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Purpose: Assess the potential gain in acceleration performance of a 256‐channel 
versus 32‐channel receive coil array at 7 T in combination with a 2D CAIPIRINHA 
sequence for 3D data sets.
Methods: A 256‐channel receive setup was simulated by placing 2 small 16‐channel 
high‐density receive arrays at 2 × 8 different locations on the head of healthy partici-
pants. Multiple consecutive measurements were performed and coil sensitivity maps 
were combined to form a complete 256‐channel data set. This setup was compared 
with a standard 32‐channel head coil, in terms of SNR, noise correlation, and accel-
eration performance (g‐factor).
Results: In the periphery of the brain, the receive SNR was on average a factor 1.5 
higher (ranging up to a factor 2.7 higher) than the 32‐channel coil. In the center of the 
brain the SNR was comparable or lower, depending on the size of the region of inter-
est, with a factor 1.0 on average (ranging from 0.7 up to a factor of 1.6). The average 
noise correlation between coil elements was 3% for the 256‐channel coil, and 5% for 
the 32‐channel coil. At acceptable g‐factors (< 2), the achievable acceleration factor 
using SENSE and 2D CAIPIRINHA was 24 and 28, respectively, versus 9 and 12 for 
the 32‐channel coil.
Conclusion: The receive performance of the simulated 256 channel array was better 
than the 32‐channel reference. Combined with 2D CAIPIRINHA, a peak accelera-
tion factor of 28 was assessed, showing great potential for high‐density receive 
arrays.
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1 |  INTRODUCTION

The concept of using arrays of multiple receive‐coil ele-
ments to enhance signal-to-noise ratio (SNR) has already 
been around for a couple of decades.1 Receive arrays 
can greatly enhance SNR in brain imaging, as compared 

with the use of a standard quadrature head coil covering 
the same area.2 The benefits of using up to 32 receive el-
ements for brain imaging have been demonstrated exten-
sively.3-8 However, just a few brain imaging studies have 
explored the advantages of receive coils with more than 32 
elements.9,10

This is an open access article under the terms of the Creative Commons Attribution NonCommercial License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited and is not used for commercial purposes.
© 2018  The Authors Magnetic Resonance in Medicine published by Wiley Periodicals, Inc. on behalf of International Society for Magnetic Resonance in Medicine.

*Dennis W. J. Klomp and Natalia Petridou contributed equally to this work. 

www.wileyonlinelibrary.com/journal/mrm
mailto:￼
http://orcid.org/0000-0002-0363-2471
mailto:A.D.Hendriks-6@umcutrecht.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/


1660 |   HENDRIKS et al.

When combined with parallel imaging, the improved SNR 
from receive coil arrays can be traded for a faster acquisition 
time, enhancing the temporal resolution, while maintaining 
high spatial resolution. When examining dynamic and spa-
tially detailed brain functions using functional MRI (fMRI), 
the combination of both a high temporal resolution and a high 
spatial resolution is essential. High‐density receiver arrays 
allow for high acceleration factors with reduced g‐factors and 
very high resolutions.11,12 However, fMRI with both a high 
temporal resolution (< 1 second) and a high spatial resolution 
(< 1 mm) combined, is rarely seen, despite the latest devel-
opments in the field of parallel imaging and modern imaging 
setups.

From theory, the benefit of increasing the number of 
receive elements is two‐fold. First, a gain in SNR can be 
achieved.2 Second, it enables improved encoding accelera-
tion performance,13 as can be exploited by using parallel im-
aging techniques.

The number of receive elements can be increased and the 
coil size can be reduced accordingly, as long as the individ-
ual coils are in tissue load dominance and coil resistance 
losses are minimal.14,15 This would result in an improved 
SNR close to the coils, with hardly losing sensitivity further 
away from the coils.10,16 If the individual coils are made too 
small, (electronic) coil resistance loss dominates the sample 
noise,17 which would degrade the total SNR. This relation 
determines that there is an optimal number of coils at which 
the achievable SNR is maximized. Different 3T studies use 
receive arrays with high numbers of receive elements, some-
times also referred to as massively parallel MRI detection,18 
and show a clear benefit in using 64 receive channels,9,19 96 
channels,10 and even 128 channels.20,21

The theoretical maximum achievable SNR limit, de-
scribed as the ultimate SNR, is investigated by previous stud-
ies.22,23 These studies simulate a spherical object at varying 
field strengths, sphere sizes, and acceleration factors. Among 
other results, it was shown that a 32‐channel receive setup at 
3 T already closely approaches the ultimate SNR in the center 
of the phantom, but is still far away from the ultimate SNR 
at the regions near the surface of the phantom. Additionally, 
at higher field strengths, such as 7 T, the difference between 
the SNR acquired with 32 channels and the ultimate SNR 
increases, and more coils would be required to approach the 
ultimate SNR at both the surface of the phantom and at inter-
mediate distance from the center.

In contrast to increasing the number of receive elements, 
present‐day efforts in the MRI community are geared towards 
parallel imaging techniques.24-26 These techniques can greatly 
reduce the total acquisition time, pushing the limits of temporal 
and spatial resolution. Parallel imaging techniques reduce acqui-
sition time by uniformly undersampling k‐space data acquired 
with receive arrays, while maintaining the maximum k‐values to 
keep the full spatial resolution. Early and widely implemented 

parallel imaging techniques are SENSE,27 GRAPPA,28 and the 
more recent CAIPIRINHA (controlled aliasing in parallel imag-
ing results in higher acceleration).29 When using the undersam-
pling patterns of 2D CAIPIRINHA,30 aliasing patterns can be 
controlled, posing less restriction on coil sensitivity variations. 
Specifically, the noise amplification due to receiver coil config-
uration and geometry (g‐factor) can be reduced.

Ultrahigh field strengths have the commonly acknowl-
edged advantage of an intrinsic SNR gain and an increase in 
BOLD sensitivity. In addition, at ultrahigh field strength the 
RF eddy current interaction with human tissue enhances the 
spatial variance of B1

‐ fields,31,32 paving the way to higher 
acceleration factors as well.23 This interaction also increases 
the tissue load dominance of the receive coils, meaning that 
smaller coil elements can be used without contributing sub-
stantially to the noise (i.e., low noise figure).33 At 7 T, when 
positioned close to the human head, coil elements can be as 
small as 2 cm2, with a noise contribution of less than 20%.12 
Considering the surface area of the head, the number of coil 
elements for full‐brain MRI could potentially be increased 
from 96 at 3 T to about 256 at 7 T without contributing sub-
stantial extra noise. Moreover, realization of such a 256‐chan-
nel array comes closer with the recent developments around 
the implementation of a digital receive pipeline for 7T scan-
ners.34 Despite these technical advances and theoretical pre-
dictions, it still has to be demonstrated that higher numbers 
of small receive elements can contribute substantially to ac-
celeration for whole‐brain imaging at 7 T.

