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a b s t r a c t

Recent studies have shown that rotating a single RF transceive coil (RRFC) provides a uniform coverage of
the object and brings a number of hardware advantages (i.e. requires only one RF channel, averts coil–coil
coupling interactions and facilitates large-scale multi-nuclear imaging). Motion of the RF coil sensitivity
profile however violates the standard Fourier Transform definition of a time-invariant signal, and the
images reconstructed in this conventional manner can be degraded by ghosting artifacts. To overcome
this problem, this paper presents Time Division Multiplexed — Sensitivity Encoding (TDM-SENSE), as a
new image reconstruction scheme that exploits the rotation of the RF coil sensitivity profile to facilitate
ghost-free image reconstructions and reductions in image acquisition time. A transceive RRFC system for
head imaging at 2 Tesla was constructed and applied in a number of in vivo experiments. In this initial
study, alias-free head images were obtained in half the usual scan time. It is hoped that new sequences
and methods will be developed by taking advantage of coil motion.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Partial Parallel Imaging (PPI) is an important innovation in MRI
in the last decade [1–10]. In PPI, magnetic resonance (MR) signals
are received simultaneously on multiple radio-frequency (RF) coils
arranged in a phased-array like configuration and combined to ob-
tain a full field-of-view (FOV) image. In such an array, each RF coil
is characterized by unique coil sensitivity and provides an inde-
pendent signal pathway. Parallel coil arrays are able to enhance
the image quality or reduce the imaging time. In the Sensitivity
Encoding (SENSE) approach for instance, Pruessmann et al. have
shown that coil sensitivity profiles can be used as encoding func-
tions complementary to Fourier preparation by magnetic field gra-
dients [11–13]. SENSE accomplishes a reduction of scan time while
yielding alias-free images. For increasing scan-time reduction fac-
tors (R) however, the number of RF coils L in the parallel array must
be increased to satisfy a minimum number of encoding freedoms,
which warrant an alias-free image reconstruction (i.e. L P R).
However, increasing the number of RF coils invariably increases
the electromagnetic coil coupling interactions, causing complex
spatiotemporal RF field behavior and problems with the recon-
struction process [14]. In addition, the number of coil channels in-
creases, which further augments the complexity of the system and
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escalates fabrication costs. In practice, it can therefore be very dif-
ficult to engineer very large arrays [15–17].

Since increasing the number of coils to a very large number is
extremely difficult, recent studies [18–20] have considered the
generation of MR images by rapidly rotating a single RF transceive
coil (RRFC). Although we have shown that the RRFC approach
yields uniform and well-resolved images using only one RF trans-
ceive channel and averts mutual coil–coil coupling interactions,
the studies did not describe how to optimally reconstruct images
from the acquired k-space data.

In MRI, the object signal distribution is weighted by the RF coil
sensitivity profile to produce the overall signal distribution. When
reconstructing using the standard 2D — Inverse Fast Fourier Trans-
form (2D-DIFFT), the overall signal distribution must be time-
invariant. This is clearly not the case with the RRFC approach, as
the sensitivity profile is changing spatially over time due to coil
rotation. Therefore, in addition to gradient encoding, every k-space
sample is additionally modulated both in amplitude and phase by a
particular, complex sensitivity profile of the rotated RF coil. Effec-
tively, an application of the 2D-DIFFT on the RRFC-acquired
k-space is likely to introduce ghosting artifacts in the reconstructed
image. For most 2D-DIFFT reconstructions, as we will see, the
ghosting artifacts can be effectively displaced from the pro-
grammed field-of-view (FOV) by adjusting certain imaging param-
eters. Instead of relying on such parameter adjustments in practice,
this paper introduces Time Division Multiplexed — Sensitivity
Encoding, as one suitable image reconstruction scheme for stan-
dard and accelerated imaging with the RRFC. In essence, TDM-
SENSE takes advantage of the RRFC sensitivity map to engender a
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large number of encoding functions as useful complements to con-
ventional gradient encoding.
2. Methods

2.1. General theory

Fig. 1a–b illustrates a single RF transceive coil that is free to ro-
tate on a cylindrical surface about the object being imaged. When
the RF coil is located at some initial angular position h0, it produces
a complex spatial sensitivity map s(r0), with r0 = (x0, y0, z0)T as the
spatial position vector defining the initial coordinates of the coil
sensitivity.

When the RF coil is rotated about the imaged object at an
angular frequency xc(t), a set of rotated sensitivity maps s(r, hc

(t)) is produced at angles hcðtÞ ¼
R
xcðtÞdt þ h0 in a continuous

time-sequential manner, with the following coordinate
transformation:
Fig. 1. (a) Illustration of a RF transceive coil attached to a rotor. The RF coil is stationar
frequency xc(t). As b1(t) is pulsed or b(t) is sampled, each discrete signal sample is wei
FLASH imaging pulse sequence. Tprep,b and Tprep,g are the preparation time periods for the
rephasing, phase encoding and frequency dephasing is performed, and Ts,eq is the time p
relaxation to the equilibrium state prior to the application of the subsequent pulse seq
important points in time, that are referred to in (d). (d) Corresponding RRFC excitation an
each circle represents one full coil revolution and is equally discretized into 16 angula
windows corresponds to one line in k-space. The numbers indicate the order of k-space lin
those in (c). Each of the 16 data points per active window is weighted by a unique se
revolutions, entire k-space is acquired and the FOV uniformly covered.
ðr; hcðtÞÞ ¼ RðhcðtÞÞr0 ¼
cosðhcðtÞÞ sinðhcðtÞÞ 0
�sinðhcðtÞÞ cosðhcðtÞÞ 0
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Although the RF coil can be rotated at a constant angular fre-
quency, in a general system description, the angular frequency of
the rotating RF coil is a function of time (i.e. xc(t)). When the rotat-
ing RF transceive coil is used to excite the spin system, a complex
RF transmission pulse b1(t) modulates s(r, hc(t)) to bring the initial
net magnetization m0(r) towards the transverse plane:

mðrÞ ¼ ic
Z Tb

0
b1ðtÞsðr; hcðtÞÞm0ðrÞe�2pikðtÞ�rdt ð2Þ

kðtÞ ¼ c
2p

Z
gðsÞds ð3Þ

where m(r) is the accumulated transverse magnetization distribu-
tion, r = (x, y, z)T represents the spatial position vector, c is the gyro-
y (i.e. xc(t) = 0). (b) The RF coil is rotating around the imaged object at the angular
ghted uniquely by the sensitivity profile s(r, hc(t)) produced by the RF coil. (c) The
RF transmission pulse and frequency encoding, Tphase is the time during which slice

eriod where frequency and phase dephasing is achieved followed by magnetization
uence for a new k-space line readout. Labels a, b, c, d, e and a0 are used to denote
d acquisition modes for an example 16 � 16 k-space. Illustrated are 16 circles, where
r windows during which excitation and acquisition is performed. Each acquisition
es, starting at 1 and ending at 16, while time stamps a, b, c, d, e and a0 correspond to

nsitivity map as the RF coil rotates at xc = 2p/TR. Upon, the completion of 16 coil
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magnetic ratio of the nuclear spin, Tb denotes the duration of the b1(t)
pulse, k(t) is an arbitrary k-space trajectory obtained by pulsing mag-
netic field gradients g = (gx, gy, gz)T, and s is a dummy variable of inte-
gration. Eq. (2) is a generic form of spatially selective excitation of
magnetization distribution m0(r) achieved by transmitting the RF
pulse, b1(t), under guidance of the k-space trajectory, k(t).

