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In Vivo 31P MR Spectroscopic Imaging of the Human
Prostate at 7 T: Safety and Feasibility

Thiele Kobus,1* Andreas K. Bitz,2,3 Mark J. van Uden,1 Miriam W. Lagemaat,1

Eva Rothgang,4,5 Stephan Orzada,2,3 Arend Heerschap,1 and Tom W. J. Scheenen1,2

31P MR spectroscopic imaging of the human prostate provides
information about phosphorylated metabolites that could be
used for prostate cancer characterization. The sensitivity of a
magnetic field strength of 7 T might enable 3D 31P MR spectro-
scopic imaging with relevant spatial resolution in a clinically
acceptable measurement time. To this end, a 31P endorectal
coil was developed and combined with an eight-channel 1H
body-array coil to relate metabolic information to anatomical
location. An extensive safety validation was performed to eval-
uate the specific absorption rate, the radiofrequency field dis-
tribution, and the temperature distribution of both coils. This
validation consisted of detailed Finite Integration Technique
simulations, confirmed by MR thermometry and Bþ

1 measure-
ments in a phantom and in vivo temperature measurements.
The safety studies demonstrated that the presence of the 31P
endorectal coil had no influence on the specific absorption rate
levels and temperature distribution of the external eight-chan-
nel 1H array coil. To stay within a 10 g averaged local specific
absorption rate of 10 W/kg, a maximum time-averaged input
power of 33 W for the 1H array coil was allowed. For transmit-
ting with the 31P endorectal coil, our safety limit of less than
1�C temperature increase in vivo during a 15-min MR spectro-
scopic imaging experiment was reached at a time-averaged
input power of 1.9 W. With this power setting, a second in vivo
measurement was performed on a healthy volunteer. Using adi-
abatic excitation, 3D 31P MR spectroscopic imaging produced
spectra from the entire prostate in 18 min with a spatial resolu-
tion of 4 cm3. The spectral resolution enabled the separate
detection of phosphocholine, phosphoethanolamine, inorganic
phosphate, and other metabolites that could play an important
role in the characterization of prostate cancer. Magn Reson
Med 000:000–000, 2012. VC 2012 Wiley Periodicals, Inc.

Key words: prostate; 31P MR spectroscopic imaging;
endorectal 31P coil; safety validation

MR is increasingly being used in the diagnosis, localiza-

tion, and staging of prostate cancer. Prostate cancer is

characterized by a hypointense signal on T2-weighted

images. Unfortunately, more benign pathologies like be-

nign prostatic hyperplasia and prostatitis also show this

decreased signal intensity. Higher specificities for detec-

tion (1) and localization (2,3) of prostate cancer were

obtained when proton MR spectroscopic imaging (1H

MRSI) was added to the reading of T2-weighted images.

The use of MRSI enables the detection of biochemical

changes that are characteristic for certain diseases. 1H

MRSI has been used to discriminate noncancer tissue

from cancer tissue in the prostate using the choline plus

creatine to citrate ratio. In cancer tissue an increase in

this ratio is observed compared to normal tissue in single

institution studies (4–6) as well as in a multicenter set-

ting (7).
Phosphorus spectroscopy enables detection of metabo-

lites with phosphorus atoms, e.g., phosphocreatine (PCr),

inorganic phosphate (Pi), the three phosphate groups of

adenosine triphosphate (ATP), phosphomonoesters

(PME), and phosphodiesters (PDE). In the early 1990s, in

vivo phosphorus spectroscopy of the human prostate

was pioneered with measurements that used an endorec-

tal coil (8–11). Using merely the coil reception profile for

localization, differences in the PME to PCr ratio, the

PME to b-ATP ratio and PCr to b-ATP ratio were

observed between normal and cancer tissue (9,10). These

studies were performed on a 2-T system and in 10–30

min one spectrum of a volume between 1.5 and 3 cm3

could be acquired. To obtain information from different

parts of the prostate, the endorectal coil was repositioned

between different acquisitions (9).
At a magnetic field strength of 7 T, the increased

chemical shift difference between signals might enable
detection of the individual resonances of PME, i.e., phos-
phoethanolamine (PE) and phosphocholine (PC), and
PDE, i.e., glycerophosphoethanolamine and glycerophos-
phocholine. Detection of these individual resonances
could improve prostate cancer characterization, e.g., in
the assessment of aggressiveness. A significant correla-
tion between the Gleason score, the histopathological
measure for aggressiveness, and the glycerophosphocho-
line/PC ratio has been reported in prostate cancer sam-
ples (12). The increased magnetic field strength also
results in a higher signal-to-noise ratio (13), which makes
it possible to perform localized three-dimensional (3D)
31P MR spectroscopic imaging at a relevant spatial reso-
lution in a clinically acceptable measurement time with
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a 31P endorectal loop coil. To do so, 1H MR imaging is
necessary to relate the metabolic information to anatomy.
When obtaining anatomical, T2-weighted images of the
abdomen at a field strength of 7 T severe inhomogeneities
in the radiofrequency (RF) transmit field need to be over-
come. Reaching refocusing flip angles in the center of the
body at 7 T requires a significant amount of RF power,
whereas the specific absorption rate (SAR) scales approx-
imately with the square of the field strength. So, the
increased RF power demand and RF transmit inhomoge-
neity is opposed by restrictions in RF power deposition
with SAR limits, requiring the development of new coils
and methods that enable a more efficient RF excitation.

