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Purpose: To assess quantitative susceptibility mapping (QSM) in 
the depiction of the subthalamic nucleus (STN) by using 
3-T magnetic resonance (MR) imaging.

Materials and 
Methods:

This study was HIPAA compliant and institutional re-
view board approved. Ten healthy subjects (five men, five 
women; mean age, 24 years 6 3 [standard deviation]; 
age range, 21–33 years) and eight patients with Parkinson 
disease (five men, three women; mean age, 57 years 6 
14; age range, 25–69 years) who were referred by neu-
rologists for preoperative navigation MR imaging prior 
to deep brain stimulator placement were included in this 
study. T2-weighted (T2w), T2*-weighted (T2*w), R2* 
mapping (R2*), phase, susceptibility-weighted (SW), and 
QSM images were reconstructed for STN depiction. Qual-
itative visualization scores of STN and internal globus pal-
lidus (GPi) were recorded by two neuroradiologists on all 
images. Contrast-to-noise ratios (CNRs) of the STN and 
GPi were also measured. Measurement differences were 
assessed by using the Wilcoxon rank sum test and the 
signed rank test.

Results: Qualitative scores were significantly higher on QSM im-
ages than on T2w, T2*w, R2*, phase, or SW images (P , 
.05) for STN and GPi visualization. Median CNR was 6.4 
and 10.7 times higher on QSM images than on T2w im-
ages for differentiation of STN from the zona incerta and 
substantia nigra, respectively, and was 22.7 and 9.1 times 
higher on QSM images than on T2w images for differenti-
ation of GPi from the internal capsule and external globus 
pallidus, respectively. CNR differences between QSM im-
ages and all other images were significant (P , .01).

Conclusion: QSM at 3-T MR imaging performs significantly better than 
current standard-of-care sequences in the depiction of the 
STN.
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volunteers and eight patients, resulting in 
a sample size of 18 subjects. From Sep-
tember 1, 2011, to November 1, 2011, 10 
healthy young volunteers (five men, five 
women; age range, 21–33 years; mean 
age, 24 years 6 3 [standard deviation]) 
were recruited from medical students. 
None of the volunteers had a history of 
(a) neurologic, psychiatric, or cardiovas-
cular conditions; (b) concussion or brain 
surgery; or (c) drug or alcohol abuse. 
To demonstrate the clinical practicality, 
nine consecutive patients with Parkin-
son disease who (a) were admitted to 
our hospital from November 1, 2011, to 
November 30, 2012; (b) were referred 
by our neurologists for preoperative MR 
imaging prior to deep brain stimulator 
placement; and (c) underwent imaging 
with our STN protocol were included 
in this study. One patient was excluded 
because of an incomplete data set. The 
remaining eight patients were included 
in the analysis (five men, three women; 
mean age, 57 years 6 14; age range, 
25–69 years).

in the caudal subthalamic region, and 
bordered superiorly by the zona incerta 
(ZI) and lenticular fasciculus and infe-
riorly by the substantia nigra (SN) (8). 
Although the STN appears to be hypoin-
tense on T2-weighted (T2w) images, 
presumably due to iron deposition (9), 
direct visualization may require ultra-
high-field-strength imagers, such as 7- or 
9.4-T units (8,10,11) that have not been 
approved for use in routine clinical prac-
tice. Instead, navigation software is used 
to superimpose a stereotactic atlas on 
T2w images or to create the stereotactic 
target (12). Nevertheless, there is sig-
nificant variability in the location of the 
STN in different patients with respect to 
both anatomic landmarks (anterior and 
posterior commissures) and stereotactic 
atlases (ventral intermedius nucleus of 
the thalamus or internal segment of the 
globus pallidus).

Quantitative susceptibility mapping 
(QSM) is an MR technique with novel 
tissue contrast that has shown promise 
in depicting deep brain nuclei in recent 
studies (13–16). QSM reflects the de-
gree of polarization of local tissue in the 
magnetic field. This tissue magnetic sus-
ceptibility property is fundamentally dif-
ferent from traditional water relaxation 
or motion contrast in MR imaging and is 
primarily determined by tissue electron 
clouds and unpaired electrons in metallic 
elements of biomolecules, and deep brain 
nuclei are often associated with high iron 
concentration (9). In this work, we pro-
pose to assess QSM in the depiction of 
the STN by using 3-T MR imaging.