The aim of this study is to investigate the possible acceler-
ation performance of a 256‐channel receive coil array at 7 T in 
combination with the parallel imaging methods SENSE and 
2D CAIPIRINHA, for 3D data sets. Measurements were per-
formed with 2 × 16 channel arrays, which were shifted over the 
head to simulate a 256‐channel receive coil array. As a refer-
ence, the achieved sensitivity and acceleration performance is 
compared with a 32‐channel head coil at 7 T, for both parallel 
imaging methods. In line with observations of SENSE‐opti-
mized RF coils,35,36 we opted for a receive array design with 
gaps between the circumferentially distributed coil elements. 
Alternatively, overlapped designs could show higher nonaccel-
erated SNR at the periphery, although at the cost of increased 
g‐factors at high acceleration. A gapped design was used to 
improve SENSE performance, as this study focused on maxi-
mizing the acquisition acceleration at maintained SNR rather 
than increasing intrinsic SNR without acceleration.

2 |  METHODS

2.1 | Overview
A 256‐channel receive array was simulated by shifting 2 small 
16‐channel high‐density receive arrays to different locations on 
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the head of healthy participants. On the same day a measure-
ment with a standard Nova 32‐channel receive coil setup was 
performed, which was taken as a reference. To check reproduc-
ibility, the measurement session was repeated with a second 
participant for both setups. Before scanning, the participants 
gave written informed consent, as required by the ethical com-
mittee of the University Medical Center Utrecht. Coil sensitiv-
ity reference scans and noise prescans were used to obtain the 
data. In postprocessing steps, the SNR maps, noise correlations, 
and g‐factor maps were calculated for both coil setups (simu-
lated 256‐channel setup, standard head coil setup) and for the 2 
parallel imaging techniques (2D SENSE, 2D CAIPIRINHA).

2.2 | Setup
A 7T Achieva MRI scanner (Philips Healthcare, Best, 
Netherlands) was used for data acquisition in combina-
tion with a volume transmit/receive coil (Nova Medical, 
Wilmington MA, USA), driven by two 4‐kW amplifiers. The 
volume transmit/receive coil provided whole brain excitation. 
This system was consecutively equipped with the follow-
ing 2 receive‐only setups. The first receive setup consisted 
of 2 high‐density 16‐channel receive arrays (MR Coils BV, 
Zaltbommel, Netherlands). The receive coil array consisted 
of small, 1.5 × 2 cm2, elements arranged in 4 flexible mod-
ules of 4 elements each (Figure 1), which were overlapped 
(0.5 cm). The elements were decoupled from one another by 
high impedance preamplifier decoupling. Each module had 
an outer dimension of 2 × 8 cm2 and was flexible so that it 
could be positioned within 1 mm of the head. The use of pas-
sive detuning circuitry and fuses was avoided, because this 
would degrade the unloaded Q factor of the coil too much. For 
safety, active real‐time PIN diode control surveillance was 
added, to immediately stop the scanner when the diode con-
trol demonstrated a malfunction. Previous publications12,37,38 

describe and evaluate the high‐density receive arrays in more 
detail. For completeness we also checked the unloaded and 
loaded Q‐values of the coil element.

The second receive setup consisted of a standard 32‐chan-
nel receive head coil (Nova Medical, Wilmington MA, USA). 
This coil array was used as the reference for comparison with 
the simulated 256‐channel array. The 32‐channel coil array 
consisted of large square loops of approximately 5 × 4 cm2. 
For decoupling purposes the coil elements are overlapping by 
1 cm in the feet–head direction. The coil elements are arranged 
in 10 modules of 2 to 4 loops. Additional details of this receive 
coil were published previously.39 Both receive setups were 
connected to the same preamplifiers and receive pipeline, to 
make the noise figures of the preamplifiers comparable.

2.3 | Measurement procedure
Two participants were scanned. For each participant, both the 
2 × 16 channel receive arrays and the Nova 32‐channel head 
coil setup were used consecutively. For both participants, the 
measurement procedure involved 4 steps.

First, an initial anatomical scan was acquired to position 
the imaging volume (3D gradient echo, TE/TR = 2.2/4.8 
ms, voxel size = 1.5 × 1.5 × 1.5 mm3, FOV = 25 × 25 × 20 
cm3, total acquisition time = 2 minutes). Second, to assess 
the performance of a 256‐channel whole‐brain receive array, 
measurements were performed with two 16‐channel receive 
arrays, which were positioned 8 times to 16 different loca-
tions on the head of the participant (Figure 2). For each lo-
cation, a coil sensitivity reference scan (details below) with 
noise prescan was acquired, yielding a total of 8 reference 
scans, each containing signal from 32 channels, contributing 
to the formation of a virtual 256‐channel coil.

Third, the two 16‐channel receive arrays were shifted 
to every other possible combination of 2 arrays on 16 head 

F I G U R E  1  Two high‐density receive arrays with 16 channels each (left) and a zoomed image of the coil elements (right). These coil arrays 
can be used for high spatial resolution and high temporal resolution functional MRI imaging. However, with just 16 channels, the brain coverage of 
the arrays is limited. In this study, high‐density receive arrays are used to simulate a 256‐channel coil with full brain coverage by shifting the coils 
to different locations on the head as illustrated in Figure 2 
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positions 

(
16

2

)
. For each combination, a short noise scan 

was performed. In total, 120 noise scans were required. The 
noise scan was a Philips prescan containing 20 000 noise 
points for each channel, acquired with a 400‐kHz sampling 
rate. These noise points and the noise points of the 8 ref-
erence scans were used for the determination of the noise 
covariance and noise correlation between channels.40

Finally, a measurement with the second receive setup was 
performed, which uses the standard 32‐channel receive head 
coil. As this setup was connected to the same receive pipeline, 
the behavior of the preamplifiers and receiver gain settings was 
comparable. For this setup, a single reference scan with noise 
prescan was acquired for the same participant. In all scans, an 
automated power optimization was performed to assure that flip 
angles remained constant over the different setups. The trans-
mit coil loading was comparable for the different receive setups. 
No substantial changes in the transmit power were observed, as 
changes in transmit power were within 5% range.

