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Abstract
Background Deep-brain stimulation (DBS) of the internal
globus pallidus (GPi) has shown remarkable therapeutic
benefits for treatment-resistant neurological disorders
including dystonia and Parkinson’s disease (PD). The
success of the DBS is critically dependent on the reliable
visualization of the GPi.

The aim of the study was to evaluate promising 3.0 Tesla
magnetic resonance imaging (MRI) methods for pre-
stereotactic visualization of the GPi using a standard instal-
lation protocol.
Methods MRI at 3.0 T of nine healthy individuals and of
one patient with PD was acquired (FLAIR, T1-MPRAGE,
T2-SPACE, T2*-FLASH2D, susceptibility-weighted imag-
ing mapping (SWI)). Image quality and visualization of the
GPi for each sequence were assessed by two neuroradiolo-
gists independently using a 6-point scale. Axial, coronal,
and sagittal planes of the T2*-FLASH2D images were com-
pared. Inter-rater reliability, contrast-to-noise ratios (CNR)
and signal-to-noise ratios (SNR) for the GPi were deter-
mined. For illustration, axial T2*-FLASH2D images were
fused with a section schema of the Schaltenbrand-Wahren
stereotactic atlas.

Results The GPi was best and reliably visualized in axial
and to a lesser degree on coronal T2*-FLASH2D images.
No major artifacts in the GPi were observed in any of the
sequences. SWI offered a significantly higher CNR for the
GPi compared to standard T2-weighted imaging using the
standard parameters. The fusion of the axial T2*-FLASH2D
images and the atlas projected the GPi clearly in the bound-
aries of the section schema.
Conclusions Using a standard installation protocol at 3.0 T
T2*-FLASH2D imaging (particularly axial view) provides
optimal and reliable delineation of the GPi.

Keywords Deep brain stimulation (DBS) . Direct
stereotactic targeting . Dystonia . Internal globus pallidus
(GPi) .Magnetic resonance imaging (MRI) . Parkinson’s
disease (PD)

Introduction

Deep-brain stimulation (DBS) is a reversible stereotactic
neurosurgical technique providing remarkable therapeu-
tic benefits for otherwise treatment-resistant neurological
and psychiatric disorders including dystonia, Parkinson’s
disease (PD), and tremor [1, 58, 64, 76, 78]. The
interventional procedure consists in the insertion of
electrodes into specific target structures of the brain
and subsequent electric stimulation by an implanted
brain pacemaker [46]. Obviously, the surgical technique
is critically dependent on the accurate placement of the
DBS electrodes into the target site [61].

Various methods have been utilized for the target localiza-
tion in functional stereotactic neurosurgery. The approaches
can be classified as direct and indirect. The indirect methods
are based on the identification of the anterior and posterior
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commissure using computed tomography (CT), magnetic res-
onance imaging (MRI) or ventriculography. Predefined calcu-
lated distances and coordinates from the intercommissural line
are used to determine the target area [52]. Additionally, histo-
logically defined atlas maps can be used to verify the target
structures [36, 38]. In contrast, a direct targeting method,
using stereotactic pre-operative MRI for visualization and
targeting of the deep brain nuclei, is reasonably more appro-
priate for individual patients considering the given anatomical
variability in position, functional segregation, and size [5, 78].

The internal globus pallidus (GPi) in particular rep-
resents a common target structure of the basal ganglia
for DBS. It is surrounded by the optic tract ventrally,
the external globus pallidus (GPe) laterally and dorsally
and the internal capsule (Ci) posteromedially. A thin
layer, the lamina pallidi medialis (LPm), separates the
GPi from the GPe [29, 39].

The effectiveness of bilateral DBS of the GPi for the
treatment of dystonia [12, 13, 41, 48], and PD [1, 4, 41,
47, 66] has recently been proven.

Nowadays, stereotactic imaging data, particularly for the
GPi, are frequently calculated pre-operatively from T2-
weighted fast spin echo [22, 24] or proton density weighted
MRI [72]. In addition, various alternative MR imaging
sequences and techniques, including quantitative T1 and
T2 imag ing [28 , 30] , T2* mapp ing [25 ] , and
susceptibility-weighted imaging (SWI) [32] have been pro-
posed to improve the visibility of the DBS target structures.