Materials and Methods

Subjects
This study was approved by the insti-
tutional review board, and written in-
formed consent was obtained before MR 
imaging. This study included 10 healthy 

The subthalamic nucleus (STN) is 
a common surgical target of deep 
brain stimulation, which is an ac-

cepted surgical treatment for advanced 
Parkinson disease. This treatment has 
been proved to be effective in amelio-
rating bradykinesia, rigidity, tremor, 
and other functional impairments com-
mon in patients with advanced Parkin-
son disease (1,2). Deep brain stimula-
tion consists of implanting a stimulating 
electrode in the brain, and the dorsolat-
eral portion of the STN involved in the 
sensorimotor circuits has been identi-
fied as an ideal target (3). The precise 
identification of the STN target is para-
mount for maximizing therapeutic ben-
efits while minimizing side effects, such 
as muscle contraction, dizziness, mood 
changes, and akinesias, which occur 
when the electrode is placed inappro-
priately (4–6). Thus, preoperative im-
aging is mandatory in surgical planning 
to minimize the surgical risks (7).

Direct visualization of the STN is 
challenging with current clinical mag-
netic resonance (MR) imaging se-
quences. The STN is a lens-shaped 
structure that is smaller than 1.5 cm, 
biconvex in the coronal plane, located 

Implication for Patient Care

 n QSM may assist neurosurgeons in 
targeting the precise location of 
the STN in surgical planning for 
deep brain stimulator placement 
used to treat Parkinson disease.

Advances in Knowledge

 n The subthalamic nucleus (STN) 
appears hyperintense to normal-
appearing white matter on quan-
titative susceptibility mapping 
(QSM) images, indicating para-
magnetism likely resulting from 
iron deposition.

 n The STN and substantia nigra 
(SN) can be readily differentiated 
on QSM images in the coronal 
plane.

 n QSM provides the contrast-to-
noise (CNR) ratio (median CNR 
= 3.10) needed to differentiate 
STN and SN; this was signifi-
cantly higher than the CNR pro-
vided by T2-weighted, T2*-
weighted, R2*, phase, or 
susceptibility-weighted imaging 
(median CNR = 0.29, 0.48, 0.54, 
1.54, and 0.93, respectively; P , 
.01 for each).
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a score of 0 indicated the GPi was not 
visible; a score of 1, the globus pallidus 
was poorly visible with fuzzy borders; a 
score of 2, the GPi was clearly differ-
entiable from the internal capsule (IC) 
but not from the external globus pallidus 
(GPe); a score of 3, the GPi was clearly 
differentiable from both the IC and the 
GPe, but the medial medullary lamina 
between the GPi and GPe was vague; 
and a score of 4, the medial medullary 
lamina was clearly defined. We also re-
corded the sections on which STN and 
GPi were best depicted for subsequent 
quantitative analysis.

Quantitative Image Analysis
A third resident radiologist (A.D.S., 
3 years of experience) measured the 
CNR of the STN and GPi on all of the 
images. For each subject, bilateral re-
gions of interest were manually drawn 
on the single section recorded from 
the previous qualitative assessment 
on the image with the highest visuali-
zation score (Fig 1). After delineating 
the STN, a 2-mm band tracing the su-
perior border of the STN and a 1-mm 
band tracing the inferior border of the 
STN were drawn to calculate the inten-
sity difference between the STN and its 
superior neighbor, presumably the ZI, 
and its inferior neighbor, SN. Similarly, 
after delineating the GPi, a 2-mm band 
tracing the medial border of the globus 
pallidus and a 1-mm band tracing the 
lateral border of the GPi were drawn 
to calculate the intensity difference be-
tween the GPi and the IC, as well as 
the difference between the GPi and the 
GPe. In addition, a 50-mm2 circular re-
gion of interest was placed in the me-
dial dorsal aspect of the thalamus. T2w 
and T2w* images were used to confirm 
the anatomic locations of these regions 
of interest and served as arbitrators 
to decide the image to draw on when 
multiple images had the same highest 
score. These regions of interest were 
then propagated onto the complete set 
of images (T2w, T2*w, R2*, phase, SW, 
and QSM images). Contrast on each 
image was calculated as the absolute 
difference between the mean value in 
the STN and GPi (including both left 
and right sides) and the mean value 

with the homodyne high-pass filtering 
method (18) on the complex data set 
by using one echo at an echo time of 
26 msec (19) with a filter kernel size 
of 64 3 64. A susceptibility-weighted 
(SW) image was generated by multiply-
ing the magnitude image at an echo time 
of 26 msec with a normalized phase 
image raised to the fourth power. A 
QSM image was generated by using the 
morphology-enabled dipole inversion 
with the nonlinear formulation method 
(14,15,20). All these images were calcu-
lated offline by using in-house software 
implemented in C++. All postprocessing 
of R2*, phase, SW, and QSM images 
was fully automatic without user inter-
vention to eliminate operator bias.