Previously, Metzger et al. described a method to image
the prostate at 7 T using multitransmit coils and RF
shimming (14). The phase of the different coil elements
was adjusted to obtain maximal Bþ

1 coherence at the
location of the prostate. When combining an eight-chan-
nel 1H transmit/receive (TxRx) coil setup with a 31P
endorectal TxRx loop coil, RF coupling between the
eight-channel coil elements and the 31P endorectal coil
needs to be investigated. The RF wavelength of the 1H
frequency in biological tissues at 7 T is �12 cm. With
these wavelengths, the 31P prostate coil and cables might
interfere with the eight-channel 1H coil. This coupling
could lead to inhomogeneous flip angle distributions
and increased local SAR levels. If coupling exists
between the coils or cables, this should be prevented or
at least it should be ensured that the SAR stays within
safe limits and that the images are not affected by an
unpredictable Bþ

1 distribution.
In this feasibility study, we dealt with all prerequisites

for a setup that combines an eight-channel TxRx 1H coil
with a 31P TxRx endorectal coil to study phosphorus
metabolites in the prostate. The safety limits at our insti-
tution are based on the International Electrotechnical
Commission (IEC) 60601-2-33 (Edition 3.0) safety guide-
lines (15). These state, as limits for local coils at normal
operating level, a maximum time-averaged SAR of 10 W/
kg or a maximum local tissue temperature of 39�C. As
the body temperature of volunteers and patients in gen-
eral is not measured before an MR exam, an input power
leading to a maximum local increase of 1�C was used in

this study as a safety limit. To assess compliance with
these limits, Finite Integration Technique (FIT) simula-
tions of both coils as well as their combination were per-
formed to study the RF, SAR, and temperature distribu-
tion. From the simulations, the locations of the highest
SAR deposition and temperature increase could be
obtained, and these were validated by phantom measure-
ments providing Bþ

1 and temperature maps. Finally, in
vivo temperature measurements were performed, by
placing temperature probes on the 31P endorectal coil at
the positions with the highest determined power losses.
From the simulations, phantom studies and in vivo
measurements, the maximum input power to comply
with the safety guidelines for transmitting with the 31P
endorectal coil and eight-channel 1H array coil could be
derived. In vivo measurements in compliance with the
safety limits were performed using adiabatic excitation,
and phosphorus spectra were obtained from the entire
prostate and surrounding tissue with high spatial resolu-
tion (4 cm3) in a single measurement.

METHODS

Hardware
31P TxRx Endorectal Coil and Interface

The mechanical housing and conductors of an inflatable
1H receive endorectal coil for use at 3 T (MEDRAD, Pitts-
burgh, PA) was used for the design of the 31P TxRx
endorectal coil. The coil was tuned and matched to 50 V
at 120.3 MHz using small ceramic capacitors (American
Technical Ceramics, Huntington Station, NY) capable of
handling a voltage up to 500 V. The tuning and matching
can, to some extent, be adapted by inflating or deflating
the balloon of the endorectal coil. A coaxial cable con-
nected the RF-coil to a home-built TxRx switch with an
integrated small band low noise preamplifier (Advanced
Receiver Research, Burlington, CT). The TxRx switch
was used to interface the coil to a 7-T whole-body MR
system (MAGNETOM, Siemens Healthcare, Erlangen,
Germany). Figure 1a shows the electronics circuit of the
31P RF-coil.

The forward and reflected power in the 31P transmit
channel are monitored by the RF supervision provided

FIG. 1. a: Schematics of the electronic circuit of the 31P TxRx endorectal coil. b: The 31P TxRx endorectal coil without the outer bal-
loon. The arrows indicate the location of the three fiber optic temperature sensors at the top of the coil, feed point, and coil wire to

study the temperature increase in the phantom study. The coil loop has a length of 7.0 cm and a width of 3.7 cm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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by the manufacturer of the MR system. To determine the
reference voltage of the coil, the endorectal coil was
placed on a phantom containing Pi. A 31P MRSI pulse-
acquire sequence with a 1-ms block pulse was played
out at different power levels to estimate the reference
power for a flip angle of 180� (:gB1 ¼ 500 Hz) at a dis-
tance of 2.5 cm of the center of the coil, which is the dis-
tance between the coil and the center of the prostate in
vivo. The resulting spectra were analyzed for a dip in
the intensity of Pi at this distance.

Eight-Channel 1H TxRx Array Coil

The eight-channel 1H TxRx coil for imaging (16) consists
of two arrays with four microstrip line elements, each
with meanders (17). Each element has a length of 25 cm,
a width of 10 cm, and a thickness of 2 cm. The arrays
are placed dorsally and ventrally to the body. The ele-
ments of the dorsal array are arranged on a planar sliding
frame inside a polymethylmethacrylate housing. The
sliding frame is used to place the array at the desired
position along the longitudinal axis of the patient.
Including a thin cushion for patient comfort, the dis-
tance from the elements to the body surface is 25 mm.
The elements of the ventral array are enclosed in indi-
vidual modules made of polycarbonate. The modules are
interconnected with a neoprene sheet making the ventral
array flexible, so that it can be accommodated to the
patient’s contour. The distance between the elements
and the body is 30 mm, as determined by the module
dimensions. Low input impedance preamplifiers and
TxRx switches are placed in a separate multipurpose box
at the head of the patient table, and the cable length was
chosen accordingly to achieve preamp decoupling during
reception.

RF Shimming System

1H MR imaging was performed with an add-on system
for RF shimming (18), which was integrated into the 7-T
MR system and the flexible eight-channel array coil. The
RF amplifier of the standard system consists of eight
individual modules providing a maximum peak power
of 1 kW each (LPPA 13080W, Dressler, Germany) with
which the eight-channel RF shimming setup was real-
ized. Computer-controlled attenuators and phase shifters
were inserted into the low-power RF chain directly at
the input ports of the amplifier. The eight-channel mode
is activated by coaxial relays (CX600N, Tohtsu, Japan)
connected to the output ports of the RF amplifiers,
which bypass the power combiner and power monitor of
the standard system and make the eight individual chan-
nels available at the patient table.

