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Future progress to refine targets for deep brain stim-
ulation (DBS) is critically dependent on precise 
placement and verification of electrodes in the brain. 

No stereotactic target is of more clinical importance or 
more nuanced regarding its imaging than the subthalamic 
nucleus (STN). The STN is difficult to image because of 
its biconvex shape, small size, oblique spatial orientation 
in 3 planes, and its close proximity to the substantia nigra 
(SN).3 A high level of accuracy is required as the motor 
region of the STN is posterolateral, and unwanted stimula-
tion side effects may occur as a result of direct stimulation 
or spread to the anteromedial nonmotor area and the ad-
jacent corticospinal tract.9,18,31,56 Current imaging of STN 
borders is difficult.

Targeting of the STN has historically been performed 
indirectly; the neurosurgeon predicts the location of the 
STN based on coordinates derived from atlases. These co-
ordinates have often been related to the midcommissural 
point, which was derived from x-ray ventriculography but 
also from CT and MRI. Retaining this indirect, coordi-
nate-based approach has been attractive to neurosurgeons. 
Experience in using this approach has been handed down 
from the past and can be used even with modern noninva-
sive imaging, and targeting preferences can be easily com-

municated between surgeons. The problem with indirect 
targeting is that different patients have different STN siz-
es, shapes, and positions.38 Direct targeting is an attempt to 
locate the STN in each individual patient.

Poor image quality on traditional 1.5 tesla (T) scanners 
and primitive pulse sequences that do not provide adequate 
contrast at the level of the STN have limited the progres-
sion of direct targeting in some centers. Also hindering 
the development of stereotactic MRI are concerns about 
image distortion with higher field strength; traditional ste-
reotactic head frames and localizers are too bulky to per-
mit the use of high-quality, multichannel MRI head coils.

Despite these challenges, higher field strength scanners 
and new pulse sequences have improved image quality to a 
point that some groups have adopted direct targeting of the 
STN, based on MRI.3,9,37 Difficulty delineating the STN 
and spatial inaccuracy has resulted in reluctance from oth-
ers to abandon adjuncts such as CT/MRI merge and intra-
operative electrophysiology.

Traditionally, T2-weighted imaging (T2WI) has been 
used to plan for direct targeting of the STN using a variety 
of imaging parameters (Fig. 1).9 Although T2WI is useful, 
it is difficult to clearly delineate the STN from the SN and, 
to a lesser extent, the zona incerta (ZI).22,32,37
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Native and reconstructed MRI pulse sequences are be-
ing investigated to more clearly define the STN. Broadly 
speaking, these sequences can be separated into spin echo 
(SE) methods, dependent on the precession of water mol-
ecules, and susceptibility-based methods that take into ac-
count the underlying composition of the brain tissue.

The native SE methods substantiated by the most re-
search evidence are T2WI, inversion recovery (IR), and 
diffusion tensor imaging (DTI) utilizing the fractional an-
isotropy (FA) parameter. The native susceptibility-based 
techniques with the most evidence include susceptibility-
weighted imaging (SWI) and T2-weighted magnitude 
imaging (T2*WI). Image reconstruction methods such as 
susceptibility-weighted phase imaging (SWPI) and quan-
titative susceptibility mapping (QSM) have also shown 
promise at reducing image distortion.

Neurosurgeons need to know which sequences will 
provide the best visualization of the STN with the least 
amount of geometrical distortion to optimize stereotactic 
surgery.

methods
A systematic search of PubMed and Google Scholar 

databases for full-length articles published up until March 
1, 2014, was performed. Search expressions were built 
using combinations of predefined medical subject head-
ing terms and comprised “Subthalamic Nucleus AND 
Magnetic Resonance Imaging,” “Magnetic Resonance 
Imaging AND Deep Brain Stimulation,” “Subthalamic 
Nucleus AND Magnetic Resonance Imaging AND Deep 

Brain Stimulation.” Abstracts of resulting searches were 
screened, and those papers pertaining directly to STN vi-
sualization using MRI were read in full. Reference lists 
in those papers were screened and further papers identi-
fied. Based on this literature review, T2WI, SWI, SWPI, 
T2*WI, IR imaging, DTI, and QSM sequences were iden-
tified as the most thoroughly investigated sequences and 
those with the most data for accurate visualization of the 
STN.

