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Although phosphorus-31 (31P) magnetic resonance spectros-

copy holds potential as noninvasive tool to monitor treatment

response of liver malignancies, the lack of appropriate coils

has so far restricted its use to liver lesions close to the sur-

face. A novel eight-channel phased-array dual-tuned 31P/1H

coil that can assess 31P metabolism in deeper liver tissue as

well is presented in this article. Analysis of its performance

demonstrates that this coil can provide good sensitivity across

a width of 20 cm, thereby enabling magnetic resonance spec-

troscopic imaging (MRSI) scans that can fully cover axial views

of the abdomen in lean subjects. In vivo results and reproduci-

bility of 31P MRSI at 3 T of axial slices covering the full depth

of the liver are shown in healthy volunteers. To minimize intra-

subject and intersubject data variability, spectra are corrected

for coil sensitivities. Methods to maximize the reproducibility

of coil placement and spectroscopic planning are discussed.

The phosphomonoesters/phosphodiesters ratio calculated in

healthy volunteers has an average intrasubject variation of

23% averaged over voxels selected from the entire liver.

Finally, the feasibility of using the coil in the clinic is shown by

preliminary 31P liver MRSI data obtained from a patient with

hepatocellular carcinoma. Magn Reson Med 68:1346–1356,

2012. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Inflammatory and neoplastic liver diseases affect liver
metabolism, thereby altering the intracellular concentra-
tion of phosphorus-31 (31P) metabolites (1). Therefore,
information on regional changes in 31P metabolites in
the liver, as obtained by magnetic resonance spectros-
copy (MRS), can help in diagnosis and follow-up of vari-
ous liver diseases (2). As the ratio of phosphomonoesters
(PME) to phosphodiesters (PDE) differs significantly
between malignant and healthy liver tissue (3), 31P MRS
may be a valuable noninvasive monitoring tool to assess

early treatment response in targeted radiation therapy
(e.g., selective internal radiation therapy with Yttrium-90
(4) and stereotactic body radiation therapy (5)), for which
standard image-based monitoring techniques are not con-
clusive for up to 6 months (6,7).

For the most part, three types of coils have been used

for in vivo 31P spectroscopy. The simplest are 31P single-

channel surface coils (8–14), which in the past were

often single-tuned 31P coils, but today are mostly dual

tuned to allow for 1H imaging for localization. The sec-

ond type are 31P birdcage coils (15–17), which are

mainly used for 31P brain spectroscopy. Finally, the third

type are 31P phased-array coils (18), which currently are

primarily designed and used for human cardiac spectros-

copy. In 1989, an early article by Nakada et al. (19) dem-

onstrated abdominal 31P MRS using a zigzag coil design

for stomach 31P NMR. Later studies used a ‘‘dual-tuned
1H/31P Heart/Liver Coil’’ on a 1.5 T system (20); how-

ever, the manufacturer of the coil has since discontinued

its production. That coil consisted of a single plate with

one 31P transmit element and a quadrature 31P receive

element consisting of a loop and butterfly combination,

resulting in a single channel of quadrature output. To

date, however, most of the published 31P spectroscopy

data of liver and abdomen have been acquired using sin-

gle channel surface coils.

Single-channel surface coils, when small enough to

benefit from good signal-to-noise ratio (SNR), suffer from

limited sensitivity in deeper tissue (21). Furthermore, if

MRS scans need to be performed in multiple locations,

the coil has to be moved for each scan. Moving the coil

to acquire multiple datasets increases the scan time and

introduces reproducibility errors. When the 1H-tuned

part of a dual-tuned coil is a surface coil as well, ana-

tomic image coverage is restricted. As such, to acquire

proton images of the entire abdomen in a 31P MRS exam,

one is restricted to using the body coil of the scanner,

which usually has poor SNR. Furthermore, to minimize

motion due to breathing, patients are often expected to

lie in prone position, which is not very comfortable for

long scans. Therefore, a coil is needed that can overcome

the limitations of existing surface coils: one that provides

coverage for 31P liver spectroscopy and 1H imaging

across the entire abdomen, reduces the coil-setup error,

and minimizes patient discomfort during long scans.