Unlike the 31P transmit channel, the monitoring of the
eight 1H transmit channels cannot be performed by the
single channel manufacturer’s supervision system.
Therefore, a custom-built on-line RF supervision was
realized by the use of three logarithmic root-mean-square
power meters (TALES, Siemens Healthcare, Erlangen,
Germany) which monitor forward and reflected power in
the eight transmit channels via directional couplers (19).
A real-time field programmable gate array (NI PXI 7852

R, National Instruments, Austin, TX) with corresponding
software performed time-averaging of the transmitted RF
power over intervals of 10 s and 6 min according to the
IEC safety guidelines (15). The correlation between trans-
mit power and localized SAR was determined by RF
simulations that are described below. If the maximum
permissible input power was exceeded, the software im-
mediately blanked the RF power by emergency relays
located in the vector modulator circuit. The monitoring
software further included test loops for malfunction
detection of the attenuators and phase shifters, and thus
correct adjustment of the target RF shim was checked.

In vivo Bþ
1 mapping was performed with a protocol

based on a presaturation single-shot turboFLASH se-
quence provided by the vendor of the MR system (20).
Relative Bþ

1 magnitude and relative phase maps of a sin-
gle slice were acquired in vivo by low flip angle (esti-
mated below 10�) imaging with a echo time of 5 ms and
a repetition time (TR) of 1 s from each coil without pre-
saturation [field of view (FOV) 300 � 300 mm, in plane
resolution 4.7 � 4.7 mm, slice thickness 8 mm]. The
total acquisition time was 8 s. For the phase maps, the
first channel was taken as reference. Thus, the argument
of the complex signal ratio between an individual chan-
nel and the first channel gives the relative phase. To
obtain relative Bþ

1 magnitude maps, the individual maps
are normalized to the square root of the sum of squares
of all individual maps. The relative Bþ

1 maps were
imported into a graphical user interface that allows the
selection of a region of interest (ROI) in the prostate. A
RF shimming algorithm was applied that maximizes the
magnitude of the Bþ

1 distribution inside the ROI by
optimizing the transmit phase of the channels while
maintaining equal amplitudes. After the desired shim is
determined, the vector modulators are automatically pro-
grammed with the corresponding phase settings by the
control computer. The whole RF shimming procedure
including data acquisition, ROI selection, and calcula-
tion of the optimal phases takes �3 min. The flip angle
map of the prostate-optimized RF shim was obtained by
two images acquired with and without a saturation pulse
before the turboFLASH sequence. The cosine of the flip
angle produced by the saturation pulse can be approxi-
mated by the signal ratio of the presaturated image and
the reference image without saturation with the same
echo time, TR, total acquisition time, FOV, and resolu-
tion as for the relative maps. The flip angle map of the
prostate-optimized RF shim was used for transmitter
adjustment.

Safety of the Coil Setups

Safety Validation of the 31P Endorectal Coil

FIT simulations, phantom studies, and in vivo measure-
ments were performed to test the safety of the use of the
31P endorectal coil. Numerical computations (CST Studio
Suite 2011, Darmstadt, Germany) of the RF field distribu-
tion and the corresponding SAR produced by the 31P
endorectal coil were performed according to previously
presented safety tests for a 1H TxRx endorectal coil
(21,22). For the simulation, a detailed computer-aided
design model of the coil and the surrounding tissues
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(prostate, bladder, muscles, and lipids) was derived (Fig.
3a). The dimensions of the prostate were determined
from high-resolution MR images of the human prostate
obtained at 3 T. Permittivity and electric conductivity of
the tissues at 120.3 MHz were taken from literature (23),
and the transverse electromagnetic wave of the coaxial
cable was used for RF field excitation at the connector of
the cable. The feed point of the loop coil consisting of a
small printed circuit board with three capacitors and the
connections to the inner and outer conductor of the
coaxial cable was modeled as exactly as possible, because
it is expected that a high local SAR will be generated in
the region of the feed point. With the simulation, we
determined the maximum input power to comply with
the maximum 10 g averaged SAR (SAR10g) of 10 W/kg.
The input power is defined in this study as the difference
between forward and reflected power at the table plug.
As the simulations provide the input power at the excita-
tion port of the model, we assumed a loss of 1 dB
between the table plug to the connecter at the cable of
the coil in the simulations to be able to compare results.

To validate that the SAR10g does not underestimate the
RF exposure, transient thermal simulations were also
performed. For this, the well-known bioheat-transfer
equation by Pennes (24), implemented in the simulation
software, was utilized. The thermal parameters (heat
capacity, thermal conductivity, metabolism, and blood
perfusion) of the tissues in the model were taken from
parameter sets provided with available heterogeneous
body models (25). The heat source for the temperature
simulation is given by the power losses in the tissue cal-
culated previously in the RF field simulation. By use of
the simulation, the time-averaged input power was deter-
mined at which a maximum local temperature of 39�C,
specified in the guidelines, was reached after a scan du-
ration of 15 min.

The location of the highest power deposition obtained
by the RF simulations was verified in a phantom by MR
temperature mapping. A phantom was used as in vivo
MR temperature mapping is difficult to perform in the
pelvis. A gel phantom was designed with approximately
the same dielectric properties as abdominal human tis-
sue (23). A 2% cellulose phantom gel was made using a
mixture of isopropanol (52%) and water (48%; Ref. 26).
Before dissolving the cellulose, the liquid mixture was
buffered with Na2HPO4 and NaH2PO4 to pH ¼ 7. Sodium
chloride (335 mM) was added to obtain a representative
conductivity, taking into account the decreasing effect
on the conductivity of cellulose and a phantom tempera-
ture of 5�C for a high viscosity of the gel (27). The phan-
tom had the following dimensions: 22.5 � 15 � 11.5
cm3. The relative permittivity and conductivity of the
phantom were measured and were 45 and 0.8 S/m,
respectively. The 31P endorectal coil was placed in the
phantom, and the eight-channel array coil was posi-
tioned around it. RF shimming was performed to mini-
mize the effect of B1 inhomogeneities on the temperature
measurements.