Study inclusion criteria were 1) publications in the 
English language in a peer-reviewed journal or book, 2) 
articles pertaining directly to visualization of the STN us-
ing MRI, 3) pulse sequence parameters were well defined 
and reproducible, and 4) articles pertaining to T2WI, SWI, 
SWPI, T2*WI, IR imaging, DTI, and QSM sequences.

mri sequences
Spin Echo Techniques

T2-Weighted Imaging. The STN appears hypointense 
on T2WI of the brain (Fig. 2), and anatomical studies 
have suggested this is secondary to relative high intrinsic 
iron content of the tissue. T2WI is dependent on the T2 
relaxation of brain tissue, i.e., the decay of the transverse 
magnetization measured in SE sequences. The effect of 
the higher iron content causes hastening of the transverse 
magnetization decay, with shortening of the tissue T2 re-
laxation time (TR). Consequently there is less signal in 
the nuclei than the surrounding tissue.14

T2WI is the most studied imaging sequence and re-
mains one of the most commonly used for STN targeting. 

Fig. 1. Schematic overview showing the evolution of STN imaging and targeting methods since the 1990s. Pulse sequences, head 
coil availability, field strength, and targeting methods are placed in a historical context. 
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T2WI has yielded mixed results in portraying the STN, 
particularly at low field strength (1.5 T), with image dis-
tortion and poor delineation from its surrounding gray 
matter structures. Ashkan et al.3 demonstrated by imag-
ing 29 consecutive patients that T2WI provided a more 
accurate preoperative method of localization of the STN 
than atlas-based targeting methods. Other groups provid-
ed data showing image distortion and low resolution may 
make direct targeting using T2WI alone problematic.2,59 
Others have shown good clinical results using this se-
quence while scanning a patient who is anesthetized and 
undergoing direct anatomical surgical techniques.38

Distortion remains one of the most significant chal-
lenges in MRI imaging of the STN. MRI distortion alone 
in T2 fast SE (FSE) sequences has been shown to cause a 
total error of up to 2.4 mm, limiting the accuracy of MRI 
in targeting very small structures.59 These distortions have 
been noticed particularly at the peripheries of the target 
structures, obscuring tissue borders.34 This distortion ap-
pears to be amplified when using T2 FSE sequences in 
combination with a stereotactic head frame; however, 
more recent studies have suggested that this distortion 
may not be as significant as hypothesized.50

Further, given that contrast resolution of the STN on 
T2 sequences is dependent on tissue iron content, the clear 
demarcation of STN borders from surrounding iron-laden 
tissues, including the SN and the red nucleus, is difficult. 
The most difficult border to visualize remains the antero-
medial and ventral aspects abutting the SN.6,12 Starr et al. 
reported after looking at 76 implanted DBS leads using 
1.5-T T2 FSE sequences that the STN was visualized di-
rectly in 92% of cases; however, it was rare to visualize all 
borders of the STN with perfect precision.51 This result is 
difficult to interpret given distortion from the in situ DBS 
lead, which itself may have obscured the STN border.

Poor image quality, limited contrast resolution, and dis-
tortion are the reasons a number of neurosurgeons choose 
to use microelectrode recording intraoperatively. Unfortu-
nately, microelectrode recording has some inherent disad-
vantages, including increased operative time and the pos-
sible need for multiple passes, which may increase the risk 
of bleeding and infection.28

The utilization of high-field (3-T) MRI facilities, which 
have become widely available, is thought to be one rea-
son this method is improving STN resolution. Higher 
field strength theoretically improves the signal-to-noise 
ratio (SNR) proportional to the higher field strength.11 It 
also allows for increased T1 TR and decreased T2 TR, 
which leads to improved image resolution and/or short-
ened imaging time.30 Direct comparison of 1.5-T and 3-T 
T2 sequences demonstrated better demarcation of the 
STN using 3-T MRI.11Analysis of 3-T T2WI in 20 patients 
demonstrated sufficient resolution to accurately visualize 
the STN in 3 dimensions and correlated well with STN 
measurements in cadaveric specimens.37 Further studies 
have suggested that even higher field strength (7 T and 
9.4 T) may further improve delineation of the SN from 
the STN.1,33 Despite these promising results, geometrical 
distortion at these higher field strengths is expected to in-
crease, which may compromise the potential gain in con-
trast resolution.