Following the spin excitation, the rotating RF transceive coil can
be used to receive the demodulated time-varying MR signal b(t)
that emanates from the spins in the object:

bðtÞ ¼
Z 1

�1ðrÞ
sðr; hcðtÞÞmðr; tÞe�2pikðtÞ�rdr ð4Þ

mðr; tÞ ¼ m0ðrÞe
� t

T�
2 1� 2e�

2TR�t
2T1 þ e�

TR
T1

� �
ð5Þ

where TR is the time of repetition, m(r, t) is the time-dependent
magnetization at r for a gradient echo sequence, T1 and T�2 are the
tissue-dependent longitudinal and transverse relaxation time con-
stants as implicit functions of r and define the contrast in the image.

2.2. Time Division Multiplexed — Sensitivity Encoding (TDM-SENSE)

For a better understanding of the image acquisition with the
RRFC, Eq. (2) and (4) can be written in discrete forms to comply
with the digital instrumentation of the MRI system:

mðrqÞ ¼ ic
XP

p¼1

b1ðtpÞsðrq; hcðtpÞÞm0ðrqÞe�2pikðtpÞ�rq Dttrans ð6Þ

bðtjÞ ¼
XQ

q¼1

sðrq; hcðtjÞÞmðrqÞe�2pikðtjÞrqDtacq ð7Þ

where Dttrans and Dtacq denote the dwell times in the digital transmit
and receive chain, and P is the number of samples in b1(t). Eqs. (6)
and (7) describe the formation of excited magnetization m(rq) and
MR data sample b(tj) using discrete sampling in spatial, rq(1. . .Q),
and temporal domain, (tj(1. . .J), tp(1. . .P)), where p and j are indices
in time, and q is an index in image space. Although Eqs. (6) and (7)
describe a general three-dimensional case, to exemplify TDM-
SENSE, we initially restrict the problem to two dimensions by
assuming that an axial slice has been selected, so that Q = N �M
and J = U � V, where (N, M) and (U, V) are the discrete dimensions
of the two-dimensional image and k-space. The entire sequence of
spatial and k-space domain samples (Eqs. (6) and (7)) can be conve-
niently stored in measurement vectors, mfull = (m(r1). . .m(rQ))T and
bfull = (b(t1). . .b(tJ))T so that the magnetization excitation and signal
formation can be expressed in matrix forms:
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Substituting Eq. (8) in Eq. (9) gives:

bfull ¼ A � Bmfull;0 ¼ Emfull;0 ð10Þ
where mfull,0 = (m0(r1). . .m0(rQ))T is the spatial signal distribution,
representing the imaged object; k(tp) = [kx(tp), ky(tp)]T|p=1. . .P and
k(tj) = [kx(tj),ky(tj)]T|j=1. . .J denote the k-space trajectories during
transmission and reception. Image contrast is achieved in the usual
manner of varying the time of echo (TE) and TR in the imaging
experiment.

In Eqs. (8) and (9), A and B represent the excitation and encod-
ing matrices, where every matrix element is weighted by a unique
(complex) value of the rotated sensitivity map. Therefore, every
element in bfull (i.e. k-space sample) is modulated by two rotated
sensitivity profiles (i.e. one during RF pulse transmission and one
during MR signal reception). Eq. (10) is a complete system descrip-
tion with E as the composite encoding matrix, which contains both
transmission- and reception-type image encoding modulations
(i.e. E = A � .B, where ‘�’ denotes the dot-product). While amplitude
and phase scrambling of k-space data using RRFC is prone to intro-
duce ghosting artifacts when the standard 2D-IFFT is applied to
bfull, rotating the sensitivity profile while k-space samples are ac-
quired provides additional, useful imaging encoding modulations
that complement gradient encoding. Since rotating an RF coil about
an object being imaged is emulating a parallel RF coil array in a
time division multiplexing (TDM) fashion [21], the method out-
lined herein is accordingly named Time Division Multiplexed —
Sensitivity Encoding (TDM-SENSE), and the system that imple-
ments the method, the rotating RF coil (RRFC).

To obtain a ghost-free image with TDM-SENSE, the RF coil sensi-
tivity maps need to be known prior to image reconstruction. The
operating system has now a trivial task of keeping a time-track of
all the RF coil positions during both RF transmission and MR signal
acquisition. With the knowledge of sensitivity profiles, the system
matrix Eq. (10) is solved with mfull,0 as unknown. The most efficient
way is to solve Eq. (10) iteratively using methods such as bi-conju-
gate gradient or least squares. In any case, the quality of the recon-
structed image will, among others, depend on the condition of
matrix E.

Although any imaging pulse sequence and gradient trajectory
can in theory be used, to illustrate the underlying principles of
TDM-SENSE, Fig. 1c shows a generic timing diagram of the gradi-
ent-recalled-echo-based Fast Low Flip Angle Shot (FLASH) imaging
sequence [22], which was also used in the experiments of this
study. Fig. 1d describes one example of spin excitation and MR sig-
nal acquisition using the RRFC with the FLASH imaging sequence. A
series of excitation and acquisition modes similar to those illus-
trated in Fig. 1d can be achieved by varying the periods in the
imaging sequence and xc(t) in a controlled manner.