To address these limitations, we have designed an
eight-channel phased-array dual-tuned 31P/1H coil that
wraps around the torso and covers the whole liver, thus
eliminating the need for repositioning coils within a
liver examination. A phased-array design was chosen
incorporating eight 31P channels and two 1H channels
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for proton imaging as well as decoupling to provide a
higher SNR and larger coverage (18,22). This article
presents results on quality and coverage of in vivo
31P liver MRSI data obtained with this novel coil at 3 T.
Specifically, we examine factors and technical con-
straints that affect data quality and reproducibility,
including separation between the anterior and posterior
coils and reproducibility of placing the spectroscopic
imaging grid. We present 2D 31P MRSI data from axial
slices covering the full cross section of the liver in both
healthy volunteers and patients, acquired with an opti-
mized approach with regard to coil setup, acquisition pa-
rameters, and processing of the data.

Finally, we show data acquired in a patient with hepa-
tocellular cancer (HCC) to demonstrate the sensitivity of
our 2D 31P MRSI protocol and coil to metabolic changes
in malignant liver tissue.

METHODS

Hardware

A dual-tuned eight-channel 31P/1H coil (built by Stark
Contrast MRI Coils Research, Erlangen, Germany, accord-
ing to our design specifications) was used for both 31P
MRSI and 1H imaging on a Siemens 3 T TIM Trio whole
body scanner (Siemens Healthcare, Erlangen, Germany).
The coil array consists of two plates (30 � 30 cm2), each
with four 31P receive (RX) elements (� 24 � 20 cm2)
with filters for proton decoupling, one 31P transmit (TX)
element (� 30 � 30 cm2), and one 1H TX-RX element (�
27 � 25 cm2) (Fig. 1). The 1H and the 31P transmit coils
on the anterior and posterior plates form Helmholtz
pairs. They all share one TX-connector, thus distributing
the power to the two coils using this single connector.
The transmit signal passes through a frequency filter and
splitter to the respective 1H and 31P transmit circuits.
The four independent 31P RX channels per plate are

attached to patient table connectors by means of a com-
mon output cable. The eight 31P and two 1H channels
are decoupled using preamplifier decoupling. Neighbor-
ing coils are decoupled by a common rod and an
adjusted capacitor to better than �12 to �20 dB. This
coupling is load dependent due to common noise resist-
ance and thus noise correlation for common areas.
Additional decoupling is achieved by preamplifier
decoupling used between all RX elements. In total,
decoupling between all elements is better than �15 dB,
which is sufficient for adequate SNR and the use of par-
allel imaging techniques. The coils are matched to load.
With a common load for all elements, matching (S-pa-
rameters: S11, S22 . . . S88) results in < �14 dB (or <0.2
on a linear scale).

The signal is phase corrected and sent to the coils
through respective matching circuits. Each coil consists
of matching, blocking, and detuning circuits to ensure
the appropriate coils are active and tuned for the spe-
cific acquisition. The 1H coil elements are further capa-
ble of proton decoupling, by transmitting at high power
at the 1H frequency during reception of 31P signal. This
is achieved by decoupling of 1H TX and 31P RX coils
and blocking circuits for 1H RX frequency, adding very
high attenuation filters to reduce 1H signal on the 31P
receive path to avoid saturating the 31P preamplifiers,
and placing filters and 31P preamplifiers in shielded
boxes to minimize B1 coupling to the 1H decoupling
field. Applying 1H power between acquisition windows
to provide nuclear Overhauser enhancement of 31P
spins is also possible. Finally, plugging in this coil dis-
ables the scanner’s body coil so that only the 1H chan-
nel of the dual-tuned coil can be used to acquire 1H
images.

For scan setup, the two plates of the coil wrap around
the torso of the subject with four 31P receive elements on
the back and four on the front to increase sensitivity

FIG. 1. Schematic diagram of the eight-channel dual-tuned 31P/1H coil. The coil consists of two plates, shown in the diagram as upper

coil and lower coil elements, respectively. Each plate consists of one 1H TX-RX element, one 31P TX, and four 31P RX coil elements.
The numbers 1–8 correspond to the individual 31P RX channels.
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throughout the abdomen. The top plate is free to move
up and down with the subject’s abdominal movement
during respiration, but this movement is minimized by
adding straps to hold the plate in place. Furthermore,
subjects are instructed to take short, shallow breaths
instead of long, deep breaths during data acquisition.
The coil was designed so that hardware performance is
not degraded by slight respiratory movement of the top
coil although typical breathing artifacts are still seen in
images. To increase the reproducibility of coil position-
ing, water-filled fiduciary markers were placed on both
anterior and posterior coil plates around the coil circum-
ference to be used as reference points for acquisition
planning and postprocessing alignment (Fig. 2). Perma-
nent markers on the scanner bed and coil surface were
used to ensure that the patient is placed reproducibly
with respect to the coil at the exact same location each
time.