However, the most promising new imaging techniques
have not been directly compared.

Therefore, the aim of this study was to evaluate different
promising MRI methods (sequence and orientation) for the
visualization of the GPi at 3.0 T. In order to facilitate an easy
implementation of the results for other neurosurgical centers
we used commercially available sequences as provided by
the vendor (standard installation protocol).

Material and methods

Participant characteristics

Nine healthy volunteers (five male, four female) with a
mean age of twenty-five years (range 21 – 28 years) were
recruited for this study.

Additionally, a 68-year-old male patient with longstand-
ing PD was included in this study. The patient had been
treated with antiparkinson drugs for the past seven years. In
the last year prior to our study he began to experience
intolerable motor dyskinesia predominantly of the hands
despite adequate medication.

The study was approved by the local research ethics
committee, and informed consent was obtained from all

participants prior to their inclusion in the study. The
approval also covers the analysis of other brain regions
of the volunteers not addressed in this study.

Magnetic resonance imaging

For MR imaging of all subjects a 3.0 T system (Mag-
netom Trio, Siemens Healthcare, Erlangen, Germany)
with a 32-channel receiver head coil was used. The
following sequences were acquired: FLAIR (T2-weighted
fluid attenuation inversion recovery), T1-MPRAGE (T1-
weighted magnetisation-prepared rapid gradient-echo),
T2-SPACE (T2-weighted sampling perfection with ap-
plication of optimized contrasts using different flip
angle evolutions), T2*-FLASH2D (T2*-weighted two-
dimensional fast low angle shot magnetic resonance
imaging with a standard bandwidth of 40 kHz), T2*-
FLASH2D-HB (T2*-FLASH with a high bandwidth of
200 kHz), and SWI (susceptibility-weighted imaging).
Slice thickness was manually adapted to completely
cover the area of interest while maintaining an ade-
quate acquisition time. Axial slices of the T1-MPRAGE
images were reconstructed in-line with a slice thickness
of 1 mm. The minimum intensity projections (MIP) of
the SWI datasets were reconstructed in-line with a slice
thickness of 9.6 mm. The specific imaging parameters
are summarized in Table 1.

Qualitative evaluation of the data

Image viewing and analysis of the acquired sequences
for all participants was performed using Osirix-software
(OsiriX Imaging Software; Advanced Open-Source PACS
Workstation DICOM viewer, http://www.osirix-viewer.com/
index.html).

Two neuroradiologists graded the delineation of the
GPi for each dataset independently. Raters were allowed
to freely adjust window/level settings, but no automatic
preprocessing was applied.

The criteria for the visualization of the GPi was the
delineation between the GPi and the adjacent anatomical
structure, i.e. the LPm, the margin to the GPe laterally and
dorsally, and the Ci posteromedially, on the basis of each
reader's own professional judgment. The visibility of the
GPi was graded using a 6-point grading scale. The grading
was as follows: 5 – excellent delineation; 4 – good delinea-
tion; 3 – moderate delineation; 2 – poor delineation; 1 – no
delineation; 0 – no image / not evaluable.

The image quality of each sequence was evaluated by
consensus regarding artifacts using a 6-point scale (5 - no
artifacts; 4 - minimal artifacts; 3 - moderate artifacts; 2 -
significant artifacts; 1 - massive artifacts; 0 - no image / not
evaluable).
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Quantitative analysis

The acquired sequences were assessed quantitatively using
the Osirix-software.

Each dataset was carefully scrutinized to identify the
sections with the structures of interest. The mean signal
intensity (SI) was measured for all datasets by manually
placing a region of interest (ROI) of approximately 0.2
cm2 within the GPi and the Ci considering intra-individual
identical localization. The average standard deviation of
noise was quantified by manually placing a ROI (approxi-
mately 2.0 cm2) outside the brain and away from phase-
encoding artifacts. Identical ROI sizes were used for all
corresponding images. ROI measurements were repeated
three times and average values were taken.

After obtaining these measurements for each participant
the signal-to-noise ratios (SNR) and the contrast-to-noise
ratios (CNR) for the GPi were calculated for 18 cerebral
hemispheres according to the equations:

SNR ¼ SIGPi=σ;

CNR ¼ SIGPi � SICið Þ=σ;
where SIGPi represents the measured signal (mean) within
the grey matter target structure (GPi), SICi the MRI signal
value in the white matter tracts (internal capsule), and σ the
average standard deviation of the noise.