2.3. Scan-time reduction with TDM-SENSE

Referring to MR signal acquisition Eq. (10), reducing the
k-space trajectory by factor R along the phase encoding direction,
while traversing the full k-space FOV, will result in the reduction
of rows in B by the same factor (i.e. from J to J/R). Accordingly, the
number of k-space samples for a Q = N�M image will be J/R = U
� V/R, and so the number of available basis functions may be
insufficient to properly encode the image, resulting in an under-
determined system and in a reduced image quality once
Eq. (11) is solved:
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In order to maintain the full rank of B, the rotating RF coil has
the potential to generate a new set of degrees of freedom that
can substitute for the missing J/R rows in B. This can be accom-
plished by increasing the digital signal sampling rate by a factor
of at least R, so that during a fixed acquisition time period Nacq,
an R-fold increase in sensitivity maps will take place. In addition,
increasing the rotational frequency of the RF coil increases the
spatial separation among the coil sensitivities, yielding more dis-
tinguishable profiles and improved encoding properties. Upon
solving the repopulated matrix system, the resulting MRI image
should be free of aliasing artifacts. Fig. 2 illustrates an example
of imaging time reduction with TDM-SENSE in the image acquisi-
tion stage. In this particular imaging sequence example, an
increase in xc by at least a factor of R is mandatory in order to
maintain a uniform coverage in the field-of-view (FOV) with the
rotating RF coil (see Fig. 2d–f).
3. Experimental

3.1. Computer simulations

To assess the feasibility of TDM-SENSE, computer simulations
were initially performed in Matlab (The MathworksTM) using the
modified Shepp–Logan phantom. A hybrid Method-of-Moments/
Finite-Element scheme [23] simulated the complex sensitivity
map s(r0) of a surface coil loop at 85.45 MHz. The computational
problem was defined on an N �M = 80 � 80 test grid
Fig. 2. Illustration of scan-time reduction based on RRFC acquisition example of Fig. 1d w
the corresponding reduction of phase encoding steps. Note that in this particular ex
reconstructed from data in (a–c) would be degraded by aliasing artifacts. (d–f) Increasing
only eight coil revolutions, rather than sixteen, are required.
(FOV = 0.2 � 0.2 m) with the coil initially rotating at 18.8 rads�1.
The rotation of the sensitivity map was performed with the Matlab
imrotate function, while for every incremental map rotation,�0:2%

of random noise was added to simulate the noise propagation. k-
Space acquisition was based on the FLASH imaging protocol with
TR = 500 ms, TE = 30 ms, Tb = 3 ms, b1(t) = gauss and facq = 10 kHz
(with k(t) = 0 in Eq. (6)). Eq. (10) was then solved using the Matlab
in-built lsqr function. A series of accelerated TDM-SENSE simula-
tions were performed by varying the reduction factor from R = 1
up to R = 80 and calculating the signal-to-noise ratio (SNR) in each
case. The SNR was calculated by dividing the sum of image pixels
in a small region of interest (7 � 7 pixels) within the Shepp–Logan
phantom with one outside the phantom (7 � 7 pixels). The SNR
was thereafter normalized (i.e. SNRn) relative to the SNR result
with R = 1. Since the SNR values are compared relative to each
other, this particular approach of computing the SNR is valid. For
absolute SNR measurements, more appropriate estimation proto-
cols would be necessary. The TDM-SENSE simulation results can
be seen in Fig. 4.

3.2. RRFC apparatus

A transceive RRFC system for head imaging at 2 Tesla, as shown
in Fig. 3, was implemented to test the feasibility of imaging human
anatomy with the rotating RF coil. The system was constructed
mostly from plastic materials to be electromagnetically compatible
with the MRI machine. A custom-designed pneumatic Tesla tur-
bine [24] with ceramic bearings was used to rotate a transceive
ith constant xc. (a–c) shows the R-fold row reduction in the encoding matrix B and
ample, the FOV coverage diminishes with increasing reduction factor R. Images
facq and xc warrants a full size of B and a complete FOV coverage, respectively. In (e),



Fig. 4. TDM-SENSE simulation results with reduction factors ranging from R = 1 to R = 80 for an N �M = 80 � 80 image example. Reconstructed image of the Shepp–Logan
phantom: (a) without and (b) with increasing facq and xc by the factor of R. The transceive field uniformity at the end of the imaging sequence: (c) without and (d) with
increasing facq and xc by the factor of R. Subplots (b and d) indicate substantially lower image quality degradation due to Nyquist aliasing and good transceive uniformities at
the end of the imaging sequence. In addition, normalized SNR values for each result in (b) are displayed, which indicate reasonable losses in SNR with substantially increasing R.

Fig. 3. (a) Front view of the rotating RF coil system designed for head imaging, measuring approximately 340 mm in diameter and 480 mm in length. The spherical solution
phantom (A) is situated inside the system bore. The rotating RF transceive coil is residing between a slotted copper RF shield (not shown) situated on the inner side of the
exterior cylinder (B) and object holding cylinder (C). (b) Rear view of the apparatus, showing Tesla turbine (D), the inductively-coupled RF link (E), infrared (IR) photo-
interrupter (F) and pneumatic hose connector (G). (c) Front view of the rotating cylinder (K) and the engaged RF surface coil (I) that is connected to a printed circuit board
(PCB) (H) situated at the end of the rotating cylinder. Label (J) indicates a smaller surface coil with spatially narrower sensitivity profile in angular direction, which we
anticipate to use in future studies) (d) Side view of the assembly without the RF shield and the corresponding cylindrical cover. Shown are Tesla turbine discs (L), the end
ceramic bearing (N) and rotating turbine shaft (M) after the turbine housing was taken off. The rotating cylinder (K) is also exposed.
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RF coil mounted on a light hollow cylinder, with an inner diameter
of Ø = 280 mm, and a length of 300 mm. The Tesla turbine housed a
total of fourteen Ø = 160 mm, 1.5 mm thick fibreglass discs sepa-
rated by 0.8 mm, as shown in Fig. 3d. A prism shaped nozzle was
machined into the Turbine housing and distributed air equally to
all fourteen discs to achieve laminar flow. The transceive coil was
a single surface coil loop that spanned a quarter periphery of the
rotating cylinder (Fig. 3c). The coil loop was tuned and matched
to 85.45 MHz and 50 Ohm input impedance under loaded condi-
tions. A second, fixed concentric cylinder (Ø = 260 mm) with a
plastic end-cap then acted as the sample/head holder, as Fig. 3a
shows.

A Ø340 mm RF shield reduced power losses and a frictionless
inductively-coupled RF link, resembling a RF transformer with
one rotating (RF coil side) and one stationary (MR instrumentation
side) assembly, connected the rotating RF coil to the MRI system.
The inductive connector assembly was shielded to minimize power
losses and noise perturbation. Compared to a standard RF coaxial
connector, the inductive link suffered less than 1 dB power loss.
The angular frequency of the rotating coil was governed by the
air pressure drive to the Tesla turbine and measured with an infra-
red (IR) photo-interrupter. Overall, the air driving scheme consti-
tuted a regulated open-loop system and the maximum angular
frequency was about 91.1 rads�1 (870 rpm) at a pressure of
35 psi after the apparatus was mechanically balanced. Full engi-
neering details of the implemented prototype are outside the scope
of this paper and will be provided in a subsequent publication.