A 10-L plastic carboy filled with 10-mmol/L potas-
sium dihydrogen phosphate (Pi) solution was used as a
phantom for initial pulse sequence development and ra-
dio frequency (RF) transmitter calibration. NaCl (75
mmol/L) was also added to the phantom solution to
match in vivo loading and conductivity properties in
accordance with the American College of Radiology
(ACR) body phantom recommendation (23). Finally,
0.04 g/L of NiCl2 was added to reduce the T1 relaxation
time of 31P (9).

Volunteers and Patients

Three healthy volunteers (age 30 6 10 years, weight 65
6 7 kg) were scanned for in vivo data quality and repro-
ducibility analysis using our coil. Each subject was
scanned three times, generally in the afternoon, at least

2–3 h after lunch. No specific fasting was required of the
subjects. In addition, two patients with HCC were
scanned to investigate the efficacy of the coil for clinical
applications. The study was approved by the institu-
tional review board, and all subjects gave written
informed consent before participating in the study.

1H Imaging

1H images for spectroscopy localization and postacquisi-
tion analysis were acquired using a gradient recalled echo
sequence (pulse repetition time (TR) of 23 ms, echo time
(TE) of 3.69 ms, 6.0-mm slice thickness, 15-mm interslice
gap, and 10 slices; total imaging time � 1 min). The pre-
spectroscopy localization slices were acquired in all three
directions using a field of view (FOV) of 450 � 450 mm2.
The large size of the FOV was chosen to include signal
from the fiduciary markers on the coil plates. The MRSI
grid was then placed on the images by using these
markers as reference points (Fig. 3). A second set of

FIG. 2. Photograph of the coil with top and bottom plate and re-
spective connectors. The placement of water-filled fiduciary
markers around the coil circumference (solid arrows) and perma-

nent markers on the scanner bed and coil surface (dashed arrows)
can also be seen in the picture. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

FIG. 3. 1H images obtained from a dedicated torso coil, the scan-
ner’s body coil, and our coil using the same acquisition protocol

(gradient echo sequence). The four bright spots on each corner of
the image obtained with our coil correspond to the water-filled fidu-
ciary markers placed on the coil to ensure reproducible MRSI plan-

ning and acquisition. The new coil provides high-quality 1H MRI
images, adequate for most clinical imaging protocols in the liver.

1348 Panda et al.



images was acquired immediately after the long MRSI ac-
quisition using the identical geometric setup and FOV
(400 � 400 mm2) as the MRSI scan to check for any
changes in the position of the subject.

Standard MR imaging protocols from our clinical rou-
tine were used to validate imaging results with the dual-
tuned coil, and image quality was compared to that
obtained with standard 1H coils. To assess whether the
1H liver images acquired with our coil are of sufficient
quality for clinical needs, a comparison between our
coil, the body coil, and the Siemens standard torso coil
was performed. SNR values were compared using the fol-
lowing equation:

SNR ¼
SROI � SBkg

�
�

�
�

sBkg
½1�

Here, SROI is the signal intensity obtained from a
region of interest (ROI) area placed in the liver or muscle
tissue of the images, SBkg is the signal intensity obtained
from the background region (outside the coil FOV and
free from any artifact noise), and sBkg is the standard
deviation of the background noise calculated from the
SBkg ROI.

31P 2D MRSI

For all 31P scans (sensitivity calibration, Specific
absorption rate [SAR] measurements, and phantom and
in vivo data acquisition) a 2D-slice-selective free-induc-
tion-decay (FID) sequence was used to collect 31P MRS
data with the following parameters: TE ¼ 2.3 ms, TR ¼
1 s, FOV ¼ 400 � 400 � 30 mm3, and a nominal voxel
size of 25 � 25 � 30 mm3, yielding an effective voxel
size of 45 � 45 � 30 mm3 when the MRSI spatial
response function is considered (24). Manual shimming
was performed before each scan, and datasets were col-
lected with free breathing. Each FID was acquired with
2048 complex points and a bandwidth of 5000 Hz. No
1H–31P decoupling was applied in this initial study.
The acquisition took about 24 min for 30 weighted aver-
ages. The first point of each FID was used to determine
the relative phase of each coil and to phase correct the
data before combining the signals using a weighted
sum-of-squares method (22), which has been shown to
yield higher SNR spectra than an unweighted combina-
tion. The magnitude of the first point was used as an
estimate of the signal amplitude, which was then used
to calculate the corresponding weights for the individ-
ual coils. This way, the coil with the greatest signal was
given the largest weight. The resulting FID summation
was then zero filled to 4096 data points. Finally, an ex-
ponential filter of 25-Hz line-broadening and zero- and
first-order phase correction were applied to the com-
bined signal.

