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Comparison of magnetic resonance imaging sequences
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Abstract Electrodes are surgically implanted into the
subthalamic nucleus (STN) of Parkinson’s disease patients
to provide deep brain stimulation. For ensuring correct
positioning, the anatomic location of the STN must be
determined preoperatively. Magnetic resonance imaging
has been used for pinpointing the location of the STN. To
identify the optimal imaging sequence for identifying the
STN, we compared images produced with T, star-weighted
angiography (SWAN), gradient echo T,*-weighted imag-
ing, and fast spin echo T,-weighted imaging in 6 healthy
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volunteers. Our comparison involved measurement of the
contrast-to-noise ratio (CNR) for the STN and substantia
nigra and a radiologist’s interpretations of the images. Of
the sequences examined, the CNR and qualitative scores
were significantly higher on SWAN images than on other
images (p < 0.01) for STN visualization. Kappa value
(0.74) on SWAN images was the highest in three sequen-
ces for visualizing the STN. SWAN is the sequence best
suited for identifying the STN at the present time.

Keywords Deep brain stimulation - Subthalamic
nucleus - Brain iron - Susceptibility - Imaging sequence

1 Introduction

Deep brain stimulation (DBS) of the subthalamic nucleus
(STN) via electrical stimulation with implanted electrodes
improves the quality of life of Parkinson’s disease patients
[1, 2]. The fine structure of the STN, which is only several
millimeters in diameter, requires highly accurate localiza-
tion to allow proper implantation of the electrodes, which
are about 1.5 mm in height [3, 4]. Investigations with T,-
weighted spin echo magnetic resonance imaging (MRI)
used as a method for direct identification of the STN
location have occasionally been reported [5, 6]. The iron
content of the STN affects MRI rendering of the STN [6,
7]. Gradient echo (GRE) T,*-weighted imaging and T,
star-weighted angiography (SWAN) are both highly sen-
sitive to differences in magnetic susceptibility, and they
may thus be able more clearly to render the STN. We
compared images produced with 3 sequences—SWAN,
GRE-T,*-weighted imaging (GRE-T,*), and fast spin echo
(SE) T,-weighted imaging (FSE-T,)—to identify the
sequence best suited for determining the STN location.
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2 Methods
2.1 Equipment and subjects

A 3.0-T MRI scanner (SignaHDxt; GE Healthcare, Mil-
waukee, WI, USA) with an 8-channel phased array coil
was used for head imaging. SPSS Statistics version 20
software (IBM, Armonk, NY, USA) was used for statistical
analyses. OsiriX software (version 4.1.2, Pixmeo, Geneva,
Switzerland) was used for image analysis. An iMac (Mid-
2011 model; Apple Computer, Cupertino, CA) was used
for visual assessment of the STN. Subjects were 6 healthy
volunteers [4 men, 2 women; mean age, 34.3 + 8.3
(standard deviation) years; age range 26-51 years]. The
study was conducted with the approval of the ethics com-
mittee at our medical institution. The objective and con-
tents of the experiment were fully explained to the
volunteers before informed consent was obtained.

2.2 Imaging sequences

The imaging conditions for the sequences used were as fol-
lows: SWAN was performed with 3-dimensional (3D)
imaging with: repetition time (TR)/echo time (TE) = 86.8/
46.7 (13.0, 24.2, 35.4, 46.7, 57.9, 69.2, 80.4) ms, flip angle
(FA) = 20°, bandwidth (BW) = £31.2 kHz, field of view
(FOV) = 256 mm, slice thickness (Thk)/spacing (Sp) = 1.0/
0.0 mm, matrix = 384 x 384 (pixel size = 0.67 mm),
number of signal averages (NSA) = 1, total number of sli-
ces = 52, acquisition time (AT) = 8:24, and parallel imaging
(phase reduction factor = 2).

GRE-T,* was performed with 2-dimensional (2D)
imaging with: TR/TE = 680/25 ms, FA = 30°%
BW = £15.6 kHz, FOV = 180 mm, Thk/Sp = 2.0/
0.5 mm, matrix = 352 x 352 (pixel size = 0.51 mm),
NSA = 2, total number of slices = 15, and AT = 8:03.