Qualitative Image Analysis
The T2w images, as well as the previ-
ously mentioned T2*w, R2*, phase, SW, 
and QSM images, were assessed by two 
experienced neuroradiologists (A.J.T., 
W.C.; 15 and 10 years of neuroradiology 
experience, respectively) independently 
for STN visibility. In addition to STN, 
internal globus pallidus (GPi), which is 
another deep brain stimulation target 
used to treat Parkinson disease and dys-
tonia, was also inspected. Coronal brain 
sections of each subject obtained with 
all imaging methods were presented to 
each rater simultaneously. STN and GPi 
were identified by using their relative 
position to the anterior commissure–
posterior commissure line and their sig-
nal intensity, which was reported to be 
hypointense to normal-appearing white 
matter (hereafter, hypointense) on T2w 
(9), T2*w, phase, and SW images (21) 
and was expected to be hyperintense to 
normal-appearing white matter (here-
after, hyperintese) on R2* and QSM 
images because of iron deposition. 
STN and GPi visualization scores were 
assigned to each imaging method. For 
STN, a score of 0 indicated STN was not 
visible; a score of 1, the STN-SN complex 
was poorly visible with fuzzy borders; a 
score of 2, only the superior border of 
STN and not the border with SN was 
visible; and a score of 3, STN was well 
defined and clearly differentiable from 
its superior neighbor, presumably ZI, 
and its inferior neighbor, SN. For GPi, 

Imaging Protocol and Data 
Reconstruction

MR examinations were performed with 
a 3-T MR system (Signa HDxt; GE 
Medical Systems, Milwaukee, Wis) and 
an eight-channel head coil. Axial T1-
weighted images were acquired in all 
subjects prior to imaging of the STN. 
This was a part of the routine imaging 
protocol for patients and was used to 
confirm that the volunteers had no fo-
cal lesions and had not undergone prior 
surgery. Afterward, standard-of-care 
sequences, including two-dimensional 
T2w imaging and three-dimensional 
T2*-weighted (T2*w) imaging, were re-
spectively performed with a fast spin-
echo sequence (repetition time msec/
echo time msec, 8000/86; bandwidth, 
range, -62.5 to 62.5 kHz; four signals 
acquired) and a multiecho gradient-
echo sequence (45/4.0, 7.6, 11.2, 14.8, 
18.4, 22.0, 25.6, 29.2, 32.8, 36.4, 40.0; 
bandwidth range, -62.5 to 62.5 kHz; 
flip angle, 15°; one signal acquired). 
Both acquisitions had an identical field 
of view (24 3 19 3 8–10 cm), spatial 
resolution (0.75 3 0.75 3 2 mm), and 
spatial prescription for STN depiction, 
leading to a total of 40–50 sections. Im-
ages were acquired in the coronal plane 
perpendicular to the anterior commis-
sure–posterior commissure line (or AC-
PC line) so that important structures, 
such as the ventricles, STN, and SN 
could be seen in the same plane. The 
imaging time for both acquisitions was 
approximately 5 minutes or less.

The gradient-echo sequence, which 
spends about 80% of the total imaging 
time on data acquisition, yields rich in-
formation for different reconstruction 
strategies. A T2*w image was recon-
structed by taking the square root of the 
sum of squares of the magnitude images 
from all the echoes; this square root of 
the sum of squares was a signal-to-noise 
ratio–weighted sum over all echoes and 
was similar to a contrast-to-noise ratio 
(CNR)-weighted sum previously pro-
posed (17). An R2* mapping (hereafter, 
R2*) image was estimated with monoex-
ponential fitting of the signal decay over 
echoes. A high-pass filtered phase image 
(hereafter, phase image) was created 
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Results

Imaging was successful in all 18 sub-
jects. The STN appeared hypointense 
and lenticular on T2w and T2*w im-
ages, with hypointense line segments 
on phase and SW images and hyperin-
tense line segments on R2* and QSM 
images (Fig E1 [online]). The GPi ap-
peared hypointense on T2W, T2*W, 
and SW images; heterogeneous on 
phase images; and hyperintense on 
R2* and QSM images. Statistics of the 
visualization score from two raters are 
presented in Figure E2 (online). The 
average visualization scores for STN 
for the two readers for T2w, T2*w, 
R2*, phase, SW, and QSM images were 
1.61, 1.42, 1.42, 2.39, 2.22, and 2.94, 
respectively, For GPi, the average visu-
alization scores were 1.78, 1.89, 2.19, 
1.69, 2.17, and 3.42, respectively. All 
the differences between QSM images 
and the other images were significant 
(P , .01). For STN scores, the per-
centage of agreement between the 
two raters was 55.6%, 44.4%, 50.0%, 
61.1%, 22.2%, and 88.9% for the 18 
subjects for T2w, T2*w, R2*, phase, 
SW, and QSM images, respectively. 
For GPi scores, the percentage of 
agreement was 33.3% for all of the 
imaging methods except QSM; the 
agreement for QSM was 50%.