Specific Absorption Rate Calculation

To ensure patient safety, SAR measurements were per-
formed for both the 1H imaging and 31P spectroscopy
protocols on a phantom. The SAR levels produced with
this coil were determined by using the Food and Drug

Administration recognized calorimetric method
described in the National Electrical Manufacturing Asso-
ciation standards (25). Both the 1H imaging sequences
and 31P spectroscopy sequences were run repeatedly for
about an hour each to achieve a measurable increase in
temperature. The energy absorbed by the phantom was
calculated from the specific absorption coefficient of the
water and the temperature increase between the begin-
ning and end of the scan.

Determination of Maximum Sensitive Depth and
Sensitivity Correction

To determine the maximum depth at which the 31P coil
elements are still sensitive, we stacked two 10-L phan-
tom carboys, both 15 cm in height and both filled with
the same concentration (10 mmol/L) of potassium dihy-
drogen phosphate (inorganic phosphate - Pi) solution.
31P MRSI datasets were collected with the anterior and
posterior coil plates separated by 30 cm (Fig. 4a). As the
two transmit coils on the anterior and posterior plates
share one TX-connector, it was not possible to merely
turn one of them off. Therefore, the only way to assess
the effect of both the TX and RX elements on each plate
independently was to separate the plates as far as possi-
ble during data acquisition. A separation of 30 cm
between the coils was large enough to ensure that the
data only reflected the sensitivity of the anterior or the
posterior plate individually and not the combination of
the two plates.

The total area under the Pi peak was used to calculate
Pi metabolite maps and to determine coil characteristics.
In subsequent sections, metabolite maps of the inorganic
phosphate peak obtained from this homogeneous phan-
tom will be referred to as sensitivity maps. To a first
approximation, the observed signal variation is due to
variation in the flip angle with depth from the TX side
plus variation of the RX coils’ sensitivity. Figure 4a
shows the typical gradual drop in signal intensity as a
function of distance from the coil. The signal is scaled to
the maximum signal recorded. Coil inhomogeneity cor-
rection was performed by a technique similar to Ref. 26.
Any signal below 25% was considered noise and was
removed from the sensitivity maps. Inverse sensitivity
maps were created to obtain sensitivity correction matri-
ces for both the anterior and posterior coil plates (each
containing four 31P channels). These matrices were then
used to correct for variations in coil sensitivity for both
the phantom and in vivo 31P data. For SNR determina-
tion of phantom spectra, the amplitude of the Pi peak
was used as signal, and the standard deviation of the
real signal in a 20-ppm-wide baseline region was used as
noise.

Data Quantification and Variability Assessment

31P spectroscopic data were quantified using the
AMARES routine (advanced method for accurate, robust,
and efficient spectral fitting of MRS data with use of
prior knowledge) (27) in the fitting software jMRUI (28).
The model used in jMRUI to fit the peaks was a Gaus-
sian peak model with soft constraints on phase, line
width, and J-coupling frequency similar to the method

In Vivo 31P Whole Liver Spectroscopy at 3 T 1349



described in Ref. 29. The acquisition delay of 2.3 ms in
the current protocol creates a baseline distortion in the
acquired 31P spectrum, which was modeled by treating
the first 11 points of the FID as baseline before quantifi-
cation of the peaks in the time domain. For in vivo
data, seven metabolites were quantified: b-adenosine
triphosphate (b-ATP), a-adenosine triphosphate (a-
ATP), g-adenosine triphosphate (g-ATP), phosphocre-
atine (PCr), inorganic phosphate (Pi), PME, and PDE. To
examine intrasubject variability, three scans were per-
formed on separate days on the same subject with the
same protocol. Ten to 12 voxels (depending on the sub-
ject size) from various locations in the liver were cho-
sen for data quality and reproducibility assessment. Fig-
ure 5 illustrates the reproducibility of the scan setup for
one subject scanned on two different days. Spectra from
the highlighted voxels were selected for data analysis.
As the PME/PDE ratio is most sensitive to changes in
tumor metabolism (3) and is thus our primary marker
for tumor response analysis, this ratio was used for vari-
ability assessment. Data variability per voxel between
two scans on different days for the same subject is
given as:

VAiBi
¼ SAi

� SBi
j j

SAiBi

½2�

Here, VAiBi
is the variability in the PME/PDE ratio for

voxel i (where i corresponds to the voxel at the same
anatomic location in both scans A and B), SAi

and SBi

are the PME/PDE ratios for voxel i calculated for scans A
and B, respectively, and SAiBi

is the mean of the PME/
PDE ratio from voxel i for the two scans. The average
variability between two scans was then calculated by
averaging the values obtained for the selected voxels:

VAB ¼
Pn

i¼1 VAiBi

n
½3�

Here, VAB is the average variability in the PME/PDE
ratio for the same subject between scan A and B, and n
is the number of selected voxels quantified (n � 10) for a
subject.

