) and the signal of the outer
lines (b). For 0 � t � 2	/�, t1 � t and t2 � 0; for 2	/� � t � 6	/�, t1 �
2	/� and t2 � t � 2	/�. Therefore, t � 6	/� corresponds to a PRESS
sequence with t1 � 2	/� � 80.9 ms and t2 � 4	/� � 161.8 ms. The
dashed circles are the lines of equal intensity as at t � 0.
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For citrate at 3 T, 	J/� � 0.65, such that for n � 3, Eq. [1]
further simplifies to

��3 � 2	/�
 � � �Ay � By), [3]

This implies that the PRESS spectrum at TE � 242.6 ms
will be close to the one sketched in Fig. 1, independently
of the particular choice of t1 and t2.

Figure 5 shows exemplary in vivo spectra obtained at
TE � 100 ms, 110 ms, 120 ms, 130 ms, 140 ms, 250 ms, and
263 ms, with t1 fixed at 28 ms. They are compared with
numerical simulations. The spectra correspond to the
points t2 � 72 ms, 82 ms, 92 ms, 102 ms, 112 ms, 222 ms,
and 235 ms in Fig. 2. As expected, at TEs of about 3 � 2	/�,
the PRESS sequence produces citrate spectra with strong
inner lines whose lineshape is predominantly absorptive.

DISCUSSION

Citrate detection in the prostate is likely to become an
important application of in vivo MRS at 3 T (22–26). To
make optimal use of the advantages afforded by the higher
field, it is necessary to have a thorough understanding of
the obtained signal. In the context of in vivo MRS, the full
form of the citrate magnetization in response to the PRESS
sequence was first discussed by Mulkern and Bowers (5).
Wilman and Allen (6) described the signal output of the
PRESS sequence (as well as that of the STEAM sequence)
in the product operator basis in order to calculate the TE
dependence of the total in-phase magnetization along the
detection direction (Ay � By). While the amplitude of
(Ay � By) is indeed proportional to the integrated signal,
the spectral shape depends on all of the terms. In a differ-
ent approach, van der Graaf et al. (12,27) calculated the
amplitudes and phases of the outer and inner lines indi-

FIG. 4. Parametric plots of the trajectories of the density matrix
through the spaces {X�,Y�} � {(Ay � By), (2AxBz � 2AzBx)} (a) and
{X–,Y–} � {(Ax � Bx), (2AyBz – 2AzBy)} (b). For 0 � t � 2	/�, t1 � t and
t2 � 0; for 2	/� � t � 6	/�, t1 � 2	/� and t2 � t � 2	/�. Therefore,
t � 6	/� corresponds to a PRESS sequence with t1 � 2	/� �
80.9 ms, and t2 � 4	/� � 161.8 ms.

Table 2
Contributions of the Four Groups of Cartesian Single-Quantum Coherence Product Operators to the PRESS Signal*

Operator Amplitude

�Ay � By
/2 � cos(	J � TE) � ���

��
2

� (	J��)2 cos(� � TE)�
�sin(	J � TE) � ��	J

��
3

sin(� � TE) � (2	J�2/�3) sin�1
2
� � TE� cos�1

2
� � (t1 � t2)��

�2AxBz � 2AzBx
/2 � cos(	J � TE) � ��	J
��

3

sin(� � TE) � (2	J�2/�3) sin�1
2
� � TE� cos�1

2
� � (t1 � t2)��

�sin(	J � TE) � ���

��
2

� �	J
��

2

cos(� � TE)�
�Ax � Bx
/2 � cos(	J � TE) � �(	2J2�/�3)�2 sin�1

2
� � TE� cos�1

2
� � (t1 � t2)� �sin�� � TE
��

�sin(	J � TE) � �(2	J�/�2) sin�1
2
� � TE� sin�1

2
� � (t1 � t2)��

�2AyBz � 2AzBy
/2 cos(	J � TE) � �(2	J�/�2) sin�1
2
� � TE� sin�1

2
� � (t1 � t2)��

�sin(	J � TE) � �(	2J2�/�3)�2 sin�1
2
� � TE� cos�1

2
� � (t1 � t2)� �sin(� � TE)��

*The symbols are explained in the caption to Table 1.
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vidually, with the goal of removing the outer lines of the
citrate multiplet (12), which they successfully demon-
strated at 1.5 T. Furthermore, they used these results as
prior knowledge for fitting algorithms (27).