Although phase and SW imaging 
had high visualization scores similar 
to the visualization score of QSM for 
STN depiction, the hypointense line 
segments on phase and SW images did 
not correspond to STN when compared 
with the T2*w image, as exemplified 
in Figure 2. Instead, QSM was used to 
correctly locate STN, as confirmed with 
the T2*w and T2w images. Substantial 
blurring was seen on the R2* image. It 
should be noted that T2*w, R2*, phase, 
SW, and QSM images were derived 
from an identical data set that was nat-
urally coregistered.

Statistics of the CNR measurements 
are presented in Figure E3 (online) and 
the Table. QSM yields the best CNR for 
STN and GPi depiction in each category 
(STN-ZI, STN-SN, GPi-IC, and GPi-GPe), 
and the differences were significant be-
tween QSM and other imaging methods 

number of subjects (n = 18) for each im-
aging method. For visualization scores 
and CNR measurements, Wilcoxon rank 
sum tests and Wilcoxon signed rank 
tests, respectively, were performed by 
using all 18 subjects to test the differ-
ences between QSM and each of the 
other imaging methods. A P value of less 
than .05 was considered statistically sig-
nificant. These statistical analyses were 
performed with SPSS for Windows (ver-
sion 16.0; SPSS, Chicago, Ill).

in the surrounding bands. Noise was 
measured by calculating the standard 
deviation of the signal intensity in the 
thalamus due to its relatively uniform 
signal intensity.

Statistical Analysis
To assess the interrater agreement in 
each imaging method, a percentage of 
agreement was calculated as the number 
of subjects who received identical scores 
from both raters divided by the total 

Figure 1

Figure 1: Examples of region of interest delineation in a healthy 27-year-
old male volunteer. (a) Coronal QSM image shows the STN (1); its superior 
neighbor, presumably the ZI (2); the border between the STN and the SN (3); 
the thalamus (4); the GPi (5); the IC (6); the border between the GPi and the 
GPe, presumably the medial medullary lamina (7); and the GPe (8). Other visible 
anatomic regions included the SN (9) and the putamen (10). (b) Corresponding 
frontal sections on a Schaltenbrand and Wahren atlas along the anteroposterior 
axis show a section 2 mm anterior to the midcommissural point.
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the true lenticular shape of the STN 
and enabled us to clearly differenti-
ate it from the ZI superior to it and 
discernibly distinguish it from the SN 
inferior to it. The improved depiction 
of the STN and GPi on QSM images 
may improve neurosurgical targeting 
and surgical planning for deep brain 

Discussion

Our results indicate that QSM im-
ages yielded a superior CNR in the 
depiction of the STN and GPi when 
directly compared with T2w, T2*w, 
R2*, phase, and SW images. Both STN 
and GPi appeared hyperintense on 
QSM images. QSM reliably reflected 

in each category (P , .01). When com-
pared with the median CNR on conven-
tional T2w images, median CNR on QSM 
images was 6.4 and 10.7 times higher 
for differentiation of STN from ZI and 
SN, respectively, and it was 22.7 and 9.1 
times higher for differentiation of GPi 
from IC and GPe, respectively.

Figure 2

Figure 2: STN (outlined area) and GPi region in a healthy 25-year-old female volunteer. (a) T2w, (b) T2*w, (c) R2*, (d) phase, 
(e) SW, and (f) QSM images. In d and e, the STN regions were vertically interposed between hypointense line segments, and 
the STN region itself appeared isointense to its horizontal neighbor, IC.
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imaging reflects the magnetic field that 
is generated by susceptibility sources 
surrounding the observation point, and 
it is a nonlocal quantity. The T2*w, R2*, 
and SW contrasts reflect the intravoxel 
variance of the magnetic field, which is 
also nonlocal. The phase and SW im-
ages, having large blooming artifacts, 
enable easy visualization of STN. How-
ever, these blooming artifacts depend 
on the object’s orientation, geometry, 
and various imaging parameters, and 
they typically appear at interfaces per-
pendicular to the main magnetic field 
(26). These blooming artifacts, which 
render tissue border definition diffi-
cult, are especially undesirable in sur-
gical planning. The dorsolateral aspect 
of STN, which was found to be the 
ideal target (27), is close to the inter-
face. These blooming artifacts can be 
removed through deconvolution with 
a unit magnetic dipole field, which is 
performed during QSM to reflect local 
tissue susceptibility.