To measure the temperature increase with MR ther-
mometry, phase images, acquired with a standard gradi-
ent echo sequence, were obtained with the eight-channel
array coil before and after transmitting excessive RF

power at 120.3 MHz for 2 min with the 31P endorectal
coil. Due to the limited sensitivity of the MR thermome-
try method, an arbitrary high time-averaged input power
of 9.1 W was used to acquire adequate phase images.
Using the phase images, the temperature change in three
slices of 2 mm perpendicular to the coil was calculated
(28). The center slice was placed through the feeding
point and top of the coil, at the location with the highest
predicted SAR deposition according to the simulations.
A echo time of 17 ms was used and the in-plane resolu-
tion was 2 � 2 mm2. For MR temperature map valida-
tion, three fiber optic temperature sensors of the Luxtron
FOT Lab Kit (LumaSense Technologies, Santa Clara, CA)
were fixed on the 31P endorectal coil. The sensors were
placed close to the feed point, the top of the coil, and on
the coil wire as indicated in Fig. 1b, measuring the tem-
perature before, during, and after RF transmission.

The fiber optic temperature sensors were also used for
in vivo temperature measurements at the previously
determined locations of the highest temperature increase.
Thus, the influence of the active thermal regulatory sys-
tem (e.g., increasing blood perfusion with temperature)
on the RF induced temperature elevation could be taken
into account. The thermal regulatory system cannot be
modeled by simulation. The outer balloon with two tem-
perature sensors was enveloped in a thin condom. It was
expected that the insulating effects of the thin latex layer
were minimal, and therefore, these were neglected. Next,
measurements with increasing power settings were per-
formed to determine the input power that resulted in
maximal 1�C temperature increase during a 15-min 31P
MRSI measurement. This limit was chosen to assure that
a maximum absolute temperature of 39�C is not
exceeded in vivo, independent of the state of health of
the individual volunteer.

Safety Validation of the Combined Setup of the 31P
Endorectal Coil and Eight-Channel 1H Array Coil

The coupling of the eight-channel 1H array coil with the
31P endorectal coil was assessed by simulations and veri-
fied in phantom measurements. The simulations were
performed with a heterogeneous body model of a 70-kg
male (25) in which the prostate, rectum, muscles, fat,
and bones of the lower abdomen were modeled with a
spatial resolution of 2 mm. The simulations were per-
formed with and without the previously described model
of the endorectal coil at a realistic position aligned to
the prostate in the heterogeneous body model. For the
eight-channel array coil, a computer-aided design-based
model was derived from the exact geometries of the
implemented coil design. Further, the MR environment
with gradient shield, bore cover, and patient table was
considered in the model. Dielectric losses from all mate-
rials were taken into account. Using a network cosimula-
tion the matching and tuning network, the feed cables,
as well as the balanced–unbalanced transformer realized
by a coax cable of a half wavelength, inserted at the feed
point of every coil element, were considered including
losses in the network components. At both transmit fre-
quencies, 120.3 MHz for the 31P endorectal coil, and
297.2 MHz for the eight-channel 1H array coil, the
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coupling of the coil ports was monitored, and a possible
perturbation of the transmit fields due to the presence of
the coil for the other nucleus was analyzed. Furthermore,
it was evaluated whether relevant elevations of the local
Bþ
1 field and SAR distribution generated by the eight-

channel array coil occurred close to the 31P endorectal
coil that would indicate RF coupling between the differ-
ent coils. For the calculation of the power-loss density
produced by the 1H array coil inside the body, the phase
settings for the applied RF shim in the volunteer were
used, and the corresponding SAR could be evaluated.
Here, the RF shim for the healthy volunteer enrolled in
the in vivo 31P MRSI measurement was utilized. The vol-
unteer’s body physique agreed well with the body model.
The SAR findings were additionally confirmed by tran-
sient thermal simulations in the human body model.

The 31P endorectal coil was placed in the above-men-
tioned gel phantom. On both sides of the phantom, a bot-
tle with the same conductivity and relative permittivity
was placed to approximate the loading of a human body
in the eight-channel array coil, which was placed around
the three phantoms. Using the eight-channel array coil,
B0 and RF shimming of a prostate-sized volume in the
phantom gel were performed. Next, a Bþ

1 map was
acquired using an Actual Flip Angle Imaging sequence
(29,30). This gradient echo sequence makes use of two
TRs (20 and 100 ms) and one echo time of 2.04 ms and
produces a 3D Bþ

1 map of the transmitted RF power in
the phantom. The resolution was 5 � 3 � 3 mm3. As the
Bþ
1 map does not provide information about the electric

fields, which can induce heating of the patient, the spa-
tial distribution of the local temperature increase was
measured as well. To this end, a relatively high time-
averaged RF power of 58 W (intentionally inducing heat-
ing in the phantom) was transmitted with the eight-chan-
nel array coil for 2 min. Temperature difference maps
were calculated as described in the previous section.
The temperature was simultaneously measured with the
fiber optic temperature sensors (Fig. 1b).

Measurement Protocol
31P RF Excitation Pulse

For 3D 31P MRSI, a pulse-acquire sequence was used
with an 8-ms adiabatic excitation BIR-4 pulse with a flip
angle of 45� (Fig. 2a). The phase roll, induced by the
small delay (0.42 ms) between excitation and start of sig-
nal reception to accommodate the phase encode gra-
dients, was removed by first-order phase correction. The
adiabatic condition and bandwidth of the RF pulse (Fig.
2b,c) were calculated using the Bloch equations in
NMRSIMTM (part of Topspin, Bruker BioSpin Corpora-
tion, Billerica, MA).