Direct comparison of T2-weighted FSE sequences with 
SWI, T2*WI, phase-sensitive IR (PSIR), IR-FSE, and T1 
at 1.5 T showed that T2 FSE performed considerably bet-
ter than other SE sequences including PSIR, IR-FSE, and 
T1 for imaging the STN.36

In comparison with susceptibility-based techniques, 
however, SWI and T2*WI performed better than T2WI, 
with a statistically significant increase in contrast-to-
noise ratio (CNR) using the newer SWI technique. While 
T2*WI CNR was also higher, this did not attain signifi-
cance. These improvements in image quality with SWI 
and T2*WI are amplified at 3 T. Direct comparison of T2 
FSE with QSM at 3 T showed that the CNR of QSM was 
a median of 6.4 and 10.7 times higher for differentiation 
of the STN from the ZI and SN, respectively.29 These re-
sults require verification in patients undergoing DBS with 
a head frame in situ; however, early indications suggest 
newer pulse sequences in which contrast is more directly 
dependent on intrinsic tissue susceptibility and with lower 
geometrical distortion may soon supersede T2WI for di-
rect targeting of the STN.

Diffusion Tensor Imaging. DTI techniques allow in 
vivo examination of white matter fiber tracts, providing 
both the location and relationship information as well as 
predicting abnormal anatomy.5,35,39,47 This is of use in DBS 
to minimize side effects caused by collateral activation of 
adjacent white matter tracts. Shields et al. demonstrated, 
for example, that eye deviation during STN stimulation is 
likely due to activation of the anterior limb of the internal 
capsule leading to the frontal eye fields.48 Traditionally, 
avoidance of these pathways has been achieved either by 
waking the patient to assess for activation of these sur-
rounding pathways or using microelectrode recording. 
The importance of DTI in DBS surgery is debatable given 
it has traditionally been used in cases of altered anatomy, 
e.g., tumors which shift or involve white matter pathways. 
The benefit of using this technique in cases with normal 
anatomy is unknown.

DTI has previously been used in direct targeting of 
white matter tracts,19 and some studies have suggested 
that the use of the FA parameter may help DBS surgeons 
identify tracts surrounding the STN. Using DTI with FA, 

Fig. 2. Preoperative axial (left) and coronal (right) 3-T T2-weighted 
FSE planning MRI through the center of the STN obtained in a patient 
wearing the Leksell stereotactic frame G. Image parameters as de-
scribed in Thani et al.55
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white matter tracts related to the STN are mapped, show-
ing relationships with the primary motor cortex, premotor 
cortex, and frontal eye fields.4 These tracts in the subtha-
lamic region have been shown to be more readily identi-
fiable using DTI and FA than T1-weighted imaging and 
T2WI.46 It is likely that DTI with FA would need to be 
used as an adjunct to other MRI sequences rather than as 
a primary targeting tool to gain the gray matter anatomi-
cal detail necessary for direct targeting of the STN during 
DBS.

Inversion Recovery. IR sequences are a broad range 
of sequences used to enhance contrast by selectively sup-
pressing certain tissues with a specific composition and 
are commonly used by neurosurgeons worldwide for STN 
targeting.15 The application of multiple IR sequences have 
been investigated for imaging the STN, including fluid 
attenuated IR (FLAIR), short tau IR (STIR), PSIR, and 
newer experimental techniques including fast gray matter 
acquisition T1 IR (FGATIR).

FLAIR sequences (Fig. 3) have been commonly used 
by neurosurgeons for direct targeting. The STN appears 
hypointense, and gray matter contrast is appreciable; how-
ever, delineation from the SN is difficult. Recent com-
parison of FLAIR with newer susceptibility sequences 
showed limited delineation of the STN on axial sequences 
at 3 T. SWI had a statistically significant higher CNR than 
FLAIR.22 The prevalence of use of FLAIR among neuro-
surgeons may be due to the ready availability and rapid ac-
quisition time, but, perhaps more importantly, it gives the 
STN an appearance of large mass. There are difficulties, 
however, with border delineation, especially adjacent to 
the SN. Interestingly, there is limited evidence comparing 
FLAIR sequences with other SE or newer susceptibility 
sequences despite its anecdotal prevalence in use.