Finally, FSE-T, was performed with 2D imaging with:
TR/TE = 4000/80 ms, FA =90°, BW = £50 kHz,
FOV = 180 mm, Thk/Sp = 2.0/0.5 mm; matrix = 352 x
352 (pixel size = 0.51 mm), NSA = 8§, total number of
slices = 15, and AT = 8:08. The aim of this study was to
select the best sequence for clinical use. Because the
imaging quality varied with the imaging parameters
(imaging sequence, TR, TE, 2D or 3D, etc.), the imaging
times of the sequences were kept as close to each other as
possible.

2.3 Imaging methods

Coronal imaging was used. The slices were set for left—
right symmetry of the basal ganglia based on a T,-weighted
cross-sectional image connecting the anterior and posterior
commissures. The range of imaging was set so that the

Fig. 1 Anatomy of the STN and surrounding features as imaged with
SWAN. GP globus pallidus, Int. C internal capsule, Th thalamus, SN
substantia nigra, STN subthalamic nucleus, ZI zonaincerta, 3rd V third
ventricle

dorsal sides included the cerebral aqueduct and the ventral
sides included the anterior commissure. The anatomy of the
STN and surrounding features in coronal images produced
with these settings is shown in Fig. 1.

2.4 Image analysis
2.4.1 Contrast-to-noise ratio (CNR) analysis

A circular 0.12 cm? region of interest (ROI) that included
at least 50 pixels was placed in the left and right STN and
the substantia nigra (SN) in identical slices of any one of
the three sequences, and the ROIs were propagated onto the
other two sequences (Fig. 2) [8—11]. The signal intensity in
the ROIs was measured by a radiologic technologist with
8 years experience three times per day on both sides, and
the mean was used for determination of the CNR according
to the following formula:

CNR = (SIstny — SIsn)/SDstn,

where Slgry is the mean signal intensity of the STN ROI,
SIgn is the mean signal intensity of the SN ROI, and SDg1y
is the standard deviation of the signal intensity of the STN
ROL.

CNR values were determined as described for each
subject, and mean values were calculated and used for
comparison of the sequences. We used paired ¢ tests to test
for significant differences between sequences, with values
of p < 0.01 considered to indicate significance.

2.4.2 STN visual assessment and area measurement

Two radiologists with 12 and 18 years of experience in
image interpretation were asked visually to assess the STN
rendering by each sequence. The assessors evaluated ren-
derings on a 4-grade scale (3, excellent: the STN boundary
visible, definitely clear; 2, good: the STN boundary clearly
visible; 1, fair: the STN boundary poorly visible; 0, poor:
not visible); then the mean scores from the assessors were
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Fig. 2 Coronal image by SWAN (top), GRE-T,* (middle), and FSE-
T, (bottom). Circles in the figure represent ROIs for CNR assessment.
ROIgry, region of interest to STN; ROIgy, region of interest to SN

compared between sequences. The agreement was evalu-
ated by use of Cohen’s kappa coefficient. Image paging and
adjustment of the window level and width were performed
as required for characterization of the 3D structure in ref-
erence to two papers that describe the anatomic structure of
the STN and its surroundings [6, 11]. All visual assess-
ments were performed on the same monitor, which was set
to a constant brightness, and with a constant room lighting
level.

Next, for quantification of the recognition of the STN,
the boundaries of the STN as visually recognized by the
two radiologists were arbitrary circumscribed in the spec-
ified slices of the images obtained with each sequence to
allow measurement of the area of the STN (Fig. 3). The
mean areas of the STN were then compared between
sequences. The order of image interpretation was ran-
domized so that the association of subjects with sequences
was prevented. Left-right differences in measured areas
were not compared because of the potential effects of these
differences and individual differences in anatomic
structure.

We used paired ¢ tests to test for significant differences
between sequences, with values of p < 0.05 considered to
indicate significance.

Fig. 3 Sample of the way assessors arbitrarily drew the edges and
measured the area of the STN borders on a SWAN image. SN
substantia nigra, STN subthalamic nucleus, ZI zona incerta

3 Results
3.1 CNR values

Coronal images of the STN rendered with each sequence
are shown in Fig. 4. The STN and SN appeared with lower
signal intensity than those of the surrounding structures for
each sequence type. The CNR for SWAN, GRE-T,*, and
FSE-T, was 1.40, 0.61, and 0.37, respectively. The CNR
was significantly higher for SWAN than for FSE-T, and
GRE-T,* (p < 0.01) (Fig. 5). The choice of the image for
setting the ROIs did not affect the CNR values.