In Vivo 31P MRSI Measurement

The institutional review board gave approval to perform
the in vivo measurements on a volunteer, and signed
informed consent was obtained. The 31P endorectal coil
was positioned close to the prostate in the rectum of a
healthy volunteer. To inflate the inner balloon of the
coil, inert perfluoro-polyether liquid (Fomblin, Solvay

Solexis, Bollate, Italy) was used. The use of perfluoro-
polyether minimizes susceptibility differences between
the endorectal coil and the tissue, which is a prerequi-
site for adequate B0 shimming. The volunteer was placed
in supine position on the dorsal array of the eight-chan-
nel array coil. The ventral array was fixed over the lower
abdomen. To check the matching and loading of the 31P
coil and the individual elements of the 1H array coil,
power reflection measurements (S11) were performed.
The coupling between the coils was assessed by deter-
mining the decoupling between the endorectal coil and
each element of the array coil at the frequencies of
120.25 and 297.05 MHz. An intramuscular injection
of Butylscopolaminebromide (Buscopan, Boehringer-
Ingelheim, Ingelheim, Germany) was used to suppress
peristalsis.

FIG. 2. a: Pulse-acquire sequence with a BIR-4 pulse for excita-
tion of the free induction decay. A delay of 0.42 ms between the

end of the BIR-4 pulse and start of data acquisition accommo-
dates phase encode gradients in three directions (not shown). b:
The RF field profile illustrates that the adiabatic condition is met
at a gB1 of 700 Hz and higher. The on-resonance transverse mag-
netization is 0.71, corresponding to a flip angle of 45�. c: Excita-
tion profile at a gB1 of 933 Hz (solid red) and 700 Hz (dashed
blue) resulting in an excitation bandwidth of �1.5 kHz and 1 kHz,

respectively. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Fast gradient echo MR sequences were used to check
the position of both the 31P endorectal coil and the
eight-channel array coil. RF shimming was performed to
obtain maximal Bþ

1 coherence at the position of the pros-
tate. For anatomical information, six transversal T2-
weighted images of the prostate were acquired using an
echo time of 71 ms and a TR of 3000 ms. 3D phasemap
shimming was applied to optimize the B0 homogeneity
at the prostate’s position. For 31P MRSI, the full FOV of
the endorectal coil was spatially encoded (FOV 100 �
100 � 100 mm, matrix of 8 � 8 � 8, 15 averages). The
acquisition bandwidth was set to 5000 Hz. The nominal
voxel size was 12.5 � 12.5 � 12.5 mm, which resulted in
an effective voxel volume of 5.8 cm3 after apodization of
the k-space weighted sampling (TR 1.5 s, acquisition
time 11 min). In a second measurement, the nominal
voxel size was decreased to 11 � 11 � 11 mm3 (FOV 110
� 110 � 110 mm, matrix of 10 � 10 � 10, 10 averages),
representing an effective voxel volume of 4.0 cm3 (acqui-
sition time 18 min).

With the combination of a TR of 1.5 s and an excita-
tion angle of 45�, we expected limited saturation of the
phosphorus metabolites, as estimated T1 relaxation times
at 2 T ranged from 1.1 s (PCr) to 2.6 s (PME) (9), which
are not reported to increase when moving to 7 T [no
clear field strength dependence has been established
(31)].

RESULTS

When validating compliance of a coil setup with either
SAR guidelines or temperature limits with different
models and measurements, quite a few different input
powers need to be reported in this section. Therefore, an
overview of the different input powers for three coil set-
ups is given in Table 1 along with a short reason why
this input power is reported later.

31P Endorectal Coil and Eight-Channel 1H Array Coil

The reflection coefficient (S11) of the 31P TxRx endorec-
tal coil was �9 dB during use in the phantom and �16
dB during in vivo use at the 31P operating frequency of
120.25 MHz. The unloaded Q-factor of the endorectal

coil was 316 and the loaded Q-factor during in vivo use
was 34. The reference voltage of the 31P coil at a distance
of 2.5 cm of the center of the coil to attain gB1 ¼ 500 Hz
(:29 mT) was 75 V.

The average S11 of the eight elements of the eight-
channel array coil was �14.8 dB (range �9 to �22 dB).

Safety Validation of the 31P Endorectal Coil

The RF simulations showed that a time-averaged input
power of 0.95 W led to a maximum SAR10g of 10 W/kg
(Fig. 3b, Table 1). The transient thermal simulations
showed that a time-averaged input power of 1.3 W led to
a maximum local temperature of 39�C after a scan dura-
tion of 15 min (Fig. 3c,e). The calculated S11 in the
model was �8.7 dB at the frequency of 120.3 MHz.

Figure 3d illustrates the temperature increase in the
phantom after 2 min exposure to 9.1 W time-averaged
input power with the 31P endorectal coil. There was
good agreement between the SAR profile of the simula-
tions (Fig. 3b) and the temperature profile around the
coil loop (Fig. 3d). A maximum temperature increase of
3�C was observed near the top and feed point of the coil.

In the in vivo temperature measurements, a time-aver-
aged input power of 1.9 W for the duration of 15 min
resulted in a temperature increase of just below 1�C,
well below the IEC limit of 39�C during the entire exami-
nation (Fig. 3e).