In this study, there were several 
technical improvements compared 
with previous attempts. Direct visu-
alization of STN with QSM has been 
explored at 7 T (11) and 1.5 T (28). 
However, the study performed by 
Schafer et al (11) either requires multi-
ple orientation sampling (29) or allows 
a small field of view specific for only 

been unable or unwilling to undergo 
conscious surgery.

The improved CNR of QSM com-
pared with that attained with relaxation-
based methods, such as T2w, may be 
explained by the different mechanisms 
of signal generation. In relaxation-
based methods, the signal comes from 
the precession of water protons after 
RF excitation and then gradually decays 
at a relaxation rate according to the lo-
cal molecular environment. Since water 
protons are relatively uniformly distrib-
uted across normal brain parenchyma 
(23), the contrast between structures 
actually originates from differences in 
decaying rates, which are small. How-
ever, in QSM, tissue magnetic suscepti-
bility largely reflects the concentration 
of paramagnetic unpaired electrons in 
tissue. Only certain metallic elements 
of biomolecules, such as highly para-
magnetic iron, have unpaired electrons 
that are very selectively deposited in 
cerebral structures (24). Thus, QSM is 
sensitive in the depiction of brain struc-
tures with iron deposition, such as the 
STN or GPi (9,25).

The improved CNR of QSM com-
pared with the CNR attained with tra-
ditional methods that use susceptibility 
effects, such as T2*w, R2*, phase, and 
SW imaging, is expected because of the 
underlying physics. The phase in phase 

stimulator placement used to treat 
Parkinson disease and dystonia.

There are several benefits for pa-
tients who are undergoing deep brain 
stimulation that are provided by accu-
rate direct depiction of the STN. Be-
cause of the poor to moderate contrast 
of the STN in current preoperative 
imaging, intraoperative electrophysi-
ologic exploration (22) is performed 
by using microelectrodes and analysis 
of firing patterns to confirm that the 
target has electrical activity charac-
teristic of the STN. This approach 
requires the patient to participate 
in the surgery; therefore, he or she 
must be awake and cooperative. Mul-
tiple passes with the microelectrode 
are usually preformed during electro-
physiologic STN localization; these are 
time consuming and result in disrup-
tion of normal tissue. QSM enables 
improved preoperative STN depiction, 
and this technique can be imported 
into existing stereotactic localization 
software. Further patient studies may 
show that improved depiction could 
result in a more reliable stereotactic 
target, a decreased number of explor-
ative passes, and an increased rate of 
optimal electrode placement. Reliable 
imaging of STN may ultimately lead 
to safer more efficacious surgery in a 
larger group of patients who may have 

CNR Measurements

CNR T2w Image T2*w Image R2* Image Phase Image SW Image QSM Image

STN-ZI
 Median 1.56 2.71 3.00 2.03 0.66 9.97
 Interquartile range 0.95–1.97 2.15–3.06 2.38–4.57 1.30–2.76 0.45–0.97 8.34–11.9
 Range 0.01–2.84 1.15–5.51 1.86–7.91 0.70–3.22 0.18–3.01 6.06–19.6
STN-SN
 Median 0.29 0.48 0.54 1.54 0.93 3.11
 Interquartile range 0.10–0.79 0.14–0.78 0.26–1.32 1.03–2.32 0.49–1.25 2.31–4.66
 Range 0.01–1.51 0.04–2.04 0.04–3.04 0.54–3.19 0.17–1.39 1.68–10.5
GPi-IC
 Median 0.75 3.01 5.3 1.76 2.95 16.96
 Interquartile range 0.12–0.99 2.53–4.17 3.08–6.60 0.65–2.81 2.47–3.64 10.5–21.4
 Range 0.04–2.05 0.69–6.06 1.48–8.38 0.32–4.2 0.95–4.52 5.92–38.1
GPi-GPe
 Median 0.26 0.59 0.89 0.76 0.51 2.33
 Interquartile range 0.15–0.87 0.3–1.02 0.33–1.4 0.36–1.26 0.15–0.79 1.48–2.93
 Range 0.01–1.38 0.03–1.76 0.08–2.59 0.16–2.32 0.04–1.65 1.15–4.97
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