3.3. Sensitivity profile estimation

Initially, all 2D-DIFFT image reconstructions were performed
with the RRFC system in transceive configuration. TDM-SENSE re-
quires however both the magnitudes and phases of the sensitivity
maps corresponding to a large number of angular RF coil positions.
Since it is impractical to measure a large number of sensitivities,
we opted to estimate at least one map and rotate it numerically
to engender many other profiles. Following the conventional ap-
proaches of sensitivity map extraction [11,25], we have initially re-
moved the RF shield, reconfigured the RF coil for receive-only
function and employed the body coil as a uniform transmitter
and reference. Although removing of the RF shield augmented mu-
tual coupling between the RRFC and the body coil, and substan-
tially increased the amount of ghosting as result of modified
system properties, the situation presented an opportunity to study
the robustness of TDM-SENSE.

3.4. RRFC position measurement

To calculate the angular positions of the rotating receive-only
RF coil and synchronize the positions with the events in the imag-
ing pulse sequence, the square waveform signal from the IR photo-
interrupter and the RF pulse gating signal from the spectrometer
were simultaneously recorded on two separate channels of Power-
Lab/16SP (ADInstrumentsTM, Model: ML795). The time between two
consecutive RF gating signals was equivalent to the time of repeti-
tion (TR). Although the angular frequency of RRFC was changing by
up to 2.4%-rms over several minutes due to periodic repressurising
of the air compressor and due to the pneumatic open-loop driving
configuration, it was assumed that the frequency of rotation was
constant per a given TR. In addition, the rising edge of the square
waveform was made to correspond to the position of the RF coil
that produced the reference sensitivity map s(r0). With the knowl-
edge of the timing period between the RF gating pulse, the start
and the end of the analog to digital conversion (ADC) of the MR sig-
nal, we were able to calculate the positions of the RF coil corre-
sponding to the acquisition of the first and last sample of the
discretized echo signal. Thereafter, the coil positions corresponding
to the remaining N-2 and evenly spaced signal samples were as-
signed in a linear manner. One such waveform is shown in Fig. 9a.

3.5. Reconstruction

A computer program was written in C [26] to restructure the
two-dimensional k-space data into the corresponding one-dimen-
sional vector bfull, extract s(r0) from the acquired images (see Fig. 8)
and estimate the angular positions of the RF coil corresponding to
the start and end of the MR signal acquisition. The elements in ma-
trix E were then populated by rotating s(r0) via complex plane rota-
tion and spline interpolation routines and then multiplying the
resulting values with the standard Fourier kernel (see Eqs. (8)
and (9)). System Eq. (10) was solved iteratively using the least
square QR factorisation method. During the reconstruction process,
the computational region is defined by the thresholded image
mask, similar to the conventional SENSE reconstruction [11]. Con-
sequently, the resulting matrix E is rectangular, as it is reduced in
size from the original number of columns Q = N �M. This approach
has proven to be quite effective in reducing the noise contribution
in the resulting image [11]. The resulting one-dimensional vector
mfull,0 was thereafter restructured into its corresponding two-
dimensional form, which yielded the MR image free of ghosting
artifacts.
4. Results

4.1. Computer simulations

Fig. 4a shows notable aliasing artifacts in reconstructed images
when the number of phase encoding lines is evenly reduced by a
factor of R while keeping all other parameters unaltered. In con-
trast, Fig. 4b shows alias-free images obtained by increasing the
signal sampling rate facq and xc by R. According to the simulations,
images without appreciable artifacts may be obtained, except for
noise inhomogeneity visible at higher reduction factors. In addi-
tion, since the lost k-space data is continuously repopulated by
increasing facq by R, the loss in SNR is not substantial at very high
R. In contrast to Fig. 4c, and as predicted by the theory, Fig. 4d
shows that in this particular combination of TR and xc, uniform
transceive field uniformities can be obtained by also increasing
xc by R.

4.2. 2D-DIFFT experiments

All imaging experiments were performed in a 2 Tesla whole-
body MRI system (The University of Queensland, Australia)
equipped with Bruker ParaVision 4.0 software. Head imaging was
performed on a healthy 34 year old male volunteer under univer-
sity guidelines. Throughout the experiments, the RRFC system
was engaged in the transceive mode. MR images were recon-
structed in the conventional 2D-DIFFT manner and therefore did
not require a priori knowledge of RF coil positions and sensitivity
profiles. Fig. 5a shows T1 — weighted head images in all three
planes when the RF coil is positioned to one side of the subject
prior to spinning it. In this case, the RF coil can ‘sense’ only the re-
gion of the head that resides within the coil’s field sensitivity dis-
tribution. In contrast, Fig. 5b shows complete head images when
the RF transceive coil was rotating at a constant angular frequency
of about 50.3 rads�1 (i.e. 480 rpm) while employing same imaging
parameters as in Fig. 5a.

In another experiment involving a set of different imaging
parameters (see legend of Fig. 5c), the RF coil was rotated at a con-
stant speed of about 62.8 rads�1 (i.e. 600 rpm). The acquired



Fig. 5. 2D-DIFFT reconstructed head images in axial, coronal and sagittal plane obtained with the FLASH imaging sequence. Acquired T1-weighted MR images when the RF
transceive coil is: (a) stationary and (b) rotating at a constant angular frequency of 50.3 rads�1 (i.e. 480 rpm) relative to the subject’s head. Following FLASH sequence imaging
parameters were used: TR = 176 ms, TE = 7.25 ms, FOV = 30 � 30 cm, N �M =256 � 512, slice thickness (ST) = 5 mm, flip angle (FA) = 90�, b1(t) = gauss pulse, Tb = 3 ms,
Tacq = 5.12 ms, facq = 50 kHz and R = 1. The images were acquired within 1 min 30 s. (c) Head images with the RF transceive coil rotating at 62.8 rads�1 while following FLASH
imaging sequence parameters were used: TR = 158 ms, TE = 8.1 ms, FOV = 30 � 30 cm, N �M = 256 � 512, ST = 5 mm, FA = 45�, b1(t) = hermite pulse, Tb = 3.2 ms,
Tacq = 5.12 ms, Nex = 2, facq = 50 kHz and R = 1.
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images, as shown in Fig. 5c, exemplify complete and well-resolved
anatomical structures of the head. Image artifacts were precluded
by averaging two experiments. These results show that rotating
the coil at tens of rads�1 is adequate to achieve good tissue contrast
at the given TR. Fig. 6 illustrates the effect of RF coil rotational fre-
quency on the separation of ghosting artifacts. Specifically, Fig. 6a
shows the ghosting artifacts in the image FOV due to sensitivity-
based modulation of k-space data when the RF coil speed was set
to a constant 35.8 rads�1. In contrast, adjusting the speed of RF coil
to about 44.5 rads�1 resulted in a complete ghost separation as
shown in Fig. 6b. Alternatively, one could increase the FOV in y-
direction, the number of averages or adjust the TR of the imaging
sequence to achieve the same effect.
4.3. TDM-SENSE experiments

