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Design of an interventional magnetic resonance
imaging coil for cerebral surgery
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In clinical magnetic resonance imaging (MRI), the design of the radiofrequency (RF) coil is very important. For

certain applications, the appropriate coil can produce an improved image quality. However, it is difficult to achieve

a uniform B1 field and a high signal-to-noise ratio (SNR) simultaneously. In this article, we design an interventional

transmitter-and-receiver RF coil for cerebral surgery. This coil adopts a disassembly structure that can be assembled

and disassembled repeatedly on the cerebral surgery gantry to reduce the amount of interference from the MRI during

surgery. The simulation results and the imaging experiments demonstrate that this coil can produce a uniform RF field,

a high SNR, and a large imaging range to meet the requirements of the cerebral surgery.
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1. Introduction

Since the beginning of the 1980s, magnetic res-
onance imaging (MRI) has been established as a
promising diagnostic tool.') Over the past 30 years,
the application of MRI techniques in clinical research
has been significantly developed and has increased in
number. The MRI has significant advantages. For
example, it is free of ionizing radiation, provides rel-
atively good spatial and temporal resolutions, has a
better soft tissue contrast than CT and X-rays, and
has high intrinsic contrasts for various types of tissues,
which can produce a high-quality image without us-
ing a contrast agent.[!] The disadvantages of the MRI
include the safety aspects of the MRI environment.
When designing magnetic resonance (MR) facilities
and choosing the patient monitoring instruments, the
magnetic field must be taken into account. Most stan-
dard surgical instruments cannot be used in a strong
magnetic field, and all of the equipment and instru-
ments used in the MRI must be MR-compatible and
MR-safe. >3]

The MRI can be divided into the whole-body MRI
and the mini MRI based on the imaging range. The
whole-body MRI is widely used because it can scan
multiple parts of the body. However, the whole-body
MRI has several disadvantages, for example, it takes
up a lot of space, so it is difficult to use in a conven-
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tional operating room.*! Compared with the whole-
body MRI, the mini MRI scans fewer parts of the
body but uses equipment that is smaller and is more
convenient for use in a surgery room.

The MRI image quality is affected by many fac-
tors, among which the performance of the imaging coil
is the most important. The common MRI imaging
coils include surface coils, birdcage coils, and phased
array coils. Different types of coils are used for differ-
ent purposes. A suitable coil for practical application
should balance the signal-to-noise ratio (SNR) and the
radiofrequency (RF) field uniformity.>¢/ The surface
coil offers a high SNR; however, the SNR sharply de-
creases as the distance increases, and the Bl field is
not uniform.[”) Although the birdcage coil®~10! can-
not offer a very high SNR, it is known to provide a
highly uniform B1 field, which results in a high image
uniformity; thus, the birdcage coil is often used as the
transmitting coil.l''] Compared with those coils, the
phased array coils can offer a higher SNR, but their
B1 field uniformity is not very good.['!] The quartered
dual-channel coil can provide a higher SNR than the
single-channel receiver coil and is often used in low-
field MRI applications.

Cerebral surgery requires the imaging coils to gen-
erate a uniform field to cover the brain region. It also
requires that the RF power should not be too large
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to avoid harming the human body. In this article, we
describe the process of designing and building an MRI-
transmitter-and-receiver RF coil that utilizes a disas-
sembly structure. Simulations and volunteer imaging
experiments have been conducted on the newly de-
signed coil.

2. Model and method

2.1. Coil design and construction

To facilitate the surgery and reduce the num-
ber of MRI motion artifacts, the head of the patient
must be fixed on the gantry of the operation ta-
ble during surgery. Meanwhile, acquiring repeated
MRI scans is essential to monitor the results of the
operation, which means that the conventional MRI
coils are not suitable for cerebral surgery. We also
need to consider two more factors during surgery.

Fig. 1. Cerebral surgery coil structure. Panel (a) shows
the imaging coil assembly structure on the surgery gantry;
panel (b) is the exploded view of the coil structure. The
coil can be split into four components and assembled when
necessary. Part 1 is the lower left part of the coil, part
2 is the lower right part of the coil, part 3 is the back of
the coil, part 4 is the upper part of the coil, part 5 is the
surgery stent, and part 6 is the connection between the op-
eration table and the surgery stent. The operation table is
not included in this figure.

One is that the patient’s nose often needs to be acces-
sible for life-support equipment, such as a breathing
tube, which means that the imaging coil requires extra
space near the nose. The other is that the patient’s
head sometimes needs to be wrapped with gauze, thus,
the imaging coil should have a certain amount of axial
space allocated for this purpose.