To balance the differences of the sequences in slice
thickness and pixel size the SNR and CNR values were
additionally adjusted to a voxel of 1x1x1 mm3.

Statistical methods

Statistical calculations were performed using the Statistical
Package for the Social Sciences software (SPSS 19, IBM
Corporation, Somers, NY, USA). Inter-rater reliability for
the delineation of the GPi was tested using Cohen’s kappa
coefficient (κ) [19].

A p-value of 0.05 was used to indicate a statistical
significance.

Differences in the delineation of the GPi between the
sequences were statistically evaluated using a paired t-test.

The PD patient’s images were interpreted separately and
were not included in the statistical analysis.

Fusion of the axial and coronal T2*-FLASH2D-imaging
with the section schema of the Schaltenbrand
and Wahren atlas

The axial T2*-FLASH2D imaging slice at the level of the
GPi was superimposed on the corresponding schema of the
Schaltenbrand and Wahren stereotactic atlas (plate 56) [69].

For the fusion of the MR image with the atlas data obviously
delineated anatomic structures (i.e. pallidum, and lateral
wall of the ventricle) in the MR image were used.

Results

Population

Imaging studies of nine healthy volunteers (five male, four
female) with a mean age of twenty-five years (range 21 – 28
years) were included in the qualitative and quantitative
analysis. Axial images of a representative healthy volunteer
are shown in Fig. 1.

Qualitative results

Image quality was good to excellent in all acquired sequen-
ces and none of the images had to be excluded due to
disturbing artifacts. No artifacts within the region of interest
were visible in the T1-MPRAGE, minimal artifacts in
FLAIR and T2*-FLASH2D imaging, and moderate artifacts
in the T2*-FLASH2D-HB, T2-SPACE and susceptibility-
weighted imaging (SWI-MIP and SWI) (Table 2).

Qualitative ratings for the visualization of the GPi are
summarized in Fig. 2.

Concerning inter-rater reliability, both readers graded the
delineation of the GPi vs. Ci identical in FLAIR and T1-
MPRAGE images. T2*-FLASH2D transversal (tra), T2*-
FLASH2D coronal (cor), T2*-FLASH2D sagittal (sag), T2-
SPACE, and SWI-imaging provided a substantial agree-
ment, while T2*-FLASH2D-HB and SWI-MIP scans
showed a moderate inter-rater reliability.

Inter-rater reliability for the grading of the demarcation
between GPi and LPm demonstrated identical values for T1-
MPRAGE, T2*-FLASH2D sag, T2*-FLASH2D-HB, and
T2-SPACE imaging. FLAIR and coronal T2*-FLASH2D
images provided at least a substantial agreement. The
lowest inter-rater reliability was calculated for axial
T2*-FLASH2D scans revealing a moderate inter-rater
reliability for the delineation of both structures.

The T1-weighted images provided excellent gray-white
matter contrast in the border regions of the brain, whereas
only marginal contrast was visible within the basal ganglia
in T1-MPRAGE imaging.

T2-weighted images demonstrated good contrast for
white matter as well as for the basal ganglia. Still, we could
not delineate the LPm, the anatomic boundary between the
GPi and the GPe, in the axial T2*-FLASH2D-HB, T2-
SPACE, FLAIR, and the SWI images. For this special
region, the T2*-FLASH2D images provided a much better
demarcation of the GPi. Moreover, particularly the T2*-
FLASH2D images in axial orientation, and to a lesser

484 Acta Neurochir (2012) 154:481–494



degree in coronal orientation, clearly visualized the LPm,
dividing the GPi from the GPe (Fig. 3).

Furthermore, the T2*-FLASH2D in the axial and coronal
view as well as the SWI sequences provided a statistically
significant superior delineation of the GPi vs. the Ci com-
pared to FLAIR images. The delineation of the GPi vs. the
LPm was statistically superior particularly in the axial and to
a lesser degree in the coronal T2*-FLASH2D sequences
compared to the FLAIR images.