4.3.1. Sensitivity profile measurements
Fig. 7a shows axial head images obtained by fixing the rotating

RF coil at eight angular positions interspaced by 45�. Each of the
eight results was divided by a uniform brain reference to obtain
raw sensitivity maps, which were refined afterwards by threshold-
ing and polynomial fitting [11] to obtain smooth magnitude and
phase profiles, as shown in Fig. 7b and c. The eight sensitivity maps
were also polynomially fitted on a larger circular region and used
to confirm that rotating any one of the maps would emulate the
other seven sensitivity profiles.
4.3.2. Simulations based on experimental measurements
Simulations were initially performed to test TDM-SENSE in re-

ceive-only mode using the eight acquired head images and sensi-
tivity profiles (Fig. 7a–c). It was assumed that the RF coil is
rotating in such a way that the first echo signal was acquired from
the first coil position, second echo from the second position, and so
on, until in this case all 256 echoes (i.e. k-space lines) have been
acquired in a total of 32 coil revolutions. Given the eight images
from fixed coil locations, we assumed that the RF coil remained
stationary during the acquisition of a k-space line, but was free
to move relative to the phase encoding direction. Essentially, the
k-space lines from the eight measurements were intermixed to
create an effective bfull that imitated data acquired with the RF coil
rotating in a hypothetical manner. Thereafter, matrix B was created
using the extracted sensitivity profiles as shown in Fig. 7b and c.
Fig. 7d is a comparison of image results (size: 256 � 256) after
applying 2D-DIFFT and TDM-SENSE on the synthesized bfull. While



Fig. 6. An example of image ghost separation by adjusting the rotational frequency
of the RF coil. Application of the 2D-DIFFT to the acquired 256 � 512 k-space
yielded MR images, which were not cropped to the expected FOV. The bright box
surrounding the central head image indicates the programmed FOV. The FLASH
sequence parameters were as follows: TR = 156 ms, TE = 7.25 ms, FOV = 35 � 35 cm,
N �M = 256 � 512, ST = 5 mm, FA = 90�, b1(t) = gauss pulse, Tb = 3 ms, Tacq = 5.12 ms,
facq = 50 kHz and R = 1. (a) Image ghosting within the FOV obtained by rotating the
RF coil at 35.8 rads�1; and (b) The ghosts diverge from the image FOV when the coil
is rotated at 44.5 rads�1.
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as expected, the 2D-DIFFT reconstructed image is notably affected
by ghosting artifacts, TDM-SENSE provides a good quality and
completely ghost-free image.

In a similar simulation, the eight acquired head images (size:
256 � 256) were also used to test the scan-time reduction of a
128 � 128 image. Following the theory of TDM-SENSE, every
fourth k-space line was extracted from each of the eight acquired
k-spaces (corresponding to images in Fig. 7a) in sequence (i.e. first
line corresponding to first coil position, fourth line corresponding
to second coil position, eight line from third position and so on).
In this case, the size of the simulated k-space was 256 � 64, and
according to TDM-SENSE, represented a scan-time reduction factor
of R = 2 for a 128 � 128 image with a two-fold increase in facq. The
resulting two-dimensional k-space (size: 256 � 64) was rewritten
into a one-dimensional vector bfull (size: 1 � 16384). The encoding
matrix B (size: 1282 � 1282) was populated with the measured
sensitivity terms and gradient kernels. TDM-SENSE reconstruction
was then performed by solving Eq. (10), while 2D-DIFFT was di-
rectly applied to bfull in two-dimensional form (size: 256 � 64).
The results of TDM-SENSE and 2D-DIFFT reconstructions at R = 2
are displayed in Fig. 7e. While the 2D-DIFFT result is considerably
degraded by aliasing artifacts in both spatial dimensions of the re-
duced FOV, the TDM-SENSE reconstructed image is of good quality,
alias-free and covers the full-FOV.

4.3.3. Imaging experiment I
Fig. 8 is an example of a 128 � 128 image reconstruction with

TDM-SENSE when the receive-only RF coil was rotating at about
9 rads�1. The imaging parameters are detailed in the legend of
Fig. 8. In particular, Fig. 8a is a plot of measured angular coil posi-
tion as a function of the acquired k-space line number, and shows
that from the start to end of one k-space line, the RF coil is dis-
placed by only about 1.35�. We note that most sensitivity-based
k-space weighting is along the phase encoding direction with min-
imal modulation along the frequency encoding direction. Fig. 8b is
a distribution of all angular positions visited by the RF coil, which
signifies a fairly uniform acquisition of the object signal distribu-
tion mfull,0. The results of image reconstruction with 2D-DIFFT
and TDM-SENSE are shown in Fig. 9c and d. While in this particular
receive-only configuration the 2D-DIFFT reconstructed image is
substantially distorted, TDM-SENSE has reconstructed the image
substantially free of ghosting artifacts. Considering that there is
up to 15% of mutual coupling between the RRFC and the body coil,
there are surprisingly only minute residual image artifacts in
Fig. 9d. This finding suggests that MR images of much higher qual-
ity than presented here could be obtained with RRFC system in
transceive configuration with the RF shield reinserted. This would
avert present coil–coil coupling interactions completely and reem-
phasise the hardware advantages of the RRFC transceive approach.

4.3.4. Imaging experiment II
To reduce the scan time of a 128 � 128 image acquisition by a

factor of two, the RF coil was set to rotate at a much higher angular
frequency of about 82.8 rads�1, while 512 samples were acquired
per k-space line, with a total of 64 phase encodes. Fig. 9a is a plot
of measured angular coil position versus the acquired k-space line
number. In this case, during one line readout period of Tacq = 10.24
ms, the RF coil displaces an angular window of about 48.6�. If the
RF coil were to rotate at a speed of 5859 rpm, it would complete
one whole revolution during Tacq. Fig. 9b is a distribution of all
angular positions visited by the RF coil at the start (outer circle)
and at the end of signal acquisition (inner circle). Fig. 9c is the re-
sults of image reconstruction with 2D-DIFFT and shows notable
aliasing artifacts within the reduced FOV. TDM-SENSE on the other
hand has substantially minimized the energy of Nyquist aliases
and provided a full-FOV image (see Fig. 9d). The remaining residual
artifacts are most likely due to mutual coupling between the RF
coil and body coil, which is spatially-invariant for different coil
positions. To substantially reduce the residual artifacts, the spa-
tially-invariant coupling interactions should be taken into account
when s(r0) is rotated to approximate other sensitivities. In Fig. 7d
and e for instance, the image reconstructions are ideal, as coil cou-
pling is inherent in the eight measured sensitivity profiles.
5. Discussion

In our recent publications [18–20], we have introduced and dis-
cussed the hardware advantages of rotating a single RF transceive
coil to emulate stationary RF coil arrays. In this study, MRI with the
RRFC system has been performed in combination with TDM-SENSE.
The numerical and experimental results support the underlying
theory of TDM-SENSE as a means of alias-free image reconstruc-
tion. A two-fold scan-time reduction was accomplished by increas-
ing the signal sampling rate and the angular frequency of coil
rotation. The following paragraphs discuss the advantages and dis-
advantages of TDM-SENSE on the RRFC platform.

