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In Vivo 31P Echo-Planar Spectroscopic Imaging of Human Calf Muscle
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Localized phosphorus-31 NMR spectra of human calf muscle in
vivo were obtained by means of echo-planar spectroscopic imaging
(EPSI) with a 1.5-T whole-body scanner. The technique permits the
measurement of two-dimensional 31P SI data at a minimum acqui-
sition time of 2.4 s (8× 8 voxels, TR = 300 ms). With 9.4 min mea-
surement time (TR = 1100 ms, 64 averages) and 25× 25× 40 mm
spatial resolution in vivo the 31P NMR signal-to-noise ratio (S/N)
of the phosphocreatine (PCr) resonance was about 45; the multi-
plets of nucleoside 5′-triphosphates were resolved. Spectral quality
permits quantitative assessment of the PCr signal in a measurement
time that is shorter by a factor of 2 or more than the minimum mea-
surement time feasible with chemical-shift imaging. In a functional
EPSI study with a time resolution of 20.5 s on the calf muscle of vol-
unteers, spectra showed a 40% decrease of the PCr signal intensity
(at rest: S/N ∼= 12) upon exertion of the muscle. C© 2001 Academic Press

Key Words: phosphorus NMR; echo-planar spectroscopic imag-
ing; human calf muscle.
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INTRODUCTION

Echo-planar imaging (EPI), proposed in mid-1970s (1), is the
fastest clinically used MR imaging method. EPI is now wide
applied to functional MRI studies in whole-body scanners (2, 3).
Echo-planar-based techniques permit fast spectroscopic im
ing (4, 5) and were implemented for volume-selected wat
suppressed proton NMR spectroscopy of the human brainin vivo
(6). This approach is called EPSI (echo-planar spectrosc
imaging) and samples gradient echoes in contrast to TSI (t
spectroscopic imaging) techniques which acquire multiple s
echoes (7). A theoretical evaluation and comparison of fast
techniques was given recently by Pohmannet al. (8).

Chemical-shift imaging (CSI,9) has become a standard tec
nique of localizedin vivo 31P NMR spectroscopy of huma
brain, liver, and skeletal muscle.31P CSI can detect compound
with short spin–spin relaxation times, in particular nucle
side 5′-triphosphates (NTP) withT2 in the range of 74–93 m
(α-,γ -NTP) in human calf musclein vivoat 1.5 T (10). Since the
1 To whom correspondence should be addressed at Abteilung Biophy
und Medizinische Strahlenphysik (E0200), Deutsches Krebsforschungszen
(dkfz), Im Neuenheimer Feld 280, D-69120 Heidelberg, Germany. Fax: ++
6221-422531. E-mail: p.bachert@dkfz-heidelberg.de.
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T2 of phosphocreatine (PCr) is quite long (T2
∼= 425 ms (10)),

fast spectroscopic imaging of this compound could be feas
EPSI of phosphorus-containing metabolites has, to our kn
edge, not been considered so far. Therefore, the purpose o
study was to explore an EPSI approach forin vivo 31P NMR
with a 1.5-T whole-body tomograph.

RESULTS

The pulse sequence applied in two-dimensional (2D)31P EPSI
experiments is displayed in Fig. 1. Figure 2a shows the31P
signal-to-noise ratio (S/N) as a function of dwell time (DW) in
EPSI experiments with an aqueous solution of phosphocre
(50 mM). Owing to the reconstruction routine employedDW =
4× gradient rise time (Tramp). S/N was in the range of 12–2
for a measurement time of 5.9 min, and declined with increa
DW. With fast gradient switching (DW< 1 ms) data were un
stable, indicating technical limitations. ForTramp< 150µs the
supervision software of the scanner detected the limit of pos
physiological stimulation and stopped the measurement.

Results of EPSI experiments with multiple interleaves
displayed in Fig. 2b together with EPSI and CSI data obtai
with the same experimental setup. The interleaved acquis
technique increased the spectral bandwidth, but did not imp
S/N.

Figures 3a and 3b show31P NMR spectra from EPSI an
CSI studies, respectively, with the 50 mM PCr model soluti
In both experiments 64 spectra were obtained with field of v
FOV= (300 mm)2 in a measurement time of 5.9 min. The sen
tivity of the PCr resonance of the EPSI spectrum is (S/N)E

∼= 35
(Fig. 3a; repetition time TR= 1100 ms,N = 8 phase-encodin
steps, number of averages NA= 40), while in the CSI spectrum
(S/N)C

∼= 50 (Fig. 3b; TR= 1100 ms,N×N = 8×8,NA= 5).
Spectral widths were 1 kHz (Tramp= 250µs) in the EPSI exper
iment (Fig. 3a) and 4 kHz (DW= 250µs) in the CSI experimen
(Fig. 3b; a 1-kHz section of the spectrum is displayed).