RESULTS

Specific Absorption Rate of the Coil

The coil produced SAR levels of less than 1.0 W/kg for
both the 31P spectroscopic sequence and the 1H imaging
sequence. The precision of the thermocouple used for
measuring temperature was 60.1�C. This accuracy intro-
duced � 10% error in the SAR measurement. The calcu-
lated SAR values including the measurement errors were
much lower than the smallest SAR limitation of 4 W/kg
recommended by the Food and Drug Administration.
Therefore, the coil met all the safety requirements for in
vivo data collection using the tested sequences.

1H Imaging

Figure 3 shows the same transverse slice through the
liver in the same volunteer acquired with the same 1H
imaging sequence (described above) using three different
coils: a torso coil, the body coil, and our phased-array
coil. The SNR was calculated over several ROI locations
in liver tissue and muscle tissue. While the SNR remains
best for the torso coil (SNR of 89 for liver tissue and
SNR of 133 for muscle tissue), our coil performs better
(SNR of 76 for liver tissue and SNR of 50 for muscle tis-
sue) than using the in-built body coil (SNR of 30 for liver
tissue and SNR of 19 for muscle tissue). In practical
terms, a radiologist (KS) deemed the image quality of our
coil good enough that repositioning of patients for sepa-
rate 1H imaging using the standard torso coil was
unnecessary for clinical scanning.

FIG. 4. Anterior and posterior coil plate sensitivities. a: The measured combined sensitivity of the top and bottom coils (solid line) for a

coil plate separation of 30 cm, as a function of distance from the top plate. The dashed lines show the sensitivity profiles of the individ-
ual top and bottom plates. b: The calculated sensitivity profile derived from sensitivities of individual coil plates for a separation of 20
cm. The dotted line in both plots represents an empirically calculated cut off value of 25% below which no signal could be quantified.
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Sensitivity Correction and Maximum Depth Calculation

To calculate the maximum sensitive depth, any signal
below 25% of the maximum was considered noise. This
threshold was calculated from the SNR analysis of the
stacked phantom experiment described in the methods
sections. For an SNR of 30 or less in the phantom experi-
ment, the Pi peak was indistinguishable from the noise.
Therefore, SNR of less than 30 was considered the cutoff
for sensitivity below which any signal was considered
noise. In our phantom experiment, this SNR value corre-
sponded to a value of 25% of the maximum area under
the Pi peak. It can be observed from Fig. 4 that the bot-
tom (posterior) coil is slightly more sensitive compared
to the top (anterior) coil. It can also be observed in Fig.
4a that at a depth of about 10 cm from the top coil and
8.75 cm from the bottom coil, less than 25% of the maxi-
mum signal was recorded. For the maximum depth cal-
culation, the data from anterior and posterior coil plates
were combined using the sum-of-squares technique
while progressively reducing the separation between the
coil plates in the calculation. It can be seen in Fig. 4b
that a separation of the plates of 20 cm results in the
entire sensitivity profile being above the cut off thresh-
old of 25%. This implies that the maximum separation
of the coil plates that maintains sensitivity throughout
the whole axial FOV is 20 cm. Figure 6 shows 31P metab-
olite maps of a phantom before and after sensitivity
correction using the correction matrices obtained as
described in the Materials and Methods section.

In Vivo 31P MRSI: Healthy Volunteers

Figure 7 shows the placement of various coil elements
with respect to the human abdomen superimposed on a
localizer image acquired with the 1H channels of our
coil. It also shows the 31P spectra of three voxels from
deep liver tissue (plus one from abdominal muscle for
comparison) and metabolite maps, generated by plotting
the area under the peaks of various 31P metabolites over
the whole slice. As expected, the metabolite maps illus-
trate that PCr signal originates mainly from muscle tis-
sue, while Pi, b-ATP, a-ATP, and g-ATP are concen-
trated in muscles, liver, and spleen. We do see some PCr

signal in the voxels inside the liver, which is due to the
point spread function and/or breathing artifacts. The
contribution from breathing could likely be minimized
with respiratory gating. The PCr distribution, resulting
from the point spread function, could potentially be
used to estimate and remove contamination of skeletal
muscle signal to adjacent liver voxels. In liver voxels
where signal from PCr was not higher than the back-
ground, the PCr signal was excluded from reproducibil-
ity or quality assessment.