2.4 | Coil sensitivity reference scans
Coil sensitivity reference scans27 were acquired by suc-
cessive signal reception with the volume transmit/receive 
coil and either the high‐density surface receive arrays or 
the standard head coil. Data from the reference scans con-
tained information about the coil sensitivity for each coil 
element individually and a “background” image acquired 
by the volume transmit/receive coil. Each reference scan 
contained a preceding noise scan. The reference scans were 
acquired with a 3D gradient‐echo sequence with the fol-
lowing parameters: TE/TR = 1.22/8.0 ms, voxel size = 2 × 
2 × 2 mm3, FOV = 20 × 20 × 20 cm3, and total acquisition 
time = 1 minute.

2.5 | Postprocessing and simulations
After scanning, coil sensitivity maps were constructed 
from the coil sensitivity reference scans. The sensitiv-
ity maps were calculated using ReconFrame (GyroTools 
LLC, Zürich, Switzerland) by dividing the individual com-
plex coil images by the complex image acquired with the 
volume coil.27

The resulting 8 sets of 32 (2 × 16)‐channel sensitivity 
maps were combined to form a simulated 256‐channel receive 
array. To correct for potential head displacement between the 
reference scans, images acquired for each coil position were 
aligned to the images of the first position using the align-
ment modules of the AFNI software package.41 Alignment 
parameters (rotation and translation) were calculated using 
the reconstructed whole‐brain magnitude images from the 
reference scan. These alignment parameters were first ap-
plied to the whole‐brain complex images (to visually inspect 
the alignment quality) and then to the sensitivity matrices per 
coil position. The resulting 256 aligned coil sensitivity maps 
and individual coil images of the head formed the basis of 
the virtual head coil. The same procedure was applied to con-
struct the sensitivity maps of the standard 32‐channel head 
coil, with the exception that a coil alignment correction was 
not required in this case, as the signal from these 32 channels 
was already acquired simultaneously.

To analyze the data, SNR maps were calculated from 
the aligned individual complex coil images for both receive 
setups. The individual complex coil images were combined 
using SNR‐weighted channel addition, as described by the 
following equation:
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F I G U R E  2  A schematic showing how two 16‐channel coil arrays were shifted to 16 different positions on the head, contributing to the 256‐
channel array simulation. To acquire all 256 sensitivity maps, only 8 reference scans (8 shifts of 32 channels) were needed. To acquire all cross 
terms in the noise correlation matrix, 120 noise scans (120 shifts of 32 channels) were required 
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where In defines the set of complex images of the nth individ-
ual coil element, wn are the weight factors that are spatially 
varying per voxel and per coil element, Nc represents the total 
number of coil elements, and σn is equal to the standard de-
viation over the selected noise region for each coil element. 
The selected noise region consisted of more than 40 000 
points (18 × 18 × 128) for each coil element. The noise re-
gion was placed in the corner of each individual coil element 
image in image domain and care was taken to avoid placing 
the noise region over ghosting and filter artefacts. The SNR 
difference of the simulated 256‐channel array compared with 
the 32‐channel head coil was calculated by first aligning the 
2 data sets and then dividing the same slices of both data 
sets. With the exception of noise correlation, the SNR maps 
could be compared directly, as the 2 receive setups were used 
together with the same transmit coil and were consecutively 
connected to the same receive pipeline (same receiver gain 
and preamplifiers). Three brain regions of interest (ROIs) 
were analyzed by segmenting the brain in a periphery ROI, a 
center ROI and a midpoint ROI, based on the anatomy of the 
reconstructed magnitude images of the reference scan. The 
95% range and average gain factor in SNR, excluding noise 
correlation, was calculated for both regions. Additionally, 
axial SNR profiles through the center of the brain were com-
puted for both receive setups.

The noise covariance and noise correlation matrix were cal-
culated from 120 separate noise scans and the 8 noise prescans 
included in the reference scans. The 8 noise prescans from the 
reference scan were used to fill the 8 submatrices of 32 chan-
nels on the diagonal of the correlation matrix. The 120 separate 
noise scans were used to fill the remaining cross terms of the 
matrix. Because the noise scans were acquired consecutively, 
the noise coefficients were first calculated per scan individu-
ally, only correlating simultaneously acquired noise. Afterward, 
the calculated noise coefficients of these separate scans were 
combined to form 1 matrix of 256 × 256 channels.

The g‐factor was obtained from the sensitivity maps ac-
cording to Pruessmann et al.27 The noise covariance matrix 
was included in the g‐factor calculations, as a noise pre-
whitening step. Because each individual sensitivity map 
was noise‐correlated with only 32 simultaneously acquired 
channels, only the inner eight 32‐channel submatrices on 
the diagonal of the noise covariance matrix were required to 
prewhiten the sensitivity maps for the g‐factor calculations. 
To simulate the SENSE and CAIPIRINHA parallel imaging 
techniques, 2 directions were undersampled. These directions 
were anterior–posterior (AP) and feet–head (FH), as these di-
rections contained the most coil elements. The range of the 
simulated undersampling factors (R) was 1 to 10 in the AP 
direction and 1‐6 in the FH direction. Multiple g‐factor cal-
culations were performed for different combinations of 2D 
SENSE acceleration factors and different 2D CAIPIRINHA 
undersampling patterns. The reconstruction pipeline for 2D 

SENSE and 2D CAIPIRINHA undersampled datasets was 
similar between both techniques, as in essence only the in-
dexing of the aliased voxels had to be adjusted.