The LPm was discernible in the axial T2*-FLASH2D
and coronal T2*-FLASH2D images in all 18 hemispheres.

To analyze the effect of different bandwidths on the
delineation of the GPi we compared two T2*-FLASH2D
sequences with bandwidths of 40 kHz (standard installation)
and 200 kHz (HB). We found that the T2*-FLASH2D with
40 kHz was clearly superior to the high bandwidth of 200
kHz.

For the PD patient similar results were obtained. The GPi
was optimally visualized on the T2*-FLASH2D images.
Particularly, the axial and to a lesser degree the coronal
T2*-FLASH2D-images demonstrated a clear demarcation
of the GPi vs. the Ci and the LPm..

Fig. 1 Representative axial images of a healthy volunteer at the level
of the internal globus pallidus (GPi, top) and enlarged representation at
the level of the GPi (bottom) for all sequences (left to right: a T1-

MPRAGE transveral (tra); b FLAIR tra; c T2-SPACE tra; d T2*-
FLASH2D tra; e T2*-FLASH2D-HB tra; f SWI tra; g SWI-MIP tra)

Acta Neurochir (2012) 154:481–494 485



Quantitative results

To provide directly clinical relevant information, we ana-
lyzed the SNR and CNR of the sequences as provided by the
manufacturer. Additionally, we adjusted the measurements
for a comparison independent of the voxel volume.

SNR and CNR for the GPi are shown in Table 3.
In the non-adjusted measurements the SNR of the GPi in

SWI, SWI-MIP, and T1-MPRAGE-images was substantial-
ly higher compared to the FLAIR, axial T2*-FLASH2D,
T2*-FLASH2D-HB, and T2-SPACE.

The adjusted SNR values differ slightly: Besides the high
SNR values for T1-MPRAGE and SWI, also T2-SPACE
imaging provided a markedly higher SNR compared to
FLAIR, T2*-FLASH2D, and T2*-FLASH2D-HB imaging.
The lowest SNR was computed for the SWI-MIP.

After the SNR calculation and according to the Rose
criterion all scans allowed the recognition of image
features with a 100% certainty (all the values are higher
than 5) [16].

The lowest non-adjusted CNR results were calculated
for the T1-MPRAGE images. T2-weighted imaging pro-
vided good contrast for the structures of interest, with
only minor variation between the mean CNR values for
FLAIR, T2*-FLASH2D, T2*-FLASH2D-HB, and T2-
SPACE images. The best CNR was present in the
SWI-MIP and SWI scans.

The highest adjusted CNR values were computed for T2-
SPACE and SWI tra. All other T2-weighted sequences
exhibit largely similar, markedly lower CNR values. The
lowest adjusted CNR values were computed for the T1-
MPRAGE images.

The PD patient’s images showed varying results for the
non-adjusted SNR-values in comparison with the images of
the healthy volunteers. While T2-SPACE [32.56], and SWI-
MIP [420.43] images provided a higher SNR for the PD
patient, the SNR of T1-MPRAGE (186.19) and T2-
weighted-imaging (FLAIR [40.78], T2*-FLASH2D tra
[38.31], T2*-FLASH2D-HB [25.37] and SWI [83.83]) were
slightly lower compared to the calculated SNR values for
the healthy volunteers.

In contrast, the CNR of the patient’s images were prom-
ising for the future application in PD. Higher non-adjusted
CNRs were observed for the PD patient compared to the
healthy volunteers. Particularly, the susceptibility-weighted
imaging (SWI-MIP [361.79] and SWI [68.37]) provided a
considerably higher CNR. Also T2*-FLASH2D (T2*-
FLASH2D tra [23.58]) as well as T2-weighted imaging
(FLAIR [21.85], T2*-FLASH2D-HB [25.11], and T2-
SPACE [24.09]) demonstrated a markedly higher CNR.

Fusion of the Schaltenbrand and Wahren atlas
with T2*-FLASH2D-imaging

Figure 4 shows an example of an axial T2*-FLASH2D
image at the level of the GPi fused with the commonly used
Schaltenbrand and Wahren atlas for stereotaxy of the human
brain (plate 56) [69]. With the help of the atlas the GPi and
its adjacent structures (i.e. Ci and LPm) are easily identified
in the corresponding localization of the section schema.