Table 1 summarizes the variability results for the
PME/PDE ratios obtained for three healthy volunteers.
The subjects were scanned three times on different days
using the same protocol. The PME/PDE ratio calculated
from these healthy volunteers had an average scan-to-
scan variation of 21.5–24.6% (with maximum variation
of 27.8%) over three scans for 10 different voxel loca-
tions within the liver. Table 2 summarizes the average
PDE/b-ATP, Pi/b-ATP, and PME/b-ATP ratios for the
three scans, and gives the average variation of these
ratios between scans for the same three healthy volun-
teers. Overall, the ratios of PDE/b-ATP, Pi/b-ATP, and
PME/b-ATP showed an average variation of 11.1, 17.7,
and 11.3%, respectively, for three healthy subjects over
three MRSI scans.

In Vivo 31P MRSI: HCC Patient

Figure 8 shows the 31P MRSI dataset obtained from a
HCC patient (M, 78 years). The malignant tumor of about
2.5 cm diameter can clearly be observed in the 1H image
obtained with our coil in the top right panel. The gradi-
ent recalled echo images displayed in the figure were
acquired thirty minutes post Gadolinium contrast admin-
istration. An enlarged liver in the 1H scan of this patient
is observed due to the presence of ascites. The bottom
part of the figure shows 31P spectra obtained from a
voxel mainly covering malignant tissue (left) and a voxel
from nonmalignant liver tissue (right). An increase of the
PME peak and a decrease of the PDE peak are seen in
the malignant liver tissue compared to the nonmalignant
tissue, which agrees with the results presented in (30).
Analysis of the PME/PDE ratio for the patient gave a

FIG. 5. 31P MRSI scan setups in the same subject on two different days. The voxels chosen for the reproducibility analysis are high-
lighted with dashed lines. The signals from fiduciary markers used to place the spectroscopy grid can be observed on the four corners

of both images.
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value of 0.76 in the tumor voxel (dashed line) and 0.52
in the nonmalignant voxel (solid line), resulting in a dif-
ference of 37%. This result demonstrates that the vari-
ability observed in the data for intrasubject scans (aver-
age of 23.3% as shown in the previous section) is
smaller than the difference observed between malignant
and nonmalignant tissue. Furthermore, reproducibility
analysis performed on two pretreatment 31P MRSI scans
of another HCC patient (F, 57 years) gave a scan-to-scan
variability of 17.1% in the PME/PDE ratio from the
voxel-containing tumor. This additional finding indicates
that the variability in pretreatment 31P tumor metabolite
measurements can be within the normal intrasubject var-
iability range.

DISCUSSION

These results show that our multichannel dual-tuned
phased-array 31P/1H coil can obtain 31P and 1H data
across an entire axial slice of the abdomen. This
extended coverage is necessary for several applications
requiring sensitivity throughout the whole liver (e.g.,
examining lesions in the middle of the body or multiple
lesions). The coil can also be used for conventional 1H

MR imaging of the entire abdomen during the same scan

session without repositioning the patient to exchange

coils, thereby minimizing reproducibility errors and the

patient’s examination time. Even though the images

acquired with our coil have a slightly lower SNR than a

dedicated 1H torso coil array, the image quality is suffi-

ciently high for most clinical needs, and is superior to

the quality of body coil images. Compared to images

acquired with a single surface coil only, they have the

advantage of a much larger anatomic coverage.
Most of the liver 31P spectroscopy results published so

far have used single channel 31P surface coils. Typical
diameters of these coils vary from a minimum of 9 cm
(8) to a maximum of 16 cm (11). The only exception was
the heart/liver coil used by Tosner et al. (20), with a 12
� 27.5 cm2 31P TX coil and 14 � 12 cm2 (single-turn) þ
9 � 9 cm2 (figure-eight loop) 31P RX elements. In com-
parison, our TX and RX coils for 31P are much larger
with four 31P RX elements, each about 24 � 20 cm2, and
one � 30 � 30 cm2 31P TX element on both anterior and
posterior plates—a combination that provides larger cov-
erage. Typically, at a depth of one diameter, the sensitiv-
ity of a surface coil is reduced to 10% of its maximum
value (31). Analysis of our coil shows that it is sensitive
through a depth of 20 cm (although each individual plate
is only sensitive to a maximum depth of 10 cm). Note
that this current maximum sensitivity depth of 20 cm is
obtained using a purely empirical cut off value of 25%
of the maximum signal. (Below this cutoff, the signal
from the coil could not be quantified.) The 25% cutoff