Safety Validation of the Combined Setup of the 31P
Endorectal Coil and Eight-Channel 1H Array Coil

The FIT simulations predicted that both coils at both
operating frequencies were well decoupled by at least
�50 dB. The influence of the endorectal coil on the Bþ

1

distribution of the eight-channel array coil was negligible
(Fig. 4a,b). Furthermore, the simulation showed that the
RF shim concentrated the Bþ

1 in the region of the pros-
tate. The highest SAR was located close to the individual
elements, and the maximum SAR10g, using in vivo pros-
tate RF shim settings, was close to the upper left coil ele-
ment of the 1H array coil (Fig. 4c,d). The maximum per-
missible time-averaged input power of the eight-channel
array coil at which the safety limit for the localized

Table 1
The Different Input Powers for the Three Coil Setups and the Reason for Their Use

Coil setup Input power (W)
31P TxRx endorectal coil 0.95 Reason: power leading to a maximum 10 g averaged SAR of 10 W/kg

Method: derived from RF (SAR) simulations
1.3 Reason: power leading to a maximum local temperature of 39�C

Method: derived from thermal simulations
9.1 Reason: arbitrary high power for sufficient temperature increase

Method: phantom temperature mapping for SAR simulation validation

1.9 Reason: power leading to a temperature increase in vivo of 1�C
Method: in vivo measurement with temperature probes

1H TxRx eight-channel

array coil

33 Reason: power leading to a maximum 10 g averaged SAR of 10 W/kg

Method: derived from RF (SAR) simulations

Combined 31P TxRx
endorectal coil and
1H TxRx eight-channel
array coil

33 Reason: power leading to a maximum 10 g averaged SAR of 10 W/kg
Method: derived from RF (SAR) simulations

58 Reason: arbitrary high power for sufficient temperature increase
Method: phantom temperature mapping for SAR simulation validation
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SAR10g of 10 W/kg was not exceeded was 33W (Fig.
4c,d). There was no relevant SAR elevation close to the
endorectal coil, which indicates that the combination of
both coils could be operated under safe conditions. This
was further supported by the temperature simulations

(Fig. 4e,f), which also showed no difference in tempera-
ture distribution with and without the endorectal coil af-
ter a 15-min experiment for an input power of 33 W.

The absolute Bþ
1 map (Fig. 5b) showed the flip angle

distribution over the phantom. The RF shimming

FIG. 3. Safety validation of the 31P endorectal coil. a: Finite integration technique simulation model of the endorectal 31P coil, rectum,

bladder, and prostate. Two muscles each lateral of the prostate are not shown. b: Calculated 10 g averaged SAR using the model in (a)
at an RF input power of the 31P endorectal coil of 0.95 W leading to a maximum 10 W/kg assuming a worst case approximation of
close contact of tissue and RF-feed without any gap. c: Transient thermal simulations after a scan duration of 15 min at a time-averaged

input power of 1.3 W leading to a maximum temperature of 39�C. d: Image of the temperature increase measured by MR-thermometry
after 2 min of 9.1 W of time-averaged input power with the 31P endorectal coil in a phantom. The endorectal coil is rotated 45� counter-

clockwise in plane compared to the orientation in a, b, and c. e: The temperature measured in vivo with fiber optic temperature sensors
at the top of the coil and at the feed point during a 15-min 31P MR spectroscopy measurement with the endorectal coil at an input
power of 1.9 W. The temperature offset of the two sensors is due to small calibration differences. The location of the fiber optic sensors

is shown in (a) with two green asterisks (left: feed point, right: top of the coil).
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method worked well and resulted in maximized Bþ
1 at

the desired location (Fig. 5b). No Bþ
1 elevation was visi-

ble near the coil wire. The MR temperature map after 2
min of excessive RF power transmission of 58 W with
the eight-channel 1H array coil showed an increase at the
top and bottom of the phantom, near the elements of the
eight-channel coil but not close to the endorectal coil-
loop or the coil-wire (Fig. 5c). The temperature increase

measured with the fiber optic temperature sensors was
1.3, 0.5, and 0.5�C at the top, feed point, and wire of the
endorectal coil, respectively (Fig. 5d). The sensor at the
top of the coil was closest to the dorsal elements of the
1H array coil.

The decoupling between the 31P endorectal coil and
each individual element of the eight-channel 1H array
coil during in vivo use was on average �71 dB (range

FIG. 4. FIT simulations of the lower abdomen surrounded by the eight elements of the 1H array coil. For the simulations a RF shim maxi-
mizing the Bþ

1 coherence in the prostate is used. a: Bþ
1 distribution (in T) at an input power of 33 W of the 1H array coil with the endorectal

coil present. b: Bþ
1 distribution as in (a) but without the endorectal coil. c: 10 g averaged SAR (W/kg) distribution at an input power of 33 W

of the 1H array coil with the endorectal coil present. d: 10 g averaged SAR as in (c) but without the endorectal coil. e: Temperature distribu-

tion (�C) after a scan duration of 15 min at a time-averaged input power of 33 W of the 1H array coil with the endorectal coil present.
f: Temperature distribution as in (e) but without the endorectal coil. The location of the prostate is just above the endorectal coil.
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�60 to �80 dB) at 120.25 MHz and �70 dB (range �64
to �80 dB) at 297.05 MHz, demonstrating excellent
decoupling.

RF Shimming

We reconstructed relative maps of the Bþ
1 magnitude for

the individual transmit channels of the eight-channel
array coil with the endorectal coil inserted into the rec-
tum (Fig. 6a). Though all elements contributed to the
central region where the prostate was located, the indi-
vidual maps were well separated in the outer region. No
significant Bþ

1 distortions due to the 31P endorectal coil
located in the rectum were visible. RF shimming resulted
in quite a homogeneous flip angle distribution for the
optimized RF shim (Fig. 6b). The achieved standard
deviation of the flip angle inside the prostate was 610%.

31P RF Excitation Pulse

The calculations from the Bloch equations showed that
the adiabatic condition for the BIR-4 pulse of 8 ms was
met at a gB1 of 700 Hz and higher (Fig. 2b). The larger
gB1, the larger the excitation bandwidth (Fig. 2c). The

maximum permissible time-averaged power of 1.9 W was
reached with the 8 ms pulse with a gB1 of 933 Hz at 2.5
cm of the coil at a TR of 1500 ms, resulting in a homoge-
neous excitation bandwidth of 1.5 kHz or more within
2.5 cm of the coil conductors (Fig. 2c). This led to an ex-
citation range of 12 ppm at the 31P frequency at 7 T,
indicating good excitation in the posterior and middle
part of the prostate. The excitation bandwidth in the an-
terior part was less. The in vivo 31P MRSI experiments
were performed with these experimental settings.