Considering all the application characteristics of
the cerebral surgery above, we design an RF imaging
coil structure as follows. The frame of the coil is com-
posited with a copper band that is 15 mm wide and
0.2 mm thick. This coil uses a dual-channel struc-
ture, which has a loop channel and a saddle channel.
The space between the loop coils is used to place the
surgery gantry. This coil consists of four parts, which
can be assembled and disassembled on the surgery
gantry repeatedly. There is a hollow area in the front
of the coil so the patient’s nose can be properly ex-
posed for a more convenient surgery. To obtain a high
SNR while maintaining a suitable axial imaging range,
the diameter of the coil is initially set to 230 mm, and
the axial length is set to 240 mm. However, the afore-
mentioned coil size parameters need to be optimized
through a numerical simulation study. Figure 1 shows
the imaging coil assembly structure on the gantry and
the exploded view of the coil structure.

2.2. Simulation and optimization

To evaluate the performance of the coil, we con-
duct a numerical simulation to optimize its size. The
three-dimensional electromagnetic simulation soft-
ware ANSYS Ansoft HFSS V12 is used to calculate
the electromagnetic field. The calculations are based
on Maxwell’s time domain equations

0B
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where E (V-m™1) and H (A-m™!) are the electric and
the magnetic field intensities, respectively; D (C-m~2)
and B (Wb-m~2) are the electric and the magnetic
flux densities, respectively; and o, (27!-m™!) is the
electric conductivity. The above two vector equations
in fact represent six scalar equations, one for each of
the z, y, and z components of the equations.'?
Figure 2 is the model of the coil used for the simu-
lation, the structure and the size of which are the same
The back of the saddle

coil is closed to improve the SNR. We put a 140 mm

as those of the actual coil.
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(length) x 140 mm (width) x 140 mm (depth) water-
filling object at the center of the coil to mimic the hu-
man brain. The relative permeability of the filling ob-
ject is 0.999991, the relative permittivity is 81, and the
electric conductivity is 4 S/m. The relative permeabil-
ity of the copper is 0.999991, the relative permittivity
is 1, and the electric conductivity is 58x107 S/m.

Fig. 2. Simulation model of the coil.

The two most important indicators used to eval-
uate the performances of the coil are the RF field uni-
formity and the quality value (Q value) of the coil. A
more uniform RF field means that a larger uniform
magnetic resonance signal intensity is received and a
uniform image can be achieved. The image SNR is
closely related to the @ value of the coil. A higher @
value implies a higher SNR of the image. The relation-
ship between the @ value and the SNR is described in

the following formula:['?]

| wopo@
SNR Vg AL’ (3)

where wg is the nuclear magnetic resonance (NMR)
angular frequency in a static magnetic field, pg is the
relative permeability, Vog is the effective volume, and
Af is the 3 db bandwidth of the reflection curve.

We define the RF field uniformity U (i.e., the im-
age uniformity) in an area by the following formula:[!]

U= (Imax - Imin)/(lmax + Imin)v (4)

where I.« and I, are the maximum and the min-
imum signal intensities within the region of interest
(ROI). Thus, a lower value of U corresponds to a
higher uniformity within the image. The U value is
related to the selection of the ROI. Experiments have
been conducted by Kocharian et al'? on different
coils. To calculate U, they chose an area of 45% of
the image obtained in the center as the ROI. The re-
sults showed that the U values of the body coil and

the surface coil were 0.287 and 0.453, respectively, for
a good image quality.

Compared with the common MRI head coils,
three parameters of this new cerebral surgery coil need
to be optimized, they are the coil diameter D, the
length of the loop coil along the operation table (la-
beled as L in Fig. 2), and the spacing between the
front of the loop coil and the saddle coil (labeled as S
in Fig. 2).

The coil diameter D must match both the human
head size and the gantry size. Therefore, D is set to
230 mm for our application. The back of the saddle
coil is closed to improve the SNR, and the surgery
gantry is fixed between the loop coils; thus, the dis-
tance Lo between the loop coil and the back of the
saddle coil should not be too long. For surgical appli-
cations, we need to set aside some space on the top
of the head for the gauze material, and this distance
cannot be too short. Based on these considerations,
we set Lo to 60 mm.

A longer coil length along the axis of the z di-
rection in Fig. 2 is beneficial for cerebral surgeries,
but the coil loss increases and the filling factor of the
In the
simulations, we change L from 80 mm to 110 mm to

coil decreases as the axial length increases.

explore the Q—L relationship. According to the simu-
lation results, it is more appropriate to make L equal
to 100 mm. Figure 3 shows the @ values correspond-
ing to different values of L.
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Fig. 3. The Q values corresponding to different values of L.

The spacing S between the front of the loop coil
and the saddle coil has a significant influence on the
uniform area and needs to be optimized. We change S
to obtain a uniform area. We choose a 14 cm x 20 cm
rectangular area in the Bl field distribution map as
the ROI to calculate the U value. This area is 2 cm
away from the back of the coil and encompasses ap-
proximately 40% of the total image area. Figure 4
shows the B1 field distributions in the ROI when S
equals 15 mm, 30 mm, and 45 mm respectively. Fig-
ure 5 shows the U values corresponding to different
values of S.
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H field/A-m~! H field/A-m~!
6.0000 6.0000
5.4167 5.4167
4.8333 4.8333
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3.6667 3.6667
3.0833 3.0833
2.5000 2.5000

(b) (c)

Fig. 4. The B1 field distributions in the ROI when S equals (a) 15 mm, (b) 30 mm, and (c) 45 mm.
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Fig. 5. The U values corresponding to different S.