FIG. 6. Uncorrected and corrected MRSI
data from a phantom containing a uniform
Pi solution. The 1H image of the phantom

setup appears on the right with uncor-
rected and corrected Pi metabolite maps

obtained by plotting the area under the Pi
peak before and after sensitivity correction.
The square ROI displayed on the images

consists of four voxels with Pi peak var-
iance across the 2 � 2 array of voxels. The

Pi peaks corresponding to the voxels in
the ROI are shown on the left side of the
figure. The horizontal line on each of the Pi

spectra is merely a reference to better
illustrate the variation in peak height due to

coil sensitivity.
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FIG. 7. Position of various coil loops with respect to the abdomen, sample spectra from four voxels (one close to the surface containing
abdominal muscle and three from liver tissue), and phosphorus metabolite maps of the 2D MRSI slice. In this subject, the new coil pro-
vided full anatomic coverage for 31P MRSI throughout the axial slice. The 1H image in the top right corner is scaled to match the 31P

metabolite maps.

Table 1
Variability Results for PME/PDE Ratios Obtained From Three Healthy Volunteers for Three Different Scans

Average over 10 voxels

PME/PDE % Difference PME/PDE
Average %

differenceScan 1 Scan 2 Scan 3 Scan 1–2 Scan 1–3 Scan 2–3

Subject 1 (F, 39 years) 0.37 0.31 0.33 27.6 20.0 20.9 22.8

Subject 2 (F, 34 years) 0.40 0.41 0.39 19.6 23.2 22.3 21.7
Subject 3 (M, 26 years) 0.72 0.65 0.67 21.4 27.8 17.9 22.4

PME/PDE ratios were averaged over 10 voxels, as illustrated in Fig. 5 and described by Eq. 3. Note that the intrasubject variation in the
average value of the PME/PDE ratio is clearly less than the intersubject variation.
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corresponds specifically to the current coil design and
acquisition protocol and will potentially change with
further improvements.

The scan times reported in previous 31P MRS liver
studies varied from 4 min (32) to 34 min (10,13). How-
ever, average scan times reported in most of the studies
were about 20 min, which is comparable to the 24 min
scan time of our protocol. The average voxel size from
which 31P liver data was collected varied from a mini-
mum of 1.5 � 1.5 � 1.5 cm3 (21) to as large as 40 � 10 �
4 cm3 (11) in single voxel studies. However, the nominal
voxel sizes used for 31P MRSI studies were mostly
around 4 � 4 � 4 cm3. With a nominal voxel size of 2.5
� 2.5 � 2.5 cm3, our coil offers higher resolution as well
as full slice coverage. To test the current protocol limita-

tions, an even higher resolution 45 min in vivo scan was
acquired with a scan matrix of 26 � 16 � 1 and nominal
voxel size of 1.56 � 1.54 � 2.5 cm3; however, this scan
could not provide adequate SNR throughout the entire
abdominal axial slice. Further optimization of the coil
design and the protocol is required before the coil can be
used for a higher resolution clinical study.

For an initial pilot study on patients, the selection crite-
rion of a malignant focal hepatic lesion of at least 1 cm in
diameter was used, given the spatial resolution of our pro-
tocol. Furthermore, considering the depth limitation of the
coil’s sensitivity, it is estimated that only 30–40% of all
patients with focal liver lesions would benefit from the
full sensitivity of the coil throughout the abdomen. How-
ever, if we focus on subjects with focal liver lesions within

Table 2
Mean Values of PDE/b-ATP, Pi/b-ATP, and PME/b-ATP Ratios Over Three Scans, and Average Percent Variation of the Ratios Between

Scans 1–2, 1–3, and 2–3

Averaged over 10
voxels and three scans

PDE/b -ATP Pi/b -ATP PME/b -ATP

Average % Difference Average % Difference Average % Difference

Subject 1 (F, 39 years) 1.04 1.2 0.44 11.6 0.33 7.2
Subject 2 (F, 34 years) 0.92 10.8 0.39 15.6 0.41 10.9
Subject 3 (M, 26 years) 0.73 21.3 0.54 25.8 0.41 15.9

FIG. 8. 31P spectroscopic data obtained from a liver cancer patient. The 1H images on the top left and right show the MRSI grid place-
ment on the coronal and transverse views, respectively. The spectrum on the left is from malignant liver tissue, showing increased PME

and decreased PDE compared to the spectrum on the right from nonmalignant liver tissue in the same patient. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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10 cm from the surface, we expect a successful 31P MRSI
exam from 65 to 75% patients treated at our clinical site.