The PSIR method has been shown to provide good 
SNR and CNR to the area of the STN, even with thin slic-
es.21,52 This technique remains one of the few that has been 
verified with a head frame (Leksell stereotactic frame G 
[Elekta]) and has an estimated geometrical distortion of 
less than 1%.21 This is particularly advantageous to neu-
rosurgeons using stereotactic MRI rather than stereotactic 
CT/MRI merge techniques.54 It also represents one of the 
few imaging sequences that have had sequence parame-
ters compared scientifically to find optimal parameters for 
visualization of the STN. It was determined that TR and 
inversion time (TI) of 4000 msec and 200 msec, respec-
tively, provided the best visualization scores for the STN 
(compared with TRs of 2000, 3000, and 5000 msec and 
TIs of 100–900 msec).21

Direct comparison of PSIR with T2WI, T2*WI, and 
SWI has shown PSIR has poorer CNR.36 Despite this, 
because of the scarcity of data regarding geometrical ac-
curacy of SWI and T2*WI, PSIR remains a viable and 
desirable option for accurate direct targeting of the STN.

T1 STIR sequences have also been investigated, with a 
suggestion that they could be used in conjunction with T2 
FSE sequences to view all the borders of the STN. Direct 
comparison between T2 FSE and STIR in healthy subject 
populations demonstrated higher CNR between the STN 
and SN using STIR sequences. The lateral and superior 
borders with the internal capsule and ZI, respectively, 

were more clearly discernable on T2 FSE, suggesting a 
combination of both T2 FSE and STIR would be able 
to delineate all the borders of the STN.24 Unfortunately, 
evidence suggests that conspicuity of the STN in patients 
with Parkinson’s disease may decrease with age using the 
STIR technique.41 Given that these patients are often el-
derly, this sequence may not provide sufficient contrast to 
the STN for direct targeting.

Newer sequences such as FGATIR have shown prom-
ise because of excellent CNR at the level of the STN.53 In 
comparison with T1 and T2W FLAIR sequences, FGAT-
IR demonstrated 3 times the CNR when comparing the 
STN to the SN. Qualitative analysis also showed that all 
STN borders, except for the border with the posterior limb 
of the internal capsule, were better visualized with FGAT-
IR. Given that this pilot study was performed on only 3 
patients, larger patient cohorts and comparison with newer 
imaging techniques will be needed to verify the role of 
FGATIR in clinical practice. Nonetheless, this technique 
represents a promising development in the use of IR imag-
ing for visualizing the STN in the future.

Susceptibility-Based Sequences
All susceptibility sequences are based on SWI and use 

a 3D velocity-compensated gradient echo (GRE) sequence 
to visualize deep brain structures.20 This method exploits 
the magnetic susceptibility differences between tissues 
and has been of particular interest in imaging the STN 
because of a demonstrated increase in iron content of the 
STN as patients age and in the setting of neurodegenera-
tive diseases.8,14 This inherent paramagnetic nature of the 
STN means that good contrast can be achieved between 
the STN and its surrounding structures.

Using postprocessing techniques, a single SWI acquisi-
tion can provide 3 sets of images.29,57 These include a T2 
image, providing magnitude details (T2*WI); a suscep-
tibility-weighted phase image, providing phase informa-
tion; and a combined image (SWI), which has traditionally 
been referred to as a venogram given its excellent depic-
tion of vessels that contain deoxyhemoglobin.57 Each of 
these sequences has been studied individually for identifi-
cation of the STN.

Fig. 3. Axial (left) and coronal (right) FLAIR images at 1.5 T through 
the center of the STN.