Discussion

Deep brain stimulation of the GPi provides a therapeutic
option for patients with otherwise treatment-resistant dysto-
nia and PD [48, 83]. After the approval by the FDA and the
European regulatory authority (CE-Mark) the technique got
a considerably increase in interest among patients and physi-
cians. Although the underlying principles and mechanisms
of DBS are not fully understood [10], the precise and
reliable identification of the anatomical borders of the target
structure remains a critical, and essential step for clinical
efficacy [46, 53, 56].

As already pointed out, the indirect targeting of the DBS
target structure is inferior to direct methods given the inter-
individual anatomical variability in position, size, and func-
tional segregation of the target nuclei [5, 37]. Additionally,
many neurosurgical centers try to confirm the exact locali-
zation of the target structure with intra-operative eletrophy-
siological mapping using simultaneous multitrack micro-
electrode recording [3, 15]. It is worth mentioning, that
although microelectrode stimulation remains the gold stan-
dard for the intra-operative verification of DBS target, mi-
croelectrode mapping can prolong the intervention time and

Table 2 Average artifacts at the level of the internal globus pallidus
for each sequence

Sequence Mean ± SDa (consensus of two readers) b

T1-MPRAGE 5.00 ± 0.00

FLAIR tra 4.11 ± 0.33

T2-SPACE tra 3.00 ± 0.00

T2*-FLASH2D tra 4.00 ± 0.00

T2*-FLASH2D cor 4.00 ± 0.00

T2*-FLASH2D sag 3.78 ± 0.67

T2*-FLASH2D-HB tra 3.00 ± 0.00

SWI tra 4.00 ± 0.00

SWI-MIP tra 4.00 ± 0.00

aMean and standard deviation (SD).
b Artifacts at the level of the internal globus pallidus for each sequence
were evaluated by consensus of two radiologists using a 6-scale rating
system (5 – no artifacts; 4 – minimal artifacts; 3 – moderate arifacts; 2
– significant artifacts; 1 – massive artifacts; 0 – no image / not
evaluable).
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multiple electrode trajections to the brain can increase the
risk of intracranial hemorrhage [8, 9, 62, 75, 85].

For several reasons DBS of the GPi in particular remains
a great challenge if it is based on electrophysiological test-
ing only. Firstly, intra-operative test stimulation for electro-
physiological mapping is not always helpful in verifying the
optimal site of electrode placement for the GPi in dystonia.
This is on the one hand due to an often prolonged period
until stimulation of the GPi in dystonia comes into effect
[20, 44, 48, 84]. On the other hand microelectrode mappings
are often inconclusive in dystonia due to similarities of the
firing pattern of the GPi and GPe [74]. Secondly, the adja-
cent structures have to be respected. The GPi is surrounded

by different vital structures such as the GPe laterally and
dorsally, the optic tract ventrally, and the internal capsule
with the pyramidal tract posteromedially. Adverse effects,
including dysarthria or tetanic contractions due to stimula-
tion of the contiguous pyramidal tract located in the
posterior limb of the internal capsule must be avoided
[63]. Thirdly, a further drawback of electrophysiological
testing in dystonia is the necessity of general anesthesia
complicating the evaluation of possible stimulation
effects [63]. Fourthly, despite the relatively large target
area and the known functional segregation of the GPi
[39], the optimal target location of DBS electrodes for
stimulation effects is still in discussion [11, 76–78].

Fig. 2 Delineation of the GPi vs. internal capsule (Ci) (a) and GPi vs.
lamina pallidi medialis (LPm) (b) for all sequences independently
analyzed by two radiologists for the healthy volunteers. The table (left)
indicates the average delineation and the standard deviation of the
mean for each sequence as well as the inter-rater reliability (κ) with

the statistically significance (p-value) for each sequence. The diagram
(right) demonstrates the average delineation for the GPi (error bars
indicate the 95% confidence interval of the mean). Sequences with a
statistically significant superior delineation compared to FLAIR imag-
ing (paired t-test) are denoted (*).
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Nevertheless, promising long-term benefits have been
reported for subregions of the GPi, namely the most
postero-ventral [12, 13, 37, 45, 54] and probably the
medial [80] portion of the nucleus.