3 |  RESULTS

An impression of the coil distribution of the 256‐coil elements 
over the head can be seen in the surface‐rendered sum of the 
sensitivity maps (Figure 3a). The figure shows an intensity‐
scaled 3D rendering of the acquired MR data. The 256 (8 × 
32)‐coil array elements, with a loaded and unloaded Q of 89 
and 248, respectively, fit the head of the participant and col-
umns of overlapping elements can be clearly distinguished 
as lines over the head. An evaluation of the performance of 
the simulated 256‐channel receive coil array can be found in 
the cross sections of the SNR maps (Figure 3b‐e). A sagittal 
and axial slice through the midsection of the brain are de-
picted, providing a representative overview of the SNR for 
the full 3D data set, including the lower values in the center 
of the brain. The SNR maps of both the simulated 256‐chan-
nel receive array and the Nova 32‐channel coil are displayed. 
Because both receive coil setups were attached to the same 
receive pipeline and only 1 transmit setup was used, the SNR 
maps can be compared between setups. However, it should be 
noted that noise correlation could only be partially incorpo-
rated for the simulated 256‐channel coil. In comparison with 
the standard head coil, especially at the periphery of the brain, 
the SNR for the simulated 256‐channel coil is higher, which 
is seen for both of the illustrated slices. The SNR difference 
between the simulated 256‐channel coil and the standard 32‐
channel coil is visualized by dividing the SNR maps of both 
setups. Center and periphery ROIs (Figure 3f) are drawn in the 
midsection slice to quantify the average and range of the SNR 
differences between setups (Figure 3g‐i). In the brain periph-
ery (Figure 3g), when partially neglecting the effects of noise 
correlation, the SNR difference for the simulated 256‐channel 
coil as compared with the standard 32‐channel coil is a factor 
of 1.5 on average, ranging from 0.7 (absence of coils) to 2.7 
(close to coils). Moreover, directly next to the coils, on the 
brain surface, higher gains in SNR are observed. In the center 
of the brain, when selecting a large central ROI (Figure 3h), 
the SNR difference is a factor 1.0 on average, ranging from 
0.7 to 1.6 with an average of 1.0. In the worst‐case midpoint 
of the brain (Figure 3i), there is a reduction of SNR, with a 
SNR difference of 0.8 on average, ranging from 0.7 to 0.9. 
The SNR profiles (Figure 3j) show the same trend. High SNR 
values are found for the simulated 256‐channel array in the 
skull and periphery of the brain, whereas the SNR is slightly 
lower in the middle of the brain when comparing both re-
ceive setups. For the 256‐channel array, the SNR profiles that  
go through a gap between coil elements have similar SNR in-
side the brain, as profiles that go through a coil element itself 
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(Figure 3k). The influence of the gaps between the coil ele-
ments on SNR remains superficial and does not reach much 
further than the skull.

The measured noise correlation matrix (Figure 4) is ob-
tained from the 8 reference scans and the 120 subsequent 
noise scans acquired with the two 16‐channel surface arrays. 

F I G U R E  3  Overview of the simulated 256‐channel coil. The 3D render of combined sensitivity maps (a) was thresholded to display 
only the high sensitivity values, making the 256‐coil elements visually observable as high‐intensity stripes over the head. The SNR of both the 
simulated 256‐channel array and the standard 32‐channel head coil is evaluated by comparing the SNR maps (b‐e), SNR difference in 3 regions 
of interest (f‐i), and SNR profiles (j). All the SNR maps, SNR‐difference ROIs, and SNR profiles show a pattern of a high SNR gain for the 
simulated 256‐channel array in the periphery, a comparable SNR over a large part of the center of the brain, and a reduction in SNR in the worst‐
case midpoint of the brain. Additionally, SNR profiles (k) were drawn through a coil element (orange line) and through a gap (gray line) of the 
simulated 256‐channel array. These profiles show that the nonuniformity in sensitivity caused by the coil gaps does not go much further than the 
skull. The locations of the selected profiles are also indicated in (a) and (c). AP, anterior–posterior; RL, right–left 
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The noise correlation coefficients of the 8 reference scans 
are placed in 8 submatrices of 32 channels on the diagonal 
(Figure 4a). The 120 noise scans were used to further fill all 
the cross‐terms (Figure 4b). The overall noise correlation is 
low and similar across the elements. To illustrate this, the 
average magnitude and maximum magnitude of the noise 
correlation coefficients was calculated. For the simulated 
256‐channel array, the average of the off‐diagonal noise cor-
relation coefficients is 0.027 (2.7%, −31.5 dB). When only 
incorporating the noise coefficients that were measured to-
gether with the sensitivity maps (inner 8 submatrices of 32 
channels), the average correlation is 0.065 (6.5%, −23.7 dB).

For the standard 32‐channel head coil the average noise 
correlation is 0.054 (5.4%, −25 dB). The maximum noise 
correlation coefficient is 0.67 for the simulated 256‐channel 
coil and 0.42 for the standard 32‐channel head coil.

The calculated g‐factor maps when using SENSE under-
sampling patterns are shown for different acceleration factors, 
for both the standard 32‐channel head coil (Figure 5) and the 
simulated 256‐channel coil (Figure 6). The calculated g‐factor 
maps when using 2D CAIPIRINHA undersampling patterns 
are shown as well (Figures 7 and 8). Different acceleration fac-
tors are displayed in the FH and AP direction. At low or no 
acceleration, the g‐factor is similar for both setups. Overall, it 
can be seen that the g‐factor, corresponding to noise amplifica-
tion, increases with the acceleration factor. For both setups, the 
g‐factor penalty diminishes when the total acceleration factor 
is distributed over 2 directions instead of 1, by using either 2D 
SENSE (Figures 5 and 6) or 2D CAIPIRINHA (Figures 7 and 
8). The increase in g‐factor is spatially confined to the center 
of the brain for the simulated 256‐channel coil, while more dif-
fuse across the brain for the 32‐channel head coil. The use of 
2D CAIPIRINHA has a lower g‐factor penalty than the use of 

SENSE, which is seen for both setups. When considering a g‐
factor of less than 2 (to avoid excessive noise amplification), the 
maximum achievable acceleration for the standard 32‐channel 
head coil is 9 (SENSE 3 × 3) and 12 (CAIPIRINHA 4 × 3_FH2). 
For the simulated 256‐channel head coil this is 24 (SENSE 4 
× 6) and 28 (CAIPIRINHA 4 × 7_AP3). Note that even at very 
high accelerations (> 28), the g‐factor at the periphery of the 
brain is still below 2 for the 256‐channel coil. As a side note, 
the SENSE and CAIPIRINHA maps are identical for the first 
3 g‐factor maps of the top row, where the shift direction is 
not undersampled (CAIPIdir: FH; RFH: 1), as no k‐space shift 