In Vivo Measurement

Using the RF shimming algorithm, good image quality in
the base, middle, and apex of the prostate was obtained.
B0 shimming of a ROI over the whole prostate resulted
in a water line-width at half maximum of 50 Hz (magni-
tude). The 3D 31P MRSI grid was aligned using fast gra-
dient echo and T2-weighted images (Fig. 7a). In the pros-
tate, the resonances of PC, PE, Pi, PCr, and g-, a-, and b-
ATP were detectable (Fig. 7b). The intensity of b-ATP
was attenuated due to the limited bandwidth of the BIR-
4 pulse. From the seminal vesicles, which are at larger

FIG. 5. Phantom study to investigate the presence of coupling between 31P endorectal coil and eight-channel 1H array coil. a: Sagittal
3D orientation of the coils and the phantom. The 2D planes in (b) and (c) are of this sagittal planes. b: Absolute Bþ

1 map using the eight-
channel array coil showing the flip angle distribution. RF shimming was used to obtain maximal Bþ

1 coherence in the area representing

the location of the prostate, below the endorectal coil loop. c: Temperature map after 2 min of RF power transmission of 58 W with the
eight-channel array coil. d: The temperature increase measured with the fiber optic temperature sensors placed at the top of the coil (1

in c), feed point (2 in c), and coil wire (3 in c).
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distance from the center of the coil, good quality spectra
were obtained showing an increase in the PC signal (Figs.
7d and 8b). In the surrounding muscles, a high PCr inten-
sity compared to g- and a-ATP was observed, while in
the prostate the intensity of PCr was almost equal to the
ATP’s (Fig. 7b,c). This could also be demonstrated with a
metabolite map of the fitted integral of the PCr signal of
the second in vivo measurement obtained with 4 cc vox-
els (Fig. 8d) and a spatial map of the metabolites in the
transversal plane (Fig. 8c). The extent of the transmit field
can also be appreciated in this figure.

DISCUSSION

We have demonstrated that our setup for in vivo 3D 31P
MRSI of the human prostate at 7 T is feasible for acquisi-
tion of these data. For this setup, we combined an eight-
channel 1H TxRx array coil and a 31P TxRx endorectal
coil to obtain both anatomical information and signals
from the phosphorus metabolites. For both coils, the
maximum input powers were determined to comply

with the IEC 60601-2-33 (Edition 3.0) guidelines, which
were a maximum of 10 W/kg for the SAR10g or a maxi-
mum local tissue temperature of 39�C.

To ensure that no coupling occurred between the 31P
endorectal coil and the eight-channel 1H array coil, sim-
ulations and phantom measurements were performed.
The FIT simulations showed that the highest SAR10g of
the array coil was observed near the 1H elements, with
as well as without the endorectal coil present. It was
verified by temperature simulations, that the temperature
elevation close to the elements of the body coil also
exceeded the temperature increase near the endorectal
coil. Similar to the SAR evaluation, the temperature dis-
tribution was equal with and without the endorectal
coil. This was further confirmed by phantom studies
showing neither elevated Bþ

1 fields nor a temperature
increase near the endorectal coil-loop or its wire. In
addition, the in vivo coupling between the endorectal
coil and each of the 1H elements was below �60 dB,
demonstrating excellent decoupling between the coils.
With the absence of coupling with the 31P TxRx coil and

FIG. 6. a: In vivo relative maps of
the Bþ

1 magnitude for the individual

transmit channels of the array coil
with the endorectal coil inserted

into the rectum. b: Flip angle distri-
bution for the optimized phase set-
ting of the array coil. Transmit

phases were adjusted to obtain
maximum Bþ

1 inside the prostate

(ROI: white circle). The achieved
standard deviation of the flip angle
inside the ROI is 610%. [Color fig-

ure can be viewed in the online
issue, which is available at

wileyonlinelibrary.com.]
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the local SAR10g hot-spot close to one of the array ele-
ments, we concluded that the presence of the 31P coil
does not influence the SAR limitations of use of the 1H
body-array coil.

The location of the prostate in the center of the trunk,
Bþ
1 inhomogeneities, and destructive Bþ

1 interferences
make it difficult to get enough absolute Bþ

1 in the prostate.
Therefore, phase modulation of the individual elements is
necessary to obtain maximal Bþ

1 coherence in the prostate.
RF shimming theoretically also enables that a possible
perturbation of the Bþ

1 distribution of the eight-channel
array coil by the endorectal coil can be taken into account
during the RF optimization in the prostate. However, no
additional Bþ

1 perturbations by the endorectal coil were
observed in the simulations and phantom studies. Com-
bining the eight-channel array coil and RF shimming sys-
tem resulted in high-quality anatomical information over
the whole prostate and no influence on the image quality
in the presence of the coil was seen in vivo.

The maximum permitted RF deposition with the 31P
endorectal coil followed from the safety validation. To
stay within the SAR10g safety limits, the maximum per-
mitted input power was 0.95 W according to the FIT
model simulations of the prostate. The thermal simula-

tions showed that a higher input power of 1.3 W could
be used to stay below a local temperature of 39�C. In vivo
an even higher power level was possible, because heat
can be dissipated by blood flow through the tissue. Limit-
ing the in vivo temperature increase at the hot-spot of the
endorectal coil to 1�C during a measurement of 15 min
allowed a maximum time-averaged RF power of 1.9 W.