3. Results and discussion

According to the simulation results, we build an
actual cerebral surgery MRI coil. The axial length of
the coil is 235 mm, and its diameter is 230 mm. The
spacing between the front of the loop coil and the sad-
dle coil S is 30 mm. Figure 6 shows the coil and its

application in the cerebral surgery.

Fig. 6. Coil built and its application in cerebral surgery.

To evaluate the performance of the coil, a wa-
ter phantom was used, and the images were acquired
on a 0.23 T MRI scanner.
of the coil was tuned to 9.78 MHz, and the coil was
matched to 50 €2. We used a cubic water phantom
doped with CuSO4 and NaCl (the solute concentra-
tions were 1.18 g/L and 5 g/L, respectively) to obtain

The resonant frequency

the image. Two-dimensional images were acquired us-
ing a T1-weighted image sequence (matrix size 256 X
256, TR=400 ms, TE=14.5 ms, flip angle=90°, slice
thickness=5 mm, FOV=230 mm x 230 mm, number
of excitations (NEX)=2). Figure 7 is the water phan-
tom image. The cubic phantom extends over a large
proportion of the coil volume. Both the two channels
were used for imaging acquisition. We can see that
the image is uniform, and no dark area appears in the
FOV, indicating that the coil produces a homogeneous
RF field.

Fig. 7. Water phantom image.

The SNR is one of the most important measure-
ments of the performance of an MRI system. There
are several ways to calculate the SNR from the MRI
image. One method that can be used to calculate the
SNR requires only one image. The noise is measured
in a region drawn over an area of no signal. Three
regions are drawn to calculate the SNR, including two
small circular regions placed on the background air
pixels and a large circular region covering most of the
test object. In this method, the SNR is given by

S
SDair ’

SNRgingle = 0.655 (5)
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where S is the mean signal in the large circular region,
and Spai, is the average of the standard deviation in
the two smaller regions.

We use this method to calculate the SNR. The
SNR is 36 when only the loop channel is used, 28
when only the saddle channel is used, and 42 when
both channels are used. The SNR of the quadratured
dual-channel coil is greatly improved compared from
that of the single-channel coil.

In addition, we have used this coil to obtain im-
ages during a cerebral surgery. The MR parameters
to obtain T2-weighted images were as follows: ma-
trix size =256 x 152, TR= 4190 ms, TE=120 ms, flip
angle=90°, slice thickness=7 mm, FOV=200 mm Xx
250 mm, NEX=4.

In total three surgical excisions of a tumor have
been conducted consecutively. After each surgical ex-
cision, the coil was assembled on the surgery gantry
first, then the MRI images were taken, and finally
the coil was disassembled for the next surgical exci-
sion. Figure 8 shows the T2-weighted images of the
patient’s head after the first and the second surgical
excisions in the same anatomical position. From the
images, we can see that the organs are clearly visible,
and the images are uniform. No dark area is observed
in the imaging region, as the surgeries required. The
brain tumor is significantly excised. The surgery re-
sults demonstrate that this coil has a good imaging

capability to help doctors carry out the surgery.

Fig. 8. T2-weighted images obtined after (a) the first and
(b) the second surgical excisions.

The non-invasive nature of imaging makes the
MRI an ideal tool for diagnosis of human patients.
We can simply assess the qualities of the MR images
in terms of resolution and contrast. The ) value of a
coil and the RF field homogeneity are both very im-
portant. However, it is difficult to achieve a high @
value and a uniform B1 field simultaneously. Though
we can design the transmitting and receiving coils sep-
arately, this increases the complexity of the coils, and
we should consider the coupling between the coils.

The newly designed coil adopts a detachable
structure that can be assembled and disassembled re-
peatedly on the cerebral surgery gantry to reduce the
amount of interferences from the MRI during surgery,
which is among the leading levels in China. The long
axial imaging range perfectly meets the requirements
of the cerebral surgery. This coil is applied in per-
manent magnet imaging now. Considering the super-
conducting imaging applications in the future, we can
increase the number of channels based on the struc-
ture of the coil to improve the imaging speed, so as to

expand the application range of this coil.

4. Conclusion

In this article, we design and build a quadratured
dual-channel transmitter-and-receiver MRI RF coil.
This coil adopts a disassembly structure to take im-
ages multiple times during a cerebral surgery. The coil
can generate a uniform B1 field, provide a high SNR,
and has a large imaging range. The simulation and
the experimental results show that this coil perfectly
meets the requirements of cerebral surgery. The RF
coil developed in this article has an important refer-

ence value for cerebral surgery.
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