J Neurosurg  Volume 124 • January 2016 99

Unauthenticated | Downloaded 05/23/23 11:18 PM UTC



a. s. chandran, m. bynevelt, and c. r. p. lind

T2-Weighted Magnitude Imaging. Iron-containing 
tissue, such as the STN in elderly patients with neuro-
degenerative disease, appears darker on T2*WI when 
compared with T2WI. This is because T2*WI incorpo-
rates traditional T2 relaxation with magnetic field inho-
mogeneity caused by the tissue iron deposits. Tissue fer-
ritin and hemosiderin causes rapid proton dephasing and 
transverse magnetization degradation. The STN thus ap-
pears relatively darker. It is seen in GRE image sequences 
as the transverse relaxation caused by field inhomogene-
ity is nullified in FSE sequences.10

The clinically relevant T2* sequences are mostly 
spoiled GRE sequences, including fast low-angle shot 
(FLASH) and postexcitation refocused GRE.10 Of these 
sequences, T2* FLASH has been the most studied as it 
allows images to be obtained rapidly and with greater 
SNR.16 T2* FLASH has been compared directly to vari-
ous T1 and T2 sequences and to SWI at both 3 T and 7 
T.22,23 The ability to delineate the STN, in particular, from 
the ZI and the SN was assessed. At both 3 T and 7 T, coro-
nal T2* FLASH sequences provided the best visualization 
of the STN. Interpretation of these results by DBS sur-
geons remains difficult, however, given these studies were 
performed in healthy volunteers, without a head frame, 
and without testing for geometrical accuracy.

Susceptibility-Weighted Phase Imaging. Susceptibili-
ty-weighted phase images have been shown to have excel-
lent ability to delineate the STN from the SN and the ZI.57 
Phase images are not dependent on T1 and T2 relaxation 
parameters and are less affected by field inhomogeneity 
secondary to high field strength, which is its main advan-
tages over T2*WI.49

Qualitative analysis of STN visibility using SWI, 
SWPI, and T2* showed that SWPI had almost double the 
visibility compared with SWI and 3.5 times the visibility 
compared with T2*WI.57 Comparison of T2, T2*, SWI, 
SWPI, and QSM showed phase images were second only 
to QSM for visualization of the STN, with good interrater 
reliability and a median 5 times increase in CNR com-
pared with T2WI.29

Susceptibility-Weighted Imaging. Susceptibility-weight-
ed images (Fig. 4) are a combination of phase and magni-
tude images which produces an enhanced-contrast mag-
nitude image that is particularly sensitive to hemorrhage, 
calcium, iron storage, and slow venous blood containing 
deoxyhemoglobin.17 This sequence has been shown to 
have a wide variety of clinical applications including the 
identification of cerebral arteriovenous malformations, 
tumors, venous disease, trauma, and functional brain im-
aging.20

SWI has repeatedly been demonstrated to be better 
than T2WI for visualization of the STN, with a statistically 
significant increase in CNR even at low field strength.29,36 
The other advantage with SWI in DBS applications is that 
it enhances visualization of deep cerebral veins and trans-
parenchymal vessels to assist in preoperative planning of 
DBS lead trajectory.7,40

SWI provides good CNR at the level of the STN, but 
evidence suggests it does not perform as well as phase and 
T2* images, particularly at higher field strength. Direct 

comparison of SWI with T2* FLASH images at 3 T and 
7 T showed T2* FLASH 2D provided superior contrast 
for the STN.22,23 Phase images have also been shown to 
provide better delineation of the STN, with visualization 
scores of 3.47 and 2.03 out of 5 for phase images and SWI, 
respectively.57 Quantitative analysis demonstrates a higher 
CNR for phase imaging in comparison with SWI when 
viewing the STN and SN.29

Disadvantages of Susceptibility-Based Imaging Tech-
niques. There are disadvantages with susceptibility-based 
imaging techniques, including signal loss, distortion, 
and local field inhomogeneity, particularly at high field 
strength.1,17,57 This can often blur the edges of the STN 
and cause it to appear larger.

Assuming iron in the STN is uniformly distributed, the 
susceptibility signal of GRE imaging would not accurately 
represent the STN’s borders. This is because the magnetic 
field produced by the MRI scanner (Bo) induces local 
magnetic fields in paramagnetic tissue (Fig. 5). These lo-
cal magnetic fields extend beyond the borders of the STN 
and can cause protons in surrounding tissue to relax faster, 
leading to decreased signal in these areas. This means that 
in susceptibility imaging the STN may appear to origi-
nate from surrounding non-STN tissue. This is known as 
a nonlocal susceptibility effect. It is further complicated 
by the fact that iron is not uniformly distributed in the 
STN, and thus certain borders may be more exaggerated 
than others. GRE imaging, in general, is predisposed to 
nonlocal susceptibility effects, also known as blooming 
artifacts, which represent a significant drawback of all 
susceptibility-based imaging.