The differences in reported power limits for the 31P
endorectal coil can be explained after having a detailed
look at the results. The difference in maximum power
based on the SAR simulations (0.95 W) and thermal sim-
ulations (1.3 W) confirms that the safety limits based on
the SAR calculations are conservative and ensure that
the temperature limits will not be exceeded. The differ-
ence in the SAR and temperature distribution in Fig.
3(b,c) demonstrates the influence of the heat capacity,
thermal conductivity, metabolism, and blood perfusion
of the tissue on the temperature. When the feed point is
close to badly perfused fat tissue, a SAR hot spot results
in a larger local temperature increase than the hot spot
at the top of the coil inside well-perfused prostate tissue
(Fig. 3c): the highest predicted temperature increase is
not located within the prostate. Next, there is a differ-
ence between the simulations and the power limit

FIG. 7. In vivo 31P MRSI of the prostate at 7 T. a: T2-weighted image of the prostate with one slice of the 3D 31P MR spectroscopy
grid. The 31P spectra of 5.8 cm3 voxels of the prostate (b), muscle (c), and seminal vesicles (d) contain the following metabolites: PCr,
Pi, ATP, PE, and PC. The red circles represent the perimeter at 64% of the maximum signal intensity of the spatial response function:

best approximation of the true voxel size. The circle in the prostate corresponds to the spectrum in b and the other circle to the muscle
spectrum in c. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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determined in vivo (1.9 W). The simulations represent a
worst case approximation that the tissue and RF-feed are
only separated by the latex from the balloon, with no

gaps from residual air or glue between the inner and
outer balloon. Furthermore, the in vivo measurement
also takes into account the active thermal regulatory sys-
tem (e.g., increase of blood perfusion with temperature),
which was not modeled by the bioheat transfer equation
in the thermal simulations. Lastly, we cannot be com-
pletely sure that the location of the fiber optic tempera-
ture sensor is at the exact same location as the location
of highest power deposition derived from the simulation.
As shown in Fig. 3c, also the position of the coil in the
rectum is of importance. The possible differences in
actual positioning of the coil and temperature sensors
compared to the simulated positioning of these in the
model invoked our conservative limit of a maximum 1�C
temperature increase during the in vivo measurement.

The SAR limit in our study is based on the normal
operating mode of the IEC guideline. In the first level
operation mode, the maximum SAR10g limit is 20 W/kg,
which would result in an input power of 1.9 W in the
RF simulation (twice the simulated input power of 0.95
W compliant with normal operating mode), which inci-
dentally is the same as the power determined with the
in vivo temperature measurement.

Following an extensive safety validation, an in vivo
experiment was performed. While in previous studies at
1.5 and 2 T in 7–30 min, one single unlocalized spec-
trum was obtained (8–11), we were able to acquire a
complete 3D MRSI dataset in the same time (11–18 min)
with accurate localization and relatively high spatial re-
solution (effective voxel volume down to 4 cm3). A
metabolite map (Fig. 8d) indicated minimal contamina-
tion of the low PCr signals in the prostate by the larger
PCr signals of the surrounding smooth muscles. The
spectra of the different regions in the prostate were of
high spectral quality and had a good signal-to-noise ratio
(Fig. 7). Also at larger distances from the coil (e.g., in the
seminal vesicles and anterior part of the prostate) the
spectra contained usable information (Figs. 7d and 8),
demonstrating good performance of the coil. An effective
voxel volume of 5.6 cm3 makes it possible to study the
different parts (base, midgland, and apex) of the prostate
(Fig. 8). As the peripheral zone and central gland in
prostate, cancer patients have volumes in the order of 20
cm3 and larger (32), this resolution also enables detec-
tion of metabolic differences between the zones.

Some differences were observed compared to the spec-
tra obtained at 1.5 and 2 T (8–11). First of all, the
increase in chemical shift dispersion enabled the separa-
tion of PE and PC signals at 7 T. At 1.5 and 2 T, only
one peak was visible for PME. In low field studies, also
a peak was assigned to PDE, while the spectra in this
study are lacking a clear peak for PDE (Fig. 7b,d). Low
glycerophosphoethanolamine and glycerophosphocho-
line levels are reported for prostate tissue in vitro
(12,33). The signal-to-noise ratio might be insufficient to
detect these peaks in our study. In the Pi region, two or
three separate peaks were observed, compared to one
peak at lower field strength. What these peaks represent,
e.g., compartments with different pH, and how they can
be of aid in unraveling metabolic pathways related to
prostate cancer should be studied in more detail with
more volunteers and patients.

FIG. 8. Spatial maps of the 31P spectra (voxels 5.8 cm3). a: The
enlarged spectrum demonstrates the frequency range of the spec-
tra in the transverse (c) and sagittal (b) planes. The shown metab-
olites are PE, PC, Pi, PCr, and g-ATP. The map in the sagittal

plane demonstrates the increase in PC signal near the seminal
vesicles (upper right region). The signal-to-noise ratios (ratio of the

signal integral and standard deviation of the noise) after apodiza-
tion (20 Hz) of PCr and PE in this spectrum were 163 and 98,
respectively. d: Metabolite map of the PCr integral of 31P MR

spectroscopic imaging (4 cm3 voxels) placed over a T2-weighted
image of the prostate. The low PCr signals in the prostate are
minimally contaminated with the high-PCr signals of the surround-

ing muscle. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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CONCLUSIONS

This study demonstrated that it is safe to combine a 31P
TxRx endorectal coil with an eight-channel 1H TxRx
body-array coil for prostate imaging and 31P 3D MRSI.
The SAR levels of the eight-channel 1H coil were not
influenced by the presence of the 31P endorectal coil as
was validated by phantom studies, simulations, and in
vivo measurements. Furthermore, the maximum time-
averaged input power of the 31P endorectal coil was
determined. The first in vivo results are promising as
high-quality 31P MR spectra were obtained from the
whole prostate and surrounding tissues of a healthy vol-
unteer using an effective voxel volume down to 4 cm3 in
an 18-min acquisition. To investigate the value of 31P
MRSI at 7 T for the characterization of prostate cancer,
an extensive study with prostate cancer patients is
required.
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