3.2 STN visual assessment and area measurement

Assessments of the STN by the three sequences are shown
in Table 1. The mean scores assigned by the two radiolo-
gists were highest for SWAN and significantly higher for
SWAN than for FSE-T, (p < 0.05). The Cohen’s kappa
coefficient of 0.74 for SWAN indicated that this modality
had the highest inter-assessor agreement in scores. The
mean area of the portion recognized and measured as the
STN was higher for SWAN than for FSE-T, (Fig. 6). The
mean area was significantly higher for SWAN than for
FSE-T, (p < 0.05). On the other hand, the mean area of
SWAN and that of GRE-T,* were not statistically signif-
icantly different.

4 Discussion

We compared images produced with SWAN, GRE-T,*,
and FSE-T, to determine which MRI sequence is best
suited for identifying the STN for DBS. Our results indi-
cated that SWAN was the best sequence for identifying the
STN for clinical use.

The coronal head images obtained in this study showed
a lower signal intensity of the STN and SN than the signal
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Fig. 4 The STN (arrows) as imaged with the different sequences. a SWAN, b GRE-T,*, and ¢ FSE-T,

* p<0.01 (paired t test)

*

0.5

SWAN GRE-T,* FSE-T2

Fig. 5 The bar graph shows CNR assessments. *p < 0.01, repre-
senting a significant difference from SWAN

Table 1 Scores of agreement for the visual assessments of two
radiologists

Radiologist ~ Radiologist ~ Score K (Cohen’s

A B (mean) Kappa)
SWAN 217+ 064 2334075 225+072" 074
GRE-T,* 1.50£0.89 150+£095 150+£095 054
FSE-T, 133 £087 1.17+0.69 125+£083 0.25

The mean scores shown indicate visual assessments of images pro-
duced with the three sequences. Cohen’s kappa coefficient indicates
agreement between assessor scores

T vs. FSE-T, (p < 0.05)

intensity of the surrounding structures (Fig. 4). The dif-
ference in signal intensity in the images of each sequence is
apparent visually. However, as the STN and SN both have
a low signal intensity, the boundary between the two can be
difficult to discern and may confound STN identification.
The low signal intensity of the STN and SN in T,- and T,*-
weighted imaging is attributable to the magnetic suscepti-
bility of the iron contained in these structures [6, 12]. T,*-
weighted imaging, with its greater sensitivity to magnetic

* p<0.05 (paired t test)

[ 1 *
0.3 1

0.2

Area (cm2)
o[

0.1 [e)

0.0

T I T T T T
SWANRt. SWAN Lt. GRE-T2*Rt. GRE-T2*Lt. FSE-T2Rt. FSE-Ta2Lt.

Fig. 6 The box plot shows area measurements of the STN. Left—right
differences in measured areas were not compared because of the
potential effects of these differences and individual differences in
anatomic structure. *p < 0.05, representing a significant difference
from SWAN and FSE-T2

susceptibility, therefore, produces higher contrast. How-
ever, FSE-T, emits refocusing pulses in short intervals and
consequently has low spin-phase dispersion and is affected
minimally by magnetic susceptibility. The images pro-
duced with this sequence lack sufficient contrast to show
the effects of the magnetic susceptibility of iron.

To produce images, SWAN focuses multiple echoes in a
single TR, fills the k-space corresponding to each echo, and
performs equilibration to form a single k-space. SWAN
images thus incorporate multiple TEs. The ability of
SWAN to incorporate various magnetic susceptibilities
allows differences in iron deposition to be visualized as
contrast [13]. The iron content of the STN varies from the
ventral to the dorsal side, and lower iron deposition in the
dorsal side produces less hypointensity on MRI. Iron
deposition also varies with age [6, 10, 14]. The MRI con-
trast is thus variable. Changes in iron content must be
factored in, or magnetic susceptibility must be visualized
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Fig. 7 Comparison of the STN as imaged with SWAN (left), GRE-
T,* (middle), and FSE-T, (right). a The STN and SN are clearly
visualized by SWAN in a 26-year-old woman (arrowheads), but are
unclear for GRE-T,* and FSE-T,. b SWAN and GRE-T,* render the

as image contrast, for proper rendering of the STN.
Imaging that incorporates the contrast of multiple echoes
is, therefore, useful for rendering iron-containing tissue.
Realizing this, Liu et al. [9] studied the use of quantitative
susceptibility mapping (QSM) for imaging of the STN.