Occurring at the surface, blooming artifacts appear 
to arise perpendicular to the magnetic field.27 Given the 
STN lies obliquely in 3 planes and is a small structure, 
these blooming artifacts need quantification and correc-
tion prior to accurate direct targeting of the STN. Image 
reconstruction methods such as QSM represent a way to 
address this problem.

Quantitative Susceptibility Mapping. QSM (Fig. 6) is 
a post–image processing technique that can be used on 
any GRE phase image.27 The goals of QSM are to reduce 
orientation dependency of the target brain tissue, thus 
reducing blooming artifacts, and to provide a more di-
rect measurement of intrinsic tissue magnetic properties 
and iron content, which allows for better delineation of 

Fig. 4. Axial (left) and coronal (right) susceptibility-weighted MR 
images through the center of the STN. Courtesy of Dr. Tian Liu, Med-
ImageMetric LLC, New York, New York, and Dr. Yi Wang, Biomedical 
Engineering and Radiology, Cornell University, New York, New York.
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the STN from the SN and other proximal iron-rich struc-
tures.13,27,42,49

Reduced Object Orientation Dependency. The suscep-
tibility effect is nonlocal in GRE imaging. This is because 
the unusual shape of the dipole kernel makes the field map 
inhomogeneous, even when the underlying tissue is ho-
mogenous: a phenomenon predicted by Maxwell’s equa-
tions for static magnetism.27 These nonlocal effects pro-
duce characteristic blooming artifacts.

Dipole deconvolution is a method used in QSM and 
directly reduces blooming artifacts, providing a clearer 

picture of tissue susceptibility and magnetic properties. 
This has been directly measured through experimentation 
with copper sulfate phantoms, where it was demonstrated 
that blooming artifacts are most notable at the surfaces of 
an object and perpendicular to the magnetic field.27 Using 
QSM reduced blooming artifacts and allows for clearer 
definition of the phantom borders regardless of orienta-
tion. This is of particular importance in considering imag-
ing of the STN given its oblique orientation.3 It may also 
mean accurate depiction of the STN would be otherwise 
highly dependent on something as simple as head orienta-
tion within the scanner.42

More Accurate Measurement of Brain Iron Concen-
tration. The presence of brain iron has been shown to be 
the predominant factor in magnetic susceptibility in gray 
matter.26 However, iron concentration within the STN is 
not homogenously distributed, and studies have suggested 
increased concentration inferiorly.14 This combined with 
nonlocal phase changes present in susceptibility-based im-
aging means that T2* hypointensity and phase contrast are 
not directly reflective of local tissue iron concentration.27

QSM produces a more linear correlation of tissue iron 
concentration.27 This has been corroborated by postmor-
tem evaluation of deep gray matter structures.26 More 
accurate estimation of gray matter iron concentrations 
allows for better discrimination of surrounding iron-rich 
gray matter structures, including the SN.42

Fig. 5. Diagrammatic representation of nonlocal susceptibility effects (blooming artifacts) and the STN. Iron (Fe) within the STN 
produces a local magnetic field when under the influence of the main magnetic field (Bo). This local magnetic field induces relax-
ation of protons in surrounding tissues, producing a susceptibility effect even though no susceptibility source is present. This blurs 
the borders of the STN and can cause them to appear larger than they really are. Copyright Arjun Chandran. Used with permis-
sion.

Fig. 6. Axial (left) and coronal (right) QSM images through the center 
of the STN. Courtesy of Dr. Tian Liu, MedImageMetric LLC, New York, 
New York, and Dr. Yi Wang, Biomedical Engineering and Radiology, 
Cornell University, New York, New York.
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There is only one study directly comparing QSM im-
aging with other techniques for viewing the STN (T2, 
T2*WI, R2*, SWPI, and SWI) in both healthy volunteers 
and neurological patients undergoing DBS.29 The study 
demonstrated that the STN was most clearly delineated 
from the ZI superiorly and the SN inferiorly using QSM, 
and that QSM directly reduced blooming artifacts pro-
duced by GRE sequences. The CNR was 6.4 times higher 
on QSM than on conventional T2WI for differentiating the 
STN from surrounding structures.