F I G U R E  4  Noise correlation matrix of the simulated 256‐channel array. The noise correlation matrix is displayed, as acquired from the 
reference scans only (a) and when including the extra 120 noise scans (b). For comparison, the correlation matrix of the standard 32‐channel head 
coil (c) is also displayed. For visual inspection, a zoomed image of channels 1 to 32 of the 256‐channel array is shown in the inset of (a). The noise 
correlation matrix of the simulated 256‐channel receive array was filled in blocks of 32 channels consecutively (and not simultaneously). A total 
of 120 noise scans, obtained using different coil positions on the head, were required to measure all cross terms. When comparing both setups, the 
average noise correlation of the off‐diagonal elements is similar for the 256‐channel coil as compared with the 32‐channel coil
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F I G U R E  5  g‐factor maps for the standard 32‐channel head coil 
using the undersampling patterns of 2D SENSE. Additionally, the gray 
scale image (left) shows the corresponding anatomical position of the 
selected slice located close to the midsection of the brain. The colored 
images show the g‐factor maps, which are thresholded at a factor of 2 
(color bar). The acceleration factor increases in both feet–head direction 
(rows), and anterior–posterior direction (columns). The maximum 
achievable acceleration factor for the standard 32‐channel head coil, 
using SENSE and g‐factors smaller than 2, is 9 (SENSE 3 × 3)  
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is performed in a direction without undersampling. The re-
sults are shown for a sagittal slice through the midsection of 
the brain, representative of the “worst‐case” situation. Slices 
that are positioned further away from the center have either 
an equal or better g‐factor performance. Results are illustrated 
for 1 participant; similar results were obtained for the second 
participant.

4 |  DISCUSSION

The aim of this study was to assess the potential gain in 
acceleration performance of a 256‐channel high‐density 

receive coil array at 7 T, combined with the parallel imag-
ing methods 2D SENSE and 2D CAIPIRINHA for 3D data 
sets. To realize this, measurements were performed with two 
16‐channel gapped receive arrays consisting of small coil el-
ements, which were used as basic building blocks to simulate 
a 256‐channel head coil. The g‐factor maps indicate that the 
256‐channel head coil array can deliver more than a 2‐fold 
improvement in acceleration performance, as compared with 
the standard 32‐channel head coil. In addition, for both the 
standard head coil and the simulated 256‐channel array, a 2D 
CAIPIRINHA sampling pattern can significantly improve 
the SNR or acceleration performance. Overall, a remark-
able maximum acceleration factor of 28 is estimated. This 
suggests that whole‐brain high‐density receive arrays com-
bined with fast parallel imaging acquisition methods show 
great potential for fMRI with high spatial and high temporal 
resolution.

4.1 | Signal‐to‐noise ratio
The SNR of the simulated 256‐channel array is high, espe-
cially at the periphery of the brain, as can be observed in 
the SNR maps. However, in these SNR maps not all noise 
correlation terms could be included, because the reference 
scans were obtained consecutively. In the periphery of the 
brain, the average gain in SNR of the simulated 256‐chan-
nel array is a factor of 1.5 and goes up to a factor of 2.7 in 
tissue close to the coil elements. Up to a certain depth, meas-
ured from the coil elements, smaller‐sized coil elements gain 
SNR, which can also be seen in the SNR profiles. However, 
for very small coils, this substantial gain will be restricted to 
few centimeters away from the coil. In this study, the worst‐
case midpoint region of the brain shows an SNR reduction by 
a factor of 0.8 on average (ranging from 0.7 to 0.9), whereas 

F I G U R E  6  g‐factor maps for the simulated 256‐channel receive 
array using the undersampling patterns of 2D SENSE. The maximum 
achievable acceleration factor for the simulated 256‐channel receive 
array, using SENSE and g‐factors smaller than 2, is 24 (SENSE 4 × 
6). This is substantially higher than the maximum SENSE acceleration 
of the standard 32‐channel head coil of 9 (SENSE 3 × 3) displayed in 
Figure 5 

F I G U R E  7  g‐factor maps for the standard head coil using the 
undersampling patterns of 2D CAIPIRINHA. Specific patterns can be 
referred to by Rtotal (undersampling method RFH x RAP

_CAIPIshift). The 
maximum achievable acceleration factor for the standard 32‐channel 
head coil, using CAIPIRINHA and g‐factors smaller than 2, is 12 
(CAIPIRINHA 4 × 3_FH2). Note that this is higher than the maximum 
acceleration factor achieved with SENSE using the same setup 
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the SNR of a larger central region of the brain is comparable 
between setups with a factor of 1.0 on average (ranging from 
0.7 to 1.6). The SNR in the worst‐case midpoint region is 
lower as compared with the standard 32‐channel head coil, 
raising questions about the optimum 7T head coil configura-
tion, coil element size, and the number of channels to achieve 
maximum intrinsic SNR. The noise figure of the simulated 
256‐channel coil is expected to increase by 20%, due to the 
smaller element size,12 which would be evident especially in 
the center of the brain. The relatively good SNR values in the 
larger central region of the brain might be explained by the 
fact that the 256‐channel surface coil elements are closer to 
the head than the 32‐channel elements. Coil proximity im-
proves the coil loading, enhancing the SNR.42 If the array 
was designed for maximum intrinsic SNR excluding acceler-
ation, then our coil element size may be too small. However, 
the motivation of our study was to maximize acceleration 
performance while maintaining SNR.

4.2 | Noise correlation
To obtain optimal SNR, it is necessary to ensure that the 
noise from channel to channel is largely uncorrelated.43 In 
this study, the noise correlation between individual coils is 
low, with average noise correlation coefficients of 0.027 and 
0.054 for the 256‐channel array and the 32‐channel head coil, 
respectively.

4.3 | Acceleration performance
The acceleration performance was assessed based on the g‐
factor maps. For both 2D SENSE and 2D CAIPIRINHA ac-
quisition schemes, acceleration factors for the simulated 256 
channel array are 2‐fold higher than the standard 32‐channel 
head coil, considering a maximum acceptable g‐factor of 2. 
An estimated peak acceleration factor of 28 was found when 
using 2D CAIPIRINHA. The use of 2D CAIPIRINHA is de-
sirable over 2D SENSE, because it has lower g‐factors due 
to more optimal distribution of aliasing patterns. For the sim-
ulated 256‐channel array, especially at the periphery of the 
brain, the g‐factor is well below 2. This is in accordance with 
the high receive sensitivity at that location. Even at very high 
accelerations such as 42, the g‐factor at the edge of the brain is 
still below 2 for the 256‐channel coil. For studies that are only 
interested in the periphery of the brain, as is the case for some 
cortical fMRI studies, this would indicate that potentially even 
higher accelerations than a factor of 28 are possible.