The above findings indicate why SWAN produced a
higher CNR between the STN and SN than the other
sequences. SWAN is a 3D imaging sequence and, in
principle, should offer a higher signal-to-noise ratio (SNR)
than do the 2D sequences [15].

Finally, the multiple echoes captured include echoes
with relatively high signal intensity and short TE. These
echoes explain the relatively higher SNR for SWAN in
comparison to GRE-T,* and FSE-T, and contributed to a
better CNR [16].

The two assessors scored SWAN images of the STN
higher than those from the other sequences, with SWAN
scores significantly different from FSE-T, scores. These
higher scores suggest that sequences highlighting magnetic
susceptibility and producing 3D images may be useful for
visualizing the STN. SWAN images showed high inter-
assessor agreement. This finding means that the high con-
trast and spatial resolution of SWAN produce well-defined,
recognizable boundaries. Close agreement in visual rec-
ognition among assessors facilitates preoperative planning.

As the images of the healthy volunteers in Fig. 7a show,
SWAN clearly depicted the STN and SN. The low contrast
of the GRE-T,* and FSE-T, images, however, resulted in
poorly demarcated boundaries. The sequence used for
imaging of the STN is, therefore, highly relevant, affecting
the visual recognition of the STN anatomy. SWAN features
a 1 mm slice thickness in comparison to the 2 mm slice
thickness for the other two sequences, making the partial
volume effect relevant to characterizing of the anatomic
structure. The ability of SWAN to image with slices

STN and SN with comparable signal intensities and with unclear
boundaries in a 51-year-old man. In the FSE-T, image, the STN
appears with lower signal intensity than the SN (arrow), and the
boundary between the two is clear

thinner than those of the other two sequences even though
the three sequences have similar imaging times allows a
high SNR, with 3D images produced and with multi-echo
acquisition [16]. This ability was also available in our
study.

As seen in Fig. 7b, SWAN sometimes produced images
with the STN and SN having comparable signal intensities.
In such images, the boundary separating the STN and SN
was unclear. The FSE-T, image in these examples showed
what is presumably the STN structure with lower signal
intensity than that of the surroundings, but the SN was
barely visualized. In such examples, visual recognition of
the STN differs significantly between SWAN and FSE-T,
images. Determining which image more accurately pre-
sented the STN with the images alone, however, was dif-
ficult. The representation of iron magnetic susceptibility by
SWAN and GRE-T,* promotes a reduced signal intensity
over the range of the magnetic field; therefore, image
viewers must remember that the STN as imaged may
appear larger than the actual anatomic structure.

Several limitations must be considered when the results
of this study are interpreted. STN rendering was limited to
evaluation with MRI, with no anatomic confirmation per-
formed. The change of the imaging conditions was not
considered. For instance, the TE of GRE-T,* was shorter
than that of SWAN in this study. Because of this, for
visualizing the iron-containing structure, the TE of SWAN
has an advantage. When the TE is longer, GRE-T,* may
depict the STN more clearly. However, there is some
possibility that a lower SNR will be obtained. Furthermore,
susceptibility-weighted imaging (SWI) and QSM technique
were not available in our MRI system [9]. Therefore, we
did not discuss these techniques. Other limitations related
to investigation of the boundary between the STN and SN
are assessment of the coronal imaging, and not considering
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in age-related differences for visualization of the STN. For
further validation of this study, visual assessments from
multi-directional views and from an elderly population
without and with Parkinson’s disease are needed.

SWAN proved to be the MRI sequence most suited for
identifying the STN for DBS. SWAN featured a higher
CNR and a larger recognizable area than GRE-T,* and
FSE-T,, was scored more highly in visual assessment, and
produced images with better inter-assessor agreement.

5 Conclusions

We compared images produced with SWAN, GRE-T5, and
FSE-T, to determine which MRI sequence is best suited for
identifying the STN for DBS. With the highest CNR, the
largest area recognizable as the STN, and the best inter-
assessor agreement in visual recognition, SWAN is the
sequence best suited for identifying the STN at the present
time.
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