QSM has not been verified for preoperative planning 
in DBS to date. In particular, the geometrical accuracy of 
this technique needs further quantification. Postprocess-
ing is technically demanding and may require a significant 
amount of time to calculate the images.44,58 An online re-
construction technique has shown promise in addressing 
this practical limitation, reducing the image construction 
time to less than 30 seconds on standard computers.45

discussion
The placement of DBS leads was originally performed 

using ventriculographic guidance, which provided dis-
tortion-free demonstration of the anterior and posterior 
commissure. This technique is, however, invasive, may 
increase the length of hospitalization, and is necessarily 
indirect as structures cannot not be visualized.34

The advent of CT improved the safety and convenience 
of stereotactic imaging but still required an indirect ap-
proach. This ongoing reliance on atlases may have been 
a source of variability in clinical results. For example, the 
Schaltenbrand and Wahren atlases43 represent a very small 
sample of the normal adult population, and moreover did 
not use individuals with Parkinson’s disease.28

MRI allows direct visualization of the STN; however, 
direct targeting has only been made possible recently, 
with technological advances in hardware, increased field 
strength, and new sequences. Even as recently as 15 years 
ago stereotactic targeting was necessarily indirect as MRI 
technology and subsequent image quality had not ad-
vanced sufficiently for neurosurgeons to feel comfortable 

directly targeting the STN. As technology advances and 
images improve, direct targeting is becoming more fea-
sible and readily acceptable.

Over time, pulse sequences have advanced from basic 
SE sequences such as T1 and T2 to newer SE and suscep-
tibility-based sequences that provide signal contrast based 
on differences in brain tissue composition. Despite the 
availability of these newer sequences, their use in stereo-
tactic surgery is currently limited.

T2WI and IR imaging remain the predominant se-
quences used and have been for many years. Short scan-
ning times, a perceived lack of evidence-based alterna-
tives, and neurosurgeons’ familiarity with interpreting 
these images may explain their ongoing popularity.

High-quality, distortion-free images are paramount for 
neurosurgeons. There are 2 primary concerns with cur-
rently used sequences. The first is geometrical distortion 
secondary to both the presence of a paramagnetic head 
frame and the nature of the sequence itself. Distortion has 
led some groups to coregister MRI to CT in the hope of 
reducing geometrical inaccuracy inherent in MRI tech-
niques. There is no strong evidence to support this, with 
some studies demonstrating the CT/MRI fusion process 
may, in fact, introduce geometrical error.55 Distortion cor-
rection algorithms have also been used; however, the tech-
niques are imperfect and less ideal than producing direct 
distortion-free imaging sequences.

The second concern for neurosurgeons using direct tar-
geting techniques is poor image quality. Attempts to im-
prove image quality with currently used sequences have 
led some groups to image while the patient is immobilized 
using general anesthesia for long acquisition times. This, 
for example, allows for an increase in the number of sig-
nal averages (NSA), which may improve the CNR. The 
major limitation in improving image quality remains the 
requirement to use a transmit-receive head coil with the 
paramagnetic head frame.

The authors currently use stereotactic head frame 
T2WI at 3 T with a high NSA under general anesthesia in 
an attempt to improve STN visualization (Table 1). This 

table 1. literature-based summary of imaging sequence parameters commonly used for stN assessment*

Parameter T2 FSE PSIR FGATIR Coronal T2* FLASH 2D SWI

Field strength 3 T 1.5 T 3 T 3 T 1.5 T
Matrix 384 × 384 230 × 230 320 × 256 384 × 384 256 × 256
FOV, mm 260 × 260 230 × 230 256 × 192 192 × 192 250 × 250
Slice thickness, mm 1.0 2.0 1.0 2.5 2.0
TE, msec 100 10 4.39 30 40
TR, msec 10,672 4000 3000 625 2300
TI msec — 200 409 — —
Flip angle, degrees 90/130 — — 30 90
Bandwidth 250 Hz — 130 Hz 40 Hz 21 kHz
Mean no. of signals  8 — — 1 —
Head coil Transmit-receive Quadrature Quadrature 32 channel  Quadrature