4.4 | Comparison with state‐of‐the‐art high‐
density receive arrays
Previous work at 3 T of Wiggins et al. shows that a 96‐channel 
receive array for the head improves imaging performance, in 

comparison to an identically sized 32‐channel coil.10 When 
following this direction at 7 T, smaller coil elements can be 
used without contributing substantially to the noise. Below, 
a comparison of the receive performance of the simulated 
256‐channel array to the 96‐channel array is given in terms 
of SNR, average noise correlation, and acceleration perfor-
mance. For the simulated 256‐channel array, an average SNR 
increase of a factor 1.5 is seen in the periphery of the brain 
as compared with the 32‐channel coil. For 96‐channel array 
at 3 T, an SNR increase of a factor of 1.4 was reported, as 
compared with an equally sized 32 channel coil. The aver-
age off‐diagonal noise correlation coefficient is low for the 
256‐channel coil, with a value of 0.027. For the 96‐channel 
coil this is 0.148. The maximum SENSE acceleration perfor-
mance was evaluated by comparing the g‐factor maps with a 
g‐factor of less than 2. A maximum acceleration factor of 24 
(SENSE 4 × 6) can be achieved for the simulated 256‐chan-
nel array, as measured in a volunteer. For the 96‐channel coil 
a maximum acceleration factor between 9 (SENSE 3 × 3) 
and 16 (SENSE 4 × 4) was reported, as measured in a brain 
phantom.

A possible explanation for the large increase in accelera-
tion factor for the 256‐channel array (as compared with the 
32‐channel coil and also as compared with previous work) 
could be the coil array design. First, a high number of coil 
elements was used here, enabling the acquisition of more data 
with receivers that have different spatial sensitivities, which 
can be translated to higher attainable acceleration factors. 
Second, no overlap between coil elements was used in the 
transverse direction. The gap between elements not only ben-
efits SENSE performance,35 but also facilitates flexibility of 
the coil array, hence assuring a tighter fit to the head. Third, 
using preamplifier decoupling and cable management of the 
2 × 16 receive channels, RF coupling between adjacent coil 
elements was aimed to be low. The cables of the 2 × 16 chan-
nel receive array are guided in sets of 4 channels per cable 
trap (Figure 1), reducing the cable coupling burden. A future 
step in cable management is the implementation of a digital 
receive pipeline, which would allow data from multiple re-
ceive channels through fiber optic cables, drastically reduc-
ing the amount of RF cables further.

4.5 | Methodological considerations
From a methodological point of view, the 8 reference scans 
that formed the basis of the simulated 256‐channel coil were 
acquired consecutively, excluding most noise correlation terms 
in the g‐factor calculations. Nevertheless, coil coupling is ex-
pected to be highest between neighboring coils, and this was 
taken into account in this study by partially filling the noise cor-
relation matrix (diagonally) with the noise coupling measured 
from the 2 × 16 channel sets (Figure 4a). Still, coupling between 
directly neighboring coils from adjacent measurement sets  
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were excluded from the simulation. Additionally, noise correla-
tion may even increase if incorrect cable management is pro-
vided. The coils from different measurement sets are at a further 
distance physically, so it should be possible to maintain negli-
gible noise coupling between these elements with correct cable 
management (e.g., when digital receivers are placed before the 
cables get in close proximity). Considering the impact of noise 
correlation on image SNR in general, one needs to consider true 
coil sensitivities, including noise correlations. However, as de-
scribed by others, in general there is almost no difference in SNR 
from omitting the coil‐noise matrix from the reconstruction al-
gorithm for coils that are well decoupled.44

The transmit power drive scale did not change more than 
5% between receive setups, which excludes a large bias in 
the intrinsic SNR comparison caused by changes in B1 field. 
However, once a full 256‐channel array would be in place, 
the B1 level of transmit coil can be affected significantly. The 
sum of all small potential couplings of the transmit coil to 
copper, cables, and cable traps of a full receiver setup may 
require more RF power for the same B1 field. To mitigate 
this, stronger RF amplifiers might be necessary.

The maximum acceleration factor in this study was as-
sessed by evaluating the g‐factor maps. In practice, the ac-
celeration factor and SNR are not solely dependent on the 
g‐factor. When the k‐space signal is undersampled during 
acquisition, there is also an inherent SNR loss (√R) from 
acquiring fewer samples. The image SNR (SNR0) de-
creases with the g‐factor and the acceleration factor (g·√R). 
However, the time‐course SNR (tSNR), which is important 
for fMRI applications, decreases less rapidly.45 Depending 
on the application and imaging settings, an optimal accel-
eration factor can be chosen. Generally, g‐factor maps are 
a good indication of the potential acceleration performance 
of a coil.

4.6 | Choices for coil element design and 
array configuration
In this study a number of design choices were made includ-
ing coil element size, the number of coil elements, and the 
amount of overlap between elements. All choices were made 
to target high acceleration factors. The large number of small 
coil elements used in this study made it possible to achieve 
a high acceleration factor of 28. Despite these high accelera-
tion factors achieved, it can be questioned what the most op-
timal design and array configuration is for a field strength of 
7 T. In addition, an optimal coil design to achieve maximum 
acceleration with parallel imaging may be different than the 
optimal coil design for maximum intrinsic SNR without ac-
celeration.40 There is still room for improvement in the design 
and shape of individual coil elements, as these were not op-
timized in length versus diameter. Furthermore, overlapped 
designs9,10 could have a different optimal number and size 

of coil elements at 7 T as compared with SENSE‐specific 
gapped designs.35,36 More advanced coil arrangements and 
designs, which for example use a combination of different 
coil sizes and overlap, may outperform our proposed setup in 
the future. This could lead to other, potentially even higher 
acceleration factors, as demonstrated with single‐echo acqui-
sition techniques.19

4.7 | Future and technical considerations of 
256 channels
From a practical point of view, a number of engineering 
challenges may emerge with respect to the construction of a 
256‐channel coil. First, small coil elements are required, so 
they can cover the head in a quantity of 256. In this study, 
small 1.5 × 2 cm2‐sized elements were used that can be fitted 
tightly over the head.