A 10-mmol/L phosphorus concentration phantom was
chosen for coil characterization because the in vivo liver
concentration of PDE is about 10 mmol/L (21). As we are
primarily interested in investigating PME and PDE
peaks, using this concentration gives us realistic sensitiv-
ity maps and coil characteristics for in vivo data acquisi-
tion. We note that the 31P concentration of our phantom
is much smaller than the 20–75 mmol/L used in previ-
ous 31P studies (9,21). Our coil was designed with a cali-
brated TX signal to be equally sensitive for the top and
bottom 31P TX coils (–35.4 and –35.7 dB, respectively).
However, our phantom experiments show the top coil to
be slightly less sensitive compared to the bottom coil. A
possible reason might be the loading difference between
the coils because of the curvature of the top coil plate.

The average PME/PDE values calculated over 10 voxels
for subjects 1 and 2 are within the reported range of 0.18–
0.50 from previous studies (8,21,33); however, for subject
3, the average PME/PDE value of 0.68 is larger, which
may be explained by the much smaller PDE values
observed in this subject compared to the other subjects.
As shown in Fig. 5, we quantified an average of at least
10 voxels per subject for the variability analysis. An intra-
subject variability of 16–27% was reported by (3,10,20).
Sijens et al. (32) reported a 10–13% variation in metabo-
lite peak areas derived from liver MRSI measurements
with 15–17% variation for PME and PDE. Compared to
these values, our intrasubject variability of 19.6–27.8% is
within the reported range for free breathing acquisitions.
Much smaller variability in PME (1.82%) and PDE
(2.93%) was reported by Chmelik et al. (21), when the
movement due to breathing was constrained by acquiring
the data with subjects lying in the prone position.

An increase in PME and a decrease in PDE, resulting in
an elevated PME/PDE ratio in liver cancer compared to
healthy liver tissue, have been consistently reported in
many 31P studies (3,30,34). Our data collected from an
HCC subject yielded a PME/PDE value of 0.76, which is
close to the lower end of the PME/PDE range (0.83–1.47)
reported by (3) for HCC patients; however, our value is
higher than the value of 0.71 found by Glazer et al. (34)
averaged over several malignant tumors (most of which
were HCC tumors). In our study, the PME/PDE value
found in a nonmalignant liver tissue voxel in the same
patient was 0.52, which is again consistent with the
reported values for healthy liver tissue. Analysis of the 31P
MRSI data for the healthy subjects and the patient with
HCC clearly showed that the variability observed in the
data from one scan session to another for the same subject
is smaller than the difference observed between malignant
and nonmalignant tissue. Therefore, our coil has the
potential to be sensitive enough to detect changes in tu-
mor metabolism, such as changes in PME and PDE peaks
in malignant tissue that correlate with treatment success.

A scan time of 24 min for a single MRSI scan is still
rather long to be included in clinical MRI protocols and
is prone to motion artifacts. Therefore, a next step will
be to reduce the scan time by using GRAPPA (35), which
we have demonstrated successfully with our coil on
phantoms (36). To regain the necessary SNR, expand

coverage, and enable the use of nonslice-selective adia-
batic excitation pulses, a 3D 31P MRSI sequence is cur-
rently being optimized. Using GRAPPA might also allow
us to use respiratory-gated 2D or 3D 31P MRSI while
keeping the overall scan time on the order of 20 min,
which should further reduce the variability of the data.
The SNR performance and uniformity of the coil could
also be improved by incorporation of B1-insensitive exci-
tation pulses like adiabatic half passage (AHP) pulses in
the current protocol. More homogeneous excitation
should further improve clinical performance.

In conclusion, our novel 31P/1H dual-tuned multichan-
nel coil enables the measurement of 31P metabolites from
liver lesions located in deep tissue, while also providing
clinically useful proton images with good SNR during the
same scan session. Various techniques (water filled fidu-
ciary markers, permanent markers on the scanner bed and
coil surface) have proven successful in minimizing data
variability associated with coil placement and spectro-
scopic planning. We, therefore, expect that this optimized
setup for 31P MRSI data collection with a coil sensitive to
the whole liver may be successfully used to monitor the
response to targeted radiation treatment in liver lesions.
However, further improvements such as reduced scan
time or reduced sensitivity to motion are still needed to
better integrate 31P spectroscopy into the clinic.
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