FOV = field of view; TE = echo time.
*  Data for the different sequences were derived from the following references: Thani et al.55 (T2 FSE), Ishimori et al.21 (PSIR), Sudhyadhom et 
al.53 (FGATIR), Kerl et al.22 (Coronal T2* FLASH 2D), O’Gorman et al.36 (SWI).
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is after many years of experimenting with both T2 and 
IR sequences and image parameters. Despite our best ef-
forts at improving image quality with commonly used se-
quences, the STN remains difficult to visualize, especially 
in relation to the SN. Our experience suggests that despite 
gradual improvements in MRI technology there is still a 
need for better imaging.

Improvements in imaging can be achieved using a va-
riety of methods. The first is to improve the field strength. 
This allows a greater CNR and SNR. Increased distortion 
at higher field strength remains a concern, however. The 
second method is to improve the head coil used. Unfor-
tunately the use of a head frame limits head coil design 
to transmit-receive. The use of frameless or robotic tech-
niques to bypass this limitation may become increasingly 
important in the future.25 The third method is to alter the 
pulse sequence used, but this requires neurosurgeons to 
spend time optimizing the new sequences and gaining 
confidence with its use.

Broadly speaking, all imaging sequences discussed fall 
into 2 categories. The first are SE techniques based on the 
precession of water molecules, which include the sequenc-
es commonly used worldwide such as T2WI, IR imaging, 
and DTI. Tissue contrast in these sequences is based on 
differences in decaying rates, which is often small as water 
is relatively uniformly distributed throughout the tissue. 
These sequences have been extensively investigated for 
imaging the STN; however, given the lack of specificity 
for the target tissue being imaged, they are often deficient 
in the level of contrast needed to accurately target it.

The second group of sequences are the newer suscepti-
bility-based techniques including SWI, SWPI, and T2*WI, 
which take into account the underlying composition of the 
brain tissue, which, most importantly in the case of the 
STN, includes iron deposits. Only certain metallic ele-
ments of biomolecules, such as highly paramagnetic iron, 
have unpaired electrons that are very selectively deposited 
in cerebral structures,26 which provide a significant ad-
vantage as pulse sequences that are able to take this into 
account provide excellent contrast. The disadvantages of 
these sequences are the presence of orientation dependen-
cy and nonlocal effects in GRE imaging. This produces 
blooming artifacts that blur the borders of the STN. For 
neurosurgeons this means excellent quality images with an 
improved ability to delineate all STN borders but a strong 
potential for lead placement distant to the desired target.

Accurate placement of DBS leads requires both good 
contrast at the level of the STN to plan for targeting, and 
accurate boundaries to maximize therapeutic benefit and 
minimize stimulation side effects. All of the above sequenc-
es thus require a trade-off between contrast and accurate 
demarcation of the STN’s boundaries. Although very good 
images of the STN have been generated with susceptibility-
based techniques, there are no reliable published data to 
suggest that they can be accurately used stereotactically. 
Blooming artifacts may produce such significant distortion 
that the accuracy of electrode placement is affected.

QSM represents the most exciting advance in imaging 
of the STN. Comparison studies show it provides better 
CNR than susceptibility-based imaging, and early phan-
tom studies suggest a reduction in blooming artifacts, giv-

ing more accurate boundaries of the STN. The difficulty 
in this technique lies in the ability for small centers to use 
it given the high computational load required to postpro-
cess the images. Faster image reconstruction45 may soon 
become available so that research groups can begin to as-
sess its suitability for STN stereotaxis.

conclusions
DBS of the STN is difficult both because of geometrical 

distortion and poor resolution on currently available MRI 
sequences used in direct targeting. New MRI sequences 
have shown promise in improving STN contrast and better 
defining STN borders from the SN and ZI. Susceptibility-
based imaging techniques and image reconstruction meth-
ods may represent the way forward to producing high-
quality, distortion-free images with excellent STN edge 
detection that neurosurgeons can use to accurately and 
reliably target their electrodes.
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