Here we revisit both approaches and present compact
forms of the terms describing the time dependence of all
contributions to the total spectrum. These expressions can
be easily evaluated on a computer, but also lend them-
selves to direct “visual” inspection. In the examples given
here we focused on concentrating the signal energy in the
inner pair of lines, which at most times are stronger than
the outer lines. In addition, the outer lines can be ob-
structed by signals from other metabolites (12). The inner
lines’ signal preferably should be in-phase (with respect to
uncoupled spins) to facilitate quantification and avoid
broad dispersion tails interfering with other lines and po-
tentially leading to signal cancellation.

Our analysis revealed that there are indeed TEs provid-
ing the desired spectrum. TE � t1 � t2 � 80.9 ms �
161.7 ms � 242.6 ms was found to yield spectra of favor-
able appearance. If t1 is fixed for a given PRESS implemen-
tation, TEs somewhat higher than 242.6 ms will produce
comparable spectra. In our example the optimum TE was
around 250 ms. This value is comparable to the T2 time of
citrate in vivo (25). Therefore, the loss due to transverse
relaxation will be substantial. Nevertheless, the spectra
shown in Fig. 5f and g demonstrate that even at these long
TEs a strong citrate signal can be detected from a 9-ml
volume within �10 min with the use of a single-element
surface coil. With the use of coil arrays (22,26), a further
reduction in acquisition time can be expected.

On the other hand, long TEs allow one to include selec-
tive BASING blocks in the sequence. Furthermore, the
accompanying weighting with respect to T2 yields in gen-
eral a flatter baseline, and in particular allows for the
elimination of signals due to triglyceride from peripros-
tatic fat, which is not affected by the frequency-selective

inversion recovery prepulse and may therefore interfere
with the citrate signal at 2.6 ppm. This in turn is helpful
for signal quantification.

For the sake of completeness, we note that a similar “ci-
trate refocusing” is predicted to occur at 1.5 T for TE � t1 �
t2 � 2	/� � 12	/� � 107.3 ms � 643.9 ms � 751.2 ms; at 4 T
for TE � t1 � t2 � 2	/� � 2	/� � 67.2 ms � 67.2 ms �
134.4 ms; and at 7 T for TE � t1 � t2 � 2	/� � 4	/� �
42.9 ms � 85.7 ms � 128.6 ms. The latter two times may be
of practical interest. For comparison, an equivalent situation
occurs for the signal of the weakly coupled methyl group in
lactate at TE � 2/J � 288.5 ms, independently of field
strength. At increasing fields, the optimal value for citrate
converges toward TE � 2/J � 124.2 ms.

As an additional example that is relevant to citrate spec-
troscopy at 3 T, we briefly mention that for t1 � 21.0 ms the
intensity minima observed for the outer lines go to zero, such
that the total signal intensity is focused in the inner pair of
lines. At TE � t1 � t2 � 21 ms � 234 ms � 255 ms, these lines
appear to be nearly perfectly in-phase. Furthermore, the an-
alytical results presented here can be helpful in optimizing
spectral editing schemes, such as the S-PRESS scheme re-
cently proposed by Gambarota et al. (29). In an elegant fash-
ion, these authors used the fact that the spectral appearance
of strongly coupled spin systems can be changed by altering
(t1 � t2) while keeping TE � t1 � t2 constant.