5.1. On the image reconstruction

While the premise of RRFC is to gain certain hardware advanta-
ges over parallel RF coil arrays, the approach violates the time-
invariant signal definition of the (Fast) Fourier Transform. TDM-
SENSE has therefore been implemented as a more suitable and
generic method of reconstructing ghost-free images. With TDM-
SENSE, k-space data points are sampled in the usual time-sequen-
tial manner, where every k-space sample is uniquely modulated by
a rotated sensitivity map, which itself is a function of time. In this



Fig. 7. (a) Raw axial head images acquired with the RF coil fixed at eight positions with an equal angular interspacing of 45�. Following FLASH imaging sequence parameters
were used: TR = 100 ms, TE = 8.19 ms, FOV = 35 � 35 cm, N �M = 256 � 256, ST = 5 mm, FA = 30�, b1(t) = hermite pulse, Tb = 3 ms, Tacq = 5.12 ms, Tprep,b = 2.1 ms,
Tprep,g = 15.3 ms, Nex = 1, facq = 50 kHz and R = 1. (b and c) show polynomially fitted and thresholded magnitude and phase plots of the RF coil obtained by dividing each
raw measurement in (a) by the uniform brain reference. (d) 2D-DIFFT and TDM-SENSE reconstructed 256 � 256 image at R = 1 based on the synthesized bfull. (e) 2D-DIFFT and
TDM-SENSE reconstructed 128 � 128 image at R = 2 based on the synthesized bfull (see text for more information).
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way, the sensitivity coefficients are exclusively coupled to the Fou-
rier kernels in Eqs. (8) and (9) and contribute as additional image
encoding functions. Solving Eq. (10) can be numerically challeng-
ing, as with the increasing image size, the encoding matrix E be-
comes comprehensively large (i.e. N2 �M2). One possibility to
alleviate this computational burden is to parallelize Eq. (10) on a
computer cluster and then solve the problem iteratively [27].

5.2. On other suitable schemes

Based on the generic form of Eq. (10), TDM-SENSE should apply
equally well to other imaging pulse sequence and modes of k-space
traversal. Due to their rotational periodicity, pulse sequences that
employ k-space trajectories such as spirals, rosettes and circles
would be quite suitable to RRFC in that all the underlying system
equations are expressible in polar coordinates. For optimal perfor-
mance, there may however be a requirement to synchronize the k-
space trajectory with the rotation of the RF coil sensitivity map.
Presently, reconstruction from non-Cartesian sampling patterns
is often inconvenient on many MRI installations that rely heavily
on Cartesian coordinates. Recent years have seen a notable in-
crease in the development of polar reconstruction methods such
as the Polar Fourier Transform (PFT) [28], k-space regridding and
interpolation techniques [29], which should render regular use of
non-Cartesian k-space trajectories practical in the future. Single
shot sequences such as the Echo Planar Imaging (EPI) sequence
conform well to the serial acquisition nature of RRFC in that the en-
tire k-space can be acquired in one or more complete coil revolu-
tions. The RRFC approach could be useful in RF encoding
applications (i.e. Rotating Frame Zeugmatography), where a series
of RF pulses is applied without gradient switching to encode the
spatial information [30]. It is bourn in mind that a series of new



Fig. 8. Comparison of 2D-DIFFT and TDM-SENSE image reconstruction with R = 1. Following FLASH imaging sequence parameters were used: TR = 100 ms, TE = 8.19 ms,
FOV = 35 � 35 cm, N �M = 128 � 128, ST = 5 mm, FA = 30�, b1(t) = hermite pulse, Tb = 3 ms, Tacq = 2.56 ms, Tprep,b = 2.1 ms, Tprep,g = 10.3 ms, Nex = 1, facq = 50 kHz and R = 1. (a)
Measured angular coil positions when the RF coil was rotating at about 9 rads�1. (b) Distributions of all angular positions visited by the rotating RF coil. (c and d) 2D-DIFFT
(spectrometer) and TDM-SENSE reconstructed brain image, respectively.

Fig. 9. Comparison of 2D-DIFFT and TDM-SENSE 128 � 128 image reconstruction with R = 2. Following FLASH imaging sequence parameters were used: TR = 100 ms,
TE = 10.16 ms, FOV = 35 � 35 cm, 512 frequency and 64 phase readouts, ST = 5 mm, FA = 30�, b1(t) = hermite pulse, Tb = 3 ms, Tacq = 10.24 ms, Tprep,b = 2.1 ms, Tprep,g = 10.97 ms,
Nex = 1, facq = 50 kHz. (a) Measured angular coil positions when the RF coil was rotating at about 82.8 rads�1, where circles and dots indicate start and end of the signal
acquisition; (b) distribution of angular positions visited by the RF coil (according to measurements in (b)); (c and d) show magnitude and phase plots of the 2D-DIFFT and
TDM-SENSE reconstructed brain image, respectively.
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pulse sequences and methods can be developed by taking advan-
tage of coil rotation. The particular advantages and disadvantages
of these schemes are beyond the scope of this paper and shall be
investigated in future studies.

5.3. On the RF coil sensitivity

TDM-SENSE requires sensitivity maps corresponding to an ex-
tremely large number of angular RF coil positions. In practice, it
is infeasible to measure all the required sensitivity profiles. In-
stead, one or fewer sensitivity maps can be estimated and thereaf-
ter numerically rotated to engender many other sensitivity profiles
as required. This is a valid approach for most low field applications,
in that the spatial RF field distribution is insignificantly affected by
the imaged object as the dielectric load. Evidently, more sophisti-
cated sensitivity estimation protocols will be required if TDM-
SENSE is to be used at higher fields where the sensitivity profiles
are notably and non-uniformly distorted by field/tissue interac-
tions. With increasing R, TDM-SENSE relies heavily on the accuracy
and property of the rotating sensitivity map. In other words, the
image SNR decreases with increasing R, which is to be expected
with SENSE-based implementations. Theoretically, increasing the
image SNR could be accomplished by narrowing the frequency do-
main representation of the RF coil sensitivity profile in the angular
direction. The sensitivity profile may then be considered as a spa-
tial filter with a narrow bandwidth that receives nearby signals
with good SNR and attenuates the noise from the regions where
the amplitude of coil sensitivity diminishes.