Second, the receive pipeline connecting the 256‐channel 
array should also be physically able to connect and subse-
quently preprocess the signal from all of these channels. A 
digital receive pipeline seems essential, because it enables 
information from multiple receive channels to be transported 
through 1 fiber optic cable. The design goal is to convert 
the signal from analog to digital as early in the receive pipe-
line as possible, minimizing the amount of RF cables and 
their length, therefore reducing the coupling between cables. 
Preamplifier boards can be designed to be small enough to 
be stacked tightly in the scanner bore behind the head coil, 
diminishing the excessive use of cables.

Third, a large number of independent receiver channels 
can also have practical limitations in terms of handling and 
processing a substantially larger amount of independent data 
streams. In particular, reconstruction speed can decrease con-
siderably. At the same time, however, digital receive and com-
puter hardware are evolving to be able to handle these kinds 
of data flow. Furthermore, data‐size reduction techniques, 
such as array compression,46 have proven to be very effective 
in reducing data size even before image reconstruction.

5 |  CONCLUSIONS

Overall, the results showed superior receive performance of 
the simulated 256‐channel receive array on acceleration per-
formance. This holds not only in comparison to the stand-
ard 32‐channel head coil, but also as compared with other 
reported high‐density receivers in literature. The results in 
this study suggest that the benefits achieved in spatial and 
temporal fMRI resolution by using the high‐density 32‐chan-
nel configuration can be extended to 256 channels with full 
head coverage. In conclusion, the simulated 256‐channel 
head coil shows great acceleration possibilities. Together 
with 2D CAIPIRINHA, a peak acceleration factor of 28 can 
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be achieved, revealing high potential for whole‐brain high‐
density receive arrays combined with fast parallel imaging 
acquisition methods to measure brain function at high spatial 
and high temporal detail.

ORCID 

Arjan D. Hendriks  http://orcid.org/0000-0002-0363-2471  

REFERENCES

 1. Roemer PB, Edelstein WA, Hayes CE, Souza SP, Mueller OM. 
The NMR phased array. Magn Reson Med. 1990;16:192–225.

 2. Wald LL, Carvajal L, Moyher SE, et al. Phased array detectors 
and an automated intensity‐correction algorithm for high‐res-
olution MR imaging of the human brain. Magn Reson Med. 
1995;34:433–439.

 3. Chu YH, Hsu YC, Keil B, Kuo WJ, Lin FH. A 32‐channel head 
coil array with circularly symmetric geometry for accelerated 
human brain imaging. PLoS One. 2016;11:e0149446.

 4. Cohen‐Adad J, Mareyam A, Keil B, Polimeni JR, Wald LL. 32‐
channel RF coil optimized for brain and cervical spinal cord at 3 
T. Magn Reson Med. 2011;66:1198–1208.

 5. Keil B, Alagappan V, Mareyam A, et al. Size‐optimized 32‐chan-
nel brain arrays for 3 T pediatric imaging. Magn Reson Med. 
2011;66:1777–1787.

 6. Wiggins GC, Triantafyllou C, Potthast A, Reykowski A, Nittka 
M, Wald LL. 32‐channel 3 Tesla receive‐only phased‐array 
head coil with soccer‐ball element geometry. Magn Reson Med. 
2006;56:216–223.

 7. Cline HE, Sodikson DK, Niendorf T, Giaquinto R. 32‐channel 
head coil array for highly accelerated parallel imaging applica-
tions. In: Proceedings of the 12th Annual Meeting of the ISMRM, 
Kyoto, Japan, 2004. p. 2387.

 8. Moeller S, Van deMoortele P‐F, Adriany G, et al. Parallel Imaging 
performance for densely spaced coils in phase arrays at ultra high 
field strength. In: Proceedings of the 12th Annual Meeting of the 
ISMRM, Kyoto, Japan, 2004. p. 2388.

 9. Keil B, Blau JN, Biber S, et al. A 64‐channel 3T array coil for 
accelerated brain MRI. Magn Reson Med. 2013;70:248–258.

 10. Wiggins GC, Polimeni JR, Potthast A, Schmitt M, Alagappan V, 
Wald LL. 96‐Channel receive‐only head coil for 3 Tesla: design 
optimization and evaluation. Magn Reson Med. 2009;62:754–762.

 11. Feinberg DA, Vu AT, Beckett A. Pushing the limits of ultra‐high 
resolution human brain imaging with SMS‐EPI demonstrated for 
columnar level fMRI. NeuroImage. 2018;164:155–163.

 12. Petridou N, Italiaander M, van de Bank BL, Siero JC, Luijten 
PR, Klomp DW. Pushing the limits of high‐resolution functional 
MRI using a simple high‐density multi‐element coil design. NMR 
Biomed. 2013;26:65–73.

 13. Wiesinger F, DeZanche N, Pruessmann KP. Approaching ul-
timate SNR with finite coil arrays. In: Proceedings of the 13th 
Annual Meeting of the ISMRM, Miami, FL, 2005. p. 672.

 14. Fujita H. New horizons in MR technology: RF coil designs and 
trends. Magn Reson Med Sci. 2007;6:29–42.

 15. Wright SM, Wald LL. Theory and application of array coils in 
MR spectroscopy. NMR Biomed. 1997;10:394–410.

 16. Sodickson DK, Lee RF, Giaquinto RO, et al. Depth penetration 
of RF coil arrays for sequential and parallel MR imaging. In: 
Proceedings of the 11th Annual Meeting of the ISMRM, Toronto, 
Canada, 2003. p. 469.

 17. Wiggins GC, Potthast A, Triantafyllou C, et al. A 96‐channel 
MRI system with 23‐ and 90‐channel phase array head coils at 
1.5 Tesla. In: Proceedings of the 13th Annual Meeting of the 
ISMRM, Miami, FL, 2005. p. 671.

 18. Keil B, Wald LL. Massively parallel MRI detector arrays. J Magn 
Reson. 2013;229:75–89.

 19. McDougall MP, Wright SM. 64‐channel array coil for single 
echo acquisition magnetic resonance imaging. Magn Reson Med. 
2005;54:386–392.