Figure 3c shows a transversal31P echo-planar spectroscop
image (grid resolution: 25 mm) of the phantom with over
of the contour obtained by1H MRI to demonstrate the exten
of voxel bleeding. Comparison of EPSI and corresponding
map (not shown) indicated the same spatial resolution and s
contamination.
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FIG. 1. 31P echo-planar spectroscopic imaging (EPSI) sequence. Af
slice-selective 90◦ RF pulse an oscillating readout gradient is applied wh
generates a train of 256 pairs of gradient echoes. Each echo is scanned n
early in time at 8 or 16 discrete points.

The application of31P EPSI in vivo in studies of the calf
muscle of volunteers yielded spectra with resolved resona
of PCr andα- and γ -NTP. Figure 4a shows a representat
spectrum (TR= 1100 ms, N= 8,NA= 64, measurement tim
9.4 min) from a voxel of 25× 25× 40 mm located in theM.
gastrocnemius. The signals of PCr [(S/N)E

∼= 45, (S/N)C
∼=

61] and NTP [(S/N)E
∼= 3, (S/N)C

∼= 4] are about 25% lowe
in the EPSI experiment than in CSI with the same voxel size
measurement time (Fig. 4b).

Figure 4c shows anin vivo 31P EPSI spectrum of calf muscl

tissue obtained in a measurement time of 20.5 s with phospho-

tal

about 15% from that used at linear data sampling. Moreover, the

creatine (S/N)E

∼= 12 (TR= 640 ms, N= 8,NA= 4, voxel size

FIG. 2. 31P S/N as a function of dwell time (DW) with (a) EPSI and (b) EPSI with two or four interleaves using gradient rise timesTramp= 250µs (1) and
Tramp= 500µs (♦). For comparison, (b) includes data obtained by EPSI (×) and CSI (¤) with the same experiment (model solution: 50 mM PCr). Experimen

decline ofS/N for increasing DW (Fig. 2a) is explained by the
parameters: measurement time 5.9 min, repetition time TR= 1100 ms, numb
size= 37.5× 37.5× 40 mm.
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37.5× 37.5× 40 mm). The scan time was shorter by a fact
of 2 compared to CSI (TR= 640 ms, NA= 1). With TR=
300 ms (measurement time: 9.6 s) EPSI yielded a signal
(S/N)E

∼= 7. Distinct signals could not be detectedin vivo in
EPSI experiments withN = 16.

Figure 4d shows the result of a functional31P EPSI study with
temporal resolution of 20.5 s on the calf muscle of a 25-year-
volunteer. Upon exertion of the muscle (starting att = 145 s) a
40% decrease of the PCr signal intensity was observed.

DISCUSSION

The data in Fig. 4 demonstrate the feasibility of31P echo-
planar spectroscopic imaging of phosphorus-containing meta
lites in human calf musclein vivo. The technique yields
two-dimensional data sets withS/N that permits quantitative
evaluation of the PCr resonance in a measurement time tha
shorter by a factor of 2 or more than the minimum measu
ment time possible with CSI. EPSI benefits from the relative
long T2 relaxation time of the31P spin in PCr. While EPSI pro-
vides better temporal resolution, theS/N of CSI (with the same
voxel size and measurement time) is always higher, in agreem
with Ref. (8). The lower sensitivity of EPSI is expected from
the choice of the low-pass filter bandwidth which differed b
er of phase-encoding stepsN = 8, number of averages NA= 40, and voxel
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FIG. 3. Localized31P NMR spectra (measurement time 5.9 min, TR= 1100 ms, voxel size= 37.5× 37.5× 40 mm) and spectroscopic image of a cylindric

phantom (50 mM PCr). (a) EPSI withTramp= 250µs (1 kHz spectral width;N = 8,NA = 40). (b) CSI with DW= 250µs (4 kHz spectral width; display, 1 kHz;
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of
N × N = 8× 8,NA = 5). Data processing (a, b): 1K zero-filling, 1.5 Hz l
time 9.4 min, TR= 1100 ms,N = 8, NA = 64, FOV= (200 mm2)) showing th

smaller gradient strength at largerTrampand hence the less effec
tive refocusing of transversal magnetization components. W
rapidly oscillating gradients yielded sufficiently large spect
width and better performance of refocusing transversal ma

tization, the aliased noise (due to filter adjustments at diff
ent sampling rates) is larger compared to spectra obtained
e broading, no baseline correction. (c) Transversal31P EPSI image (measureme
e distribution of PCr intensity and the contour of phantom.

-
ile
al
ne-

longerTramp. The weak NTP resonances were only detecta
in experiments withTramp in the range of 600µs and<3 ms.
The optimum gradient rise time was about 250µs. The resulting
spectral width of 1 kHz suffices to cover the spectral range
er-
with
endogenous phosphorus resonances. If a wider range is required,
the application of interleaved EPSI measurements is favorable.
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FIG. 4. Localizedin vivo 31P NMR spectra from the same region in the human calf muscle obtained with (a) EPSI (TR= 1100 ms,N = 8,NA = 64) and
(b) CSI (TR= 1100 ms,N × N = 8× 8, NA = 8). In each experiment, the measurement time was 9.4 min and the voxel size was 25× 25× 40 mm. The
EPSI spectrum shows resolved resonances of phosphocreatine (PCr) and nucleoside 5′-triphosphates (α-, γ -NTP). TheS/N of PCr is 45 in (a) and 61 in (b). Data
processing: 1K zero-filling, 1.5 Hz line broading, no baseline correction. (c)In vivo 31P EPSI spectrum of theM. gastrocnemiusobtained in a measurement tim

31
of 20.5 s with (S/N)E ∼= 12 of phosphocreatine (TR= 640 ms,N = 8,NA = 4, voxel size 37.5× 37.5× 40 mm). (d) Functional P EPSI study performed with
R4 tart

n
o nu-
a time resolution of 20.5 s on the calf muscle of a 25-year-old volunteer (T= 6
indicated by arrow).