5.4. On practical considerations

There are a number of important considerations relating to the
design of an RRFC system. Presently, the constructed RRFC head
imaging system is able to achieve rotational speeds of 870 rpm.
For further scan-time reduction with TDM-SENSE, it is desirable
to rotate the RF coil at higher angular frequencies in order to fur-
ther separate the sensitivity maps and also to increase the sam-
pling rate on the spectrometer. In practice, rotational speeds of
up to 150,000 rpm are achievable using air turbines that employ
ceramic bearings [31] while the MHz-range clock frequencies are
already available with commercial ADCs and modern MRI spec-
trometers. Higher rotational speeds could find applications with
small rotating RF coils, which are not expected to exhibit strong
mechanical vibrations and large angular moments. Another impor-
tant design consideration relates to the accurate control of RF coil
position and speed. Precision control can for instance be achieved
by interfacing the MRI instrumentation to a feedback-circuit con-
troller at the RRFC system end. These and other considerations
are currently work in progress.

5.5. Qualitative comparison of SNR in PCA and RRFC

The signal-to-noise (SNR) ratio is an important parameter for
quantifying image quality in MRI. The image reconstruction and
SNR of a parallel coil array (PCA) have been reviewed in the Appen-
dix. In the following, we qualitatively compare RRFC with PCA in
terms of SNR.

RRFC emulation: Theoretically, it is possible to extend the PCA
Eqs. (A1), (A2), (A3), (A4), (A5) to the RRFC approach by assuming
a massively parallel coil array consisting of L = J evenly distributed
coils, where J is total number of acquired k-space samples. To emu-
late time-division-multiplexing of RRFC on such a large array, it is
assumed that any jth k-space sample is acquired only with the lth
RF coil, with all other coils absent. There are two important conse-
quences of this model. First, all l–j terms in b and B become zero
(i.e. BðljÞ;q ¼ 0 and blðkjÞ ¼ 0, for l–j). This effectively reduces the
number of rows in Eq. (A2) from LJ = J2 to L = J. The encoding matrix
B is reduced to: Bl;q ¼ slðrqÞe�2piðkl �rqÞ. Second, all off-diagonal terms
in noise covariance matrix W vanish in the absence of inductive coil
coupling (i.e. correlation terms are zero: Wl;l0 ¼ 0, for l–l0). This im-
plies that there is no overlapping of electric field E(r) patterns, and
for RRFC, Eq. (A4) simplifies to:

Wl;l �
Z

rðrÞjElj2ðrÞd3r ð12Þ

Therefore according to Eq. (A5), for a scan-time reduction factor
R = 1 and fixed sampling rate facq, a PCA consisting of L independent
channels acquires L-times more k-space samples nk than the RRFC
system. Assuming that the L coils in the parallel array are com-
pletely decoupled, the image SNR of a parallel array would in this
case be

ffiffiffi
L
p

times higher than the SNR of RRFC. In practice however,
this ideal

ffiffiffi
L
p

SNR gain is almost impossible to attain due to in-
creased inductive and resistive losses in the array, as is discussed
in the subsequent paragraphs. Considering RRFC, one way to in-
crease nk and engender additional rows in Eq. (A2), is to increase
the signal sampling rate facq by factor L. Provided that the receiver
bandwidth Df is unaltered, according to Eq. (A5) (Appendix), this in-
crease would at best result in a

ffiffiffi
L
p

improvement in SNR. The results
in this study (Figs. 4, 7–9) suggest that improved image encoding
properties are attained by keeping the number of rows in Eq. (A2)
(i.e. k-space samples) larger or equal to the number of columns
(i.e. image pixels), in particular as the scan-time reduction factor
R is increased. Similarly, we could increase the sampling rate on
the parallel array to engender additional k-space samples, however,
the situation may differ somewhat. While a rotating RF coil is capa-
ble of weighting each new acquired k-space sample differently, any
stationary element in the parallel array weights the additional sam-
ples with the same sensitivity profile. Therefore, in the PCA, the ele-
ments of the encoding matrix B would differ only by the
magnetization phase that is incurred through switching field gradi-
ents over time. In the case of RRFC, the variance among element in
matrix B could be optimized by tailoring the coil sensitivity profile
and the speed of rotation. Further investigations are required to
quantify the SNR performance of the RRFC system and compare it
in an appropriate manner with the SNR of different parallel array
configurations.

Inductive and resistive losses: The common approach to increase
SNR or equivalently reduce the scan time, is to employ a larger
number coils in the parallel array. While this trend incurs addi-
tional manufacturing costs due to the added electronics channels,
it also creates a series of design issues relating to increased induc-
tive and resistive losses.

When array coils couple inductively, they tend to resonate as a
single structure, and it can be very difficult to simultaneously
match the impedance of each element to the input impedance of
the corresponding receiver unit. This non-optimal impedance
match degrades the pre-amplifier noise figure and effectively the
resulting image SNR. Partially parallel reconstruction schemes,
such as SENSE, require distinct component-coil sensitivity profiles
to appropriately encode the spatial information [11]. As array coils
couple inductively, they become sensitive to the same regions of
the sample, thus diminishing the distinctiveness among compo-
nent sensitivity patterns. Overlapping RF coils to reduce the shared
magnetic flux imposes stringent limitations on the placement of
coil elements [3]. Lumped decoupling networks [32] and low input
impedance pre-amplifiers [3,33] are now routine techniques for
decoupling arbitrarily arranged arrays. Such techniques perform
reasonably well with modest receive-only arrays, where up to
�30 dB of decoupling (i.e. �3% cross-talk) is attainable. Unfortu-
nately, there is still no accepted optimal method for decoupling
transceive arrays [32]. Just as inductively coupled coils share signal
voltages, they also share noise voltages in the same proportion.
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Therefore, depending on the PCA design, noise received by coupled
coils can exhibit a high degree of correlation (i.e. large off-diagonal
elements in W). For instance, noise correlations of up to 43% and
53% were reported in practice with 12-channel and 96-channel
PCAs for head imaging [34]. These and other findings [2,6,15–17]
suggest that, extending the routine decoupling techniques to large
numbers of coils with varying amounts of shared inductance is
quite complex and challenging. Other PCA engineering issues re-
late to the optimal loop size and increased resistive losses [35].
For instance, in order to accommodate a larger array on a pre-
scribed geometry, one must often resort to smaller coil loops.
Although small loops offer better SNR for nearby target regions,
they exhibit poorer RF field penetration and therefore lower SNR
in distal tissue regions. As the loop size decreases, coil noise in-
creases relative to the sample noise, deeming smaller coils less effi-
cient than larger coils. Likewise, the number of pre-amplifiers,
cables, lumped capacitive/inductive components and solder joints
increases in proportion to the number of added array coils. This
trend ultimately leads to a substantially larger Rconductor, therefore
Rtot, and the noise power increases in direct proportion to Rtot, thus
reducing the overall SNR (Eq. (A5), Appendix). A similar issue arises
from the perspective of the sample noise, Rsample. When the electric
fields of various coil sensitivities are overlapped within an array
(Eq. (A4), Appendix), sample noise becomes correlated. The
amount of correlation depends on the level and nature of the elec-
tric field overlap. This effectively places stringent constraints on
how the coils are positioned in the array.