 20. Hardy CJ, Giaquinto RO, Piel JE, et al. 128‐channel body MRI 
with a flexible high‐density receiver‐coil array. J Magn Reson 
Imaging. 2008;28:1219–1225.

 21. Schmitt M, Potthast A, Sosnovik DE, et al. A 128‐channel re-
ceive‐only cardiac coil for highly accelerated cardiac MRI at 3 
Tesla. Magn Reson Med. 2008;59:1431–1439.

 22. Vaidya MV, Sodickson DK, Lattanzi R. Approaching ultimate 
intrinsic SNR in a uniform spherical sample with finite arrays of 
loop coils. Concept Magn Reson B Magn Reson. 2014;44:53–65.

 23. Wiesinger F, Boesiger P, Pruessmann KP. Electrodynamics 
and ultimate SNR in parallel MR imaging. Magn Reson Med. 
2004;52:376–390.

 24. Barth M, Breuer F, Koopmans PJ, Norris DG, Poser BA. 
Simultaneous multislice (SMS) imaging techniques. Magn Reson 
Med. 2016;75:63–81.

 25. Feinberg DA, Setsompop K. Ultra‐fast MRI of the human 
brain with simultaneous multi‐slice imaging. J Magn Reson. 
2013;229:90–100.

 26. Setsompop K, Feinberg DA, Polimeni JR. Rapid brain MRI 
acquisition techniques at ultra‐high fields. NMR Biomed. 
2016;29:1198–1221.

 27. Pruessmann KP, Weiger M, Scheidegger MB, Boesiger P. 
SENSE: sensitivity encoding for fast MRI. Magn Reson Med. 
1999;42:952–962.

 28. Griswold MA, Jakob PM, Heidemann RM, et al. Generalized 
autocalibrating partially parallel acquisitions (GRAPPA). Magn 
Reson Med. 2002;47:1202–1210.

 29. Breuer FA, Blaimer M, Heidemann RM, Mueller MF, Griswold 
MA, Jakob PM. Controlled aliasing in parallel imaging results 
in higher acceleration (CAIPIRINHA) for multi‐slice imaging. 
Magn Reson Med. 2005;53:684–691.

 30. Breuer FA, Blaimer M, Mueller MF, et al. Controlled aliasing 
in volumetric parallel imaging (2D CAIPIRINHA). Magn Reson 
Med. 2006;55:549–556.

 31. Collins CM, Yang QX, Wang JH, et al. Different excitation and 
reception distributions with a single‐loop transmit‐receive sur-
face coil near a head‐sized spherical phantom at 300 MHz. Magn 
Reson Med. 2002;47:1026–1028.

 32. Wang J, Yang QX, Zhang X, et al. Polarization of the RF field in 
a human head at high field: a study with a quadrature surface coil 
at 7.0 T. Magn Reson Med. 2002;48:362–369.

 33. Kumar A, Edelstein WA, Bottomley PA. Noise figure limits for 
circular loop MR coils. Magn Reson Med. 2009;61:1201–1209.

 34. Gosselink W, Anzellotti A, Mens G, et al. Converting digital MRI 
receivers built for 1.5T into 7T receivers using surface acoustic 

http://orcid.org/0000-0002-0363-2471
http://orcid.org/0000-0002-0363-2471


1670 |   HENDRIKS et al.

wave filters. In: Proceedings of the 23rd Annual Meeting of the 
ISMRM, Toronto, Canada, 2015. p. 1823.

 35. de Zwart JA, Ledden PJ, Kellman P, van Gelderen P, Duyn JH. 
Design of a SENSE‐optimized high‐sensitivity MRI receive coil 
for brain imaging. Magn Reson Med. 2002;47:1218–1227.

 36. Weiger M, Pruessmann KP, Leussler C, Roschmann P, Boesiger 
P. Specific coil design for SENSE: a six‐element cardiac array. 
Magn Reson Med. 2001;45:495–504.

 37. Batson MA, Petridou N, Klomp DW, Frens MA, Neggers SF. 
Single session imaging of cerebellum at 7 Tesla: obtaining struc-
ture and function of multiple motor subsystems in individual sub-
jects. PLoS One. 2015;10:e0134933.

 38. Fracasso A, Luijten PR, Dumoulin SO, Petridou N. Laminar im-
aging of positive and negative BOLD in human visual cortex at 
7T. NeuroImage. 2018;164:100–111.

 39. Ledden PJ, Mareyam A, Wang S, van Gelderen P, Duyn J. 32 
channel receive‐only SENSE array for brain imaging at 7T. In: 
Proceedings of the 15th Annual Meeting of the ISMRM, Berlin, 
Germany, 2007. p. 242.

 40. Ohliger MA, Sodickson DK. An introduction to coil array design 
for parallel MRI. NMR Biomed. 2006;19:300–315.

 41. Cox RW. AFNI: software for analysis and visualization of 
functional magnetic resonance neuroimages. Comput Biomed 
Research. 1996;29:162–173.

 42. Corea JR, Flynn AM, Lechene B, et al. Screen‐printed flexible 
MRI receive coils. Nat Commun. 2016;7:10839.

 43. Brown RW, Cheng Y‐CN, Haacke EM, Thompson MR, 
Venkatesan R. MRI coils and magnets. Book of Magnetic 
Resonance Imaging: Physical Principles and Sequence 
Design, Second Edition. Hoboken, NJ: John Wiley & Sons; 
2014:823–857.

 44. Bernstein MA, King KF, Zhou XJ. Common image reconstruc-
tion techniques. Handbook of MRI Pulse Sequences. Burlington, 
MA: Academic Press; 2004. p 530.

 45. Triantafyllou C, Polimeni JR, Wald LL. Physiological noise and 
signal‐to‐noise ratio in fMRI with multi‐channel array coils. 
NeuroImage. 2011;55:597–606.

 46. Buehrer M, Pruessmann KP, Boesiger P, Kozerke S. Array 
compression for MRI with large coil arrays. Magn Reson Med. 
2007;57:1131–1139.

How to cite this article: Hendriks AD, Luijten PR, 
Klomp DWJ, Petridou N. Potential acceleration 
performance of a 256‐channel whole‐brain receive array 
at 7 T. Magn Reson Med. 2019;81:1659–1670. https://
doi.org/10.1002/mrm.27519

https://doi.org/10.1002/mrm.27519
https://doi.org/10.1002/mrm.27519