This increases, however, the minimum acquisition time. Si
the gradient pulses are the same, interleaved EPSI yields n

ditional gain inS/N compared to an EPSI experiment of th
same scan time.
0 ms,N = 8,NA = 4). PCr signal reduction of about 40% upon exertion (s

ce
ad-

The application of interlaced Fourier transform to EPSI (11)
doubles the spectral width, thus rendering EPSI applicable to

eclei with a large chemical-shift range. The method was demon-
strated to be robust in combination withk-space trajectory
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11. G. Metzger and X. Hu,J. Magn. Reson.125,166–170 (1992).
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calibration which reduces the imperfections in gradient ha
ware.

EXPERIMENTAL

All experiments were performed atB0 = 1.5 T in a whole-
body MR scanner (Magnetom Vision; Siemens, Erlangen, FR
The tomograph is equipped with EPI capabilities providin
maximum gradient strength of 24 mT/m at a minimum sinus
dal rise time of 300µs.

31P NMR signals were acquired with a planar surface c
(Siemens) of 14 cm diameter. After shim on the tissue wa
1H resonance,31P NMR spectra were obtained by means
one-pulse-acquire and multivoxel techniques (B1 inhomogene-
ity excluded spin-echo excitation). To assess spatial resolu
and spectral quality, conventional CSI was performed after
EPSI experiments. Forin vivo studies the calf muscle of eigh
previously informed and consenting healthy male volunteers
examined. In functional studies the volunteers performed pla
flexion of the foot pinned down with a 3-kg load to exercise
gastrocnemius and soleus muscles.In vitro experiments were
performed with a model solution of PCr (50 mM). The phanto
had a cylindrical shape with a diameter of 12 cm and thickn
of 4 cm.

The 2D EPSI pulse sequence employed is shown in Fig
After slice-selective FID excitation (sinc RF pulse of widthtp =
1280µs) of 31P spins in a transversal slice, a phase-encod
gradient pulse (durationtG= 1 ms) is applied, followed by an
oscillating gradient during signal acquisition. A slice thickne
of 40 mm, a field of view of (200 mm)2, and N= 8 phase-
encoding steps yield a spatial resolution (voxel size) of 25×
25× 40 mm.

The oscillating gradient generates a series of gradient ech
which are spatially encoded in one direction and which con
chemical-shift information. The gradient consists of 256 pa
of alternating lobes, each with a quarter-sine ramp-up an
quarter-sine ramp-down. Gradient rise times (Tramp) in the range
of 150µs to 1 ms were used. The 256 pairs of lobes corresp
to 512 time points at eachk-space location. Because of nonun
form sampling in time the echoes were separated in even
odd echoes to compensate for imperfections of the oscilla
gradient.

The sinusoidal shape of the gradient ramp was taken into
count by using a sine-integrated ADC trigger frame for data
quisition, such that nonequidistant sampling points in time y
equally spaced values ink space. To reduce imperfections
the system timing an ADC delay time correction was perform
prior to the data acquisition. The bandwidth of the low-pass fi
was adjusted to the different sampling rates.
In order to increase the spectral width multiple interleave
offset in time, were employed (12). Double and fourfold inter-
CATIONS
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leaves were obtained by shifting the gradient pulse train in t
by Tramp or 2× Tramp. The result is an increase of spectral wid
by factors of 2 and 4, respectively. The interleaved experim
were performed withTramp= 250 or 500µs.

CSI was performed with the oscillating readout gradient
placed by a phase-encoding gradient, but with the same m
surement parameters as in the EPSI experiments. During 25
signal acquisition 1024 data points were sampled at 4 kHz s
tral width.

Reconstruction of the EPSI data and evaluation of spe
were done offline using SiTools (provided by A. Maudsley, V
Medical Center, San Francisco, CA). After time reversal of
even echoes the two data sets corresponding to odd and
gradient echoes were processed separately by applying s
Fourier transform. For spectral processing, the data were z
filled to 1K points, followed by 1.5 Hz Gaussian line broaden
and Fourier transformation. The even echo spectra were ph
corrected to match the odd echo spectra and then both dat
were added. This yields a theoretical gain inS/N by a factor
of
√

2. The sensitivity was determined according toS/N =
A/(2σ ), whereA is the amplitude of the resonance in the Four
spectrum andσ the root mean square deviation from the me
amplitude outside the frequency range of31P resonances.
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