In the case of the RRFC system however, the situation is dif-
ferent. Since there is only one RF coil that moves relative to
the sample, there are no inductive coil-to-coil coupling interac-
tions, and the sample Rsample and system resistances Rconductor

are minimal (i.e. no overlapping of electric fields, and there are
only one coil, one pre-amplifier, one coaxial cable and fewer
lumped components and solder connections). Therefore, the
overall noise voltage vn is expected to be much smaller than that
of a PCA. In addition, RRFC offers much more freedom in choos-
ing the optimal coil loop size and shape as function of SNR, field
penetration and encoding properties. Although RRFC demon-
strates sensitivity-based image encoding and scan-time reduction
capabilities, given the identical signal sampling rates, it fails to
match the overall SNR performance of the PCA. Since RRFC is
not limited to only one rotating RF coil, in the scope of spatial
encoding and SNR, it would be worth investigating the benefits
of hybridizing PCA and RRFC systems.
6. Conclusions

This paper has introduced TDM-SENSE as one suitable alias-
free image reconstruction scheme dedicated to the RRFC system.
With TDM-SENSE, the time-sequential generation of rotated sen-
sitivity maps corresponds to an increase in encoding degrees of
freedom. A RRFC system for head imaging at 2 Tesla was imple-
mented and evaluated in a number of in vivo experiments. In this
initial study, two-fold scan-time reduction was achieved with
TDM-SENSE by increasing the signal sampling rate and the angu-
lar frequency of coil rotation. Our future efforts will involve the
development of more optimal methods for dispensing phase
encoding steps by taking advantage of the numerous sensitivities
generated by the RRFC.
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Appendix

For the purposes of image reconstruction with a parallel coil
array (PCA), the MR signal received by the lth coil in an array of
L coils at k-space point kj due to a distribution of transverse mag-
netization m(r) is discretized and written in the form:

blðkjÞ 	
XQ

q¼1

slðrqÞmðrqÞe�2piðkj �rqÞ þ nlðkjÞ ðA1Þ

where slðrqÞ is the complex sensitivity map of coil l and nlðkjÞ � nl is
the time-dependent Gaussian random variable representing white
noise. While the noise received by several RF coils in parallel is usu-
ally correlated, the noise accompanying each point in k-space is sta-
tistically independent. For each coil l = 1. . .L, we can write a matrix
equation in the form bl = Bl m + nl, where BðljÞ;q ¼ slðrqÞe�2piðkl �rqÞ.
Stacking all the coil signal vectors bl into a single column vector
b, we obtain a complete matrix representation of the signal received
by the PCA:

b1

b2

..

.

bL

0
BBBB@

1
CCCCA ¼

B1

B2

..

.

BL

0
BBBB@
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CCCCAmþ

n1ðtÞ
n2ðtÞ

..

.

nLðtÞ

0
BBBB@

1
CCCCA � b ¼ Bmþ nðtÞ ðA2Þ

Eq. (A2) can be solved using modified Moore–Penrose pseudo-
inverse to yield a minimum norm matrix inverse [11]:

Binverse ¼ XBHW�1 with X ¼ 1
nk
ðBHW�1BÞ�1 ðA3Þ

where nk the total number of acquired k-space samples (here
nk = JL = length(b)) and W is the noise covariance matrix, which in-
cludes the noise received by individual coils as well as the amount
of correlated noise that exists between each pair of coils. Inciden-
tally, the noise covariance matrix represents the overlap of the elec-
tric fields El(r) among different sensitivity patterns within the PCA
[3]:

Wl;l0 �
Z

rðrÞElðrÞ � E�l0 ðrÞ d3r ðA4Þ

where r(r) is the conductivity of the sample being imaged. To eval-
uate the SNR of a RF system, various sources of signal and noise
must be taken into consideration. The SNR is commonly written
as: SNR ¼ v2

sig=v2
n , where vsig and vn are the overall signal and noise

voltages.
For a RF system, it can then be shown that [38]:

SNR / m0lðrÞx
ffiffiffiffiffi
nk
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTDf Rtot

p ðA5Þ

where m0 the spin magnetization, l(r) the magnetic permeability of
the sample, x the Larmor frequency, kB the Boltzmann constant, T
the absolute temperature, Df the receiver bandwidth and Rtot the
overall resistance seen at the output terminals of the RF system.
In our analysis, we will be particularly interested in variables nk

and Rtot, as these differ between PCA and RRFC.Among the various
mechanisms that underlie noise in MR detection, resistive losses
in the sample and coil are considered as the two major sources of
noise [3]. Sample noise results from thermal agitation of charged
particles within the conductive-dielectric object being imaged. Coil
noise on the other hand is attributed to resistive losses of conduct-
ing metal elements within the resonant RF system. This includes
losses in resistive wires/strips, lumped capacitive and inductive ele-
ments, solder joints, pre-amplifiers, cables, cable traps etc. Then the
total resistance is given by Rtot = Rsample + Rconductors. While Rconductors

represents the series resistance of various electrical components in
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the PCA at a particular frequency of operation, sample noise resis-
tance Rsample depends on the spatial distribution of the sample con-
ductivity r(r) and the (virtual transmit) electric field E(r) induced in
the sample, i.e. Rsample / W (Eq. (A4)).

Accelerated imaging with PCA: Acquiring the MR signal in the
parallel fashion increases the SNR by a factor proportional to

ffiffiffi
L
p

.
By employing a partially parallel imaging (PPI) technique, such as
SENSE, the

ffiffiffi
L
p

gain in SNR can be traded for a shorter scan time.
The corresponding loss in SNR has been quantified as [11]:

SNRPPI

SNRfull ¼
1

g
ffiffiffi
R
p ðA6Þ

g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðBHW�1BÞ�1
qqðB

HW�1BÞqq

q
P 1 ðA7Þ

where SNRPPI is the SNR obtained with PPI and SNRfull denotes the
SNR that would be obtained with full gradient encoding under iden-
tical imaging conditions. Eq. (A6) accounts for two distinct types of
losses. The factor

ffiffiffi
R
p

signifies a reduction of signal averaging when
the total number of k-space samples nk is reduced by the factor R.
From the perspective of reconstruction strategy or coil design there
is little that can be done to prevent this loss. The geometry factor g
on the other hand reflects the ability of the coil array to comple-
ment reduced gradient encoding and is thus related to the
geometrical configuration of the PCA. The geometry factor can be
minimized to g ffi 1 by making the coil sensitivities as orthogonal
as possible. Typically, PCA designs yield favorable g values up to
reduction factors R between three and four [36,37]. Beyond this
threshold however, dramatic increases in g are observed even with
optimized arrays. This seems to confer some degree of restriction on
the possible spatial variations of coil sensitivity patterns, which are
governed by the solutions of Maxwell’s equations [38].
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