In the case of “lineshape optimization,” the single-tran-
sition results (shown in Table 1) provide a direct measure
of the spectral appearance of the citrate signal; however,
product operators allow for a more comprehensive de-
scription of the underlying spin dynamics. For example,
we have shown elsewhere (34) that at the “weak points”
(TE � n � 2	/�) identified here in the dynamics of the AB
spin system, it is possible to induce a homonuclear coher-
ence transfer with full efficiency. This allows one, for
example, to adapt the “perfect spin echo” (30–33) for
strongly coupled spin systems.

FIG. 5. Real parts of the in vivo
spectra acquired with a single-el-
ement surface coil (bottom) in
comparison with numerical simu-
lations (top). In all experiments
t1 � 28 ms and TR � 1.2 s. The
volumes of interest (VOIs) were
defined in the central part of the
prostate: (a) TE � 100 ms (t2 �
72 ms), VOI: 10.4 ml, 128 aver-
ages; (b) TE � 110 ms (t2 �
82 ms), VOI: 12.4 ml, 64 averages;
(c) TE � 120 ms (t2 � 92 ms), VOI:
12.4 ml, 80 averages; (d) TE �
130 ms (t2 � 102 ms), VOI: 9.0 ml,
512 averages; (e) TE � 140 ms
(t2 � 112 ms), VOI: 12.4 ml, 128
averages; (f) TE � 250 ms (t2 �
222 ms), VOI: 9.0 ml, 512 aver-
ages; and (g) TE � 263 ms (t2 �
235 ms), VOI: 9.0 ml, 512 aver-
ages.
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For proper sequence optimization, it is crucial to have
accurate knowledge of the chemical shift and J-coupling
values. These values are known to depend on both pH and
cation concentrations (3,28). We used the values found by
van der Graaf and Heerschap (3) in pH-matched phantom
solutions that contained Na�, K�, Ca2�, Mg2�, Zn2�, and
Cl– ions in concentrations that reflected the average com-
position of expressed human prostatic fluid. The satisfac-
tory agreement of the experimental data with the theoret-
ical predictions and numerical simulations in our study
even at long TEs indicate the validity of these values at
least for healthy tissue. In tumor tissue, potential changes
of these values should be kept in mind.

In the present study the PRESS sequence was modeled
in a rather crude way. Whereas our model was shown to
provide (at least) reliable starting values for optimizing the
PRESS experiments, the in vivo spectrum reflects chemi-
cal shift evolution during the pulse, varying pulse angles
at the edges of the excitation profile, pulse imperfections,
off-resonance effects, and potential interference with the
BASING elements. In comparison with numerical simula-
tions, the analytical approach pursued here allows for a
potentially finer control of the lineshape, particularly
when the linewidths become comparable to the spacing
between the lines. For example, the spectrum at TE �
100 ms (Fig. 5a) appears at first sight to have the inner lines
in phase. However, the results in Fig. 2a indicate that the
lines are nearly completely in antiphase. As a conse-
quence, the splitting between the lines is not observed and
mutual signal cancellation can lead to decreased peak
amplitudes. In situations in which the inner lines are
mostly in-phase, the splitting becomes visible (e.g., at
TE � 130 ms (Fig. 5d) and TE � 250 ms (Fig. 5f)). In the
case of the outer lines, the appearance of which changes
quite rapidly with TE (cf., Fig. 2b), the analytical approach
avoids the risk of missing interesting features. For exam-
ple, the spectral appearance of the outer lines changes
drastically within 20 ms around t2 � 100 ms (cf., Fig.
5c–e).

While the output of the PRESS sequence can be readily
calculated for weakly coupled spin systems of a basically
arbitrary size, the characterization of the signal output for
strongly coupled systems is considerably less intuitive,
even in the most basic case of a strongly coupled two-spin
system. In this work we tried to present and discuss in a
comprehensive way all relevant contributions to the
PRESS spectrum of citrate at 3 T.
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