Hence, a direct DBS approach, using stereotactic pre-
operative MRI for visualization and targeting of the GPi is
reasonably more appropriate. Thereby both, inter-individual
variations of the position [37] and size (especially in neuro-
degenerative disorders) are taken into account [40].

Prior studies using 1.5 Tesla MRI provided inconsistent
results for the delineation of the GPi [18, 21, 81]. Deficits in
contrast, signal, and resolution of 1.5 T MRI systems lead to
an insufficient delineation of the borders of the target struc-
tures [18]. With the implementation of 3.0 T scanners in
clinical practice [14], improvements in image resolution,
CNR, and SNR were achieved [6]. Specialized neurosurgi-
cal facilities have already tried to integrate this 3.0 T MRI
technology in stereotactic planning [5, 34, 72]. For PD

Fig. 3 Axial (a), coronal (b), and sagittal (c) views of the internal
globus pallidus (GPi) (top) with magnified representation of the area of
interest (bottom) in T2*-FLASH2D-sequences from a healthy

volunteer. The GPi and the surrounding structures are indicated (GPi:
internal globus pallidus; GPe: external globus pallidus; Put: putamen,
LPm: lamina palladi medialis).

Table 3 Average signal-to-noise ratios (SNR) and contrast-to-noise-ratios (CNR) of the internal globus pallidus for each sequence

SNR CNR

Sequence Non-adjusted SNR
Mean ± SDa

AdjustedbSNR
Mean ± SD

Non-adjusted CNR
Mean ± SD

Adjusted CNR
Mean ± SD

T1-MPRAGE 234.18 ± 58.44 975.35 ± 243.42 2.18 ± 1.57 9,06 ± 6.55

FLAIR tra 45.12 ± 8.66 61.01 ± 11.71 19.62 ± 2.95 26.52 ± 3.99

T2-SPACE tra 29.50 ± 8.17 136.58 ± 37.85 17.77 ± 4.48 82.27 ± 20.76

T2*-FLASH2D tra 39.54 ± 9.80 79.08 ± 19.62 15.18 ± 2.70 30.36 ± 5.40

T2*-FLASH2D cor 47.00 ± 15.20 75.20 ± 24.31 18.90 ± 7.45 30.23 ± 11.93

T2*-FLASH2D sag 42.35 ± 8.58 67.75 ± 13.73 17.32 ± 5.91 27.70 ± 9.45

T2*-FLASH2D-HB tra 29.42 ± 6.00 61.26 ± 12.49 16.62 ± 4.98 34.60 ± 10.38

SWI tra 97.93 ± 30.63 145.08 ± 45.37 49.55 ± 13.77 73.41 ± 20.40

SWI-MIP tra 321.18 ± 67.10 59.48 ± 12.43 196.53 ± 35.36 36.40 ± 6.55

aMean and standard deviation (SD)
b To further compare differences on the computed SNR and CNR values, the obtained results for each sequence were adjusted to a voxel of 1x1x1
mm3 , by applying an associated conversion factor.
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patients initial results for pre-operative 3.0 T imaging have
only been reported for the subthalamic nucleus, but to our
knowledge not for the GPi [70, 79].

The aim of our study was to determine the currently
optimal sequence and orientation for GPi targeting using a
standard installation protocol at 3.0 T.

To our knowledge, a direct comparison of the most
promising new sequences for the visualization of the GPi
using 3.0 T MRI has not been published.

Our qualitative results show that T2*-FLASH2D imag-
ing is superior to standard sequences (T1-MPRAGE,
FLAIR), and promising new sequences (T2-SPACE, SWI
imaging).

In contrast to T1-weighted imaging providing no obvi-
ous delineation of the GPi, axial standard T2-weighted

imaging resulted in a good delineation between the GPi
and the Ci. Still the LPm, segregating the GPi vs. the GPe,
was not conclusively visualized in T2-weighted imaging.
Susceptibility-weighted MR imaging (SWI and SWI-MIP)
provided an excellent delineation between the GPi and the
adjacent structures. Nevertheless, the demarcation of the
LPm was restricted. As noted above, recent studies reported
the importance of identifying the subregions of the GPi.
An increase in efficiency and a decrease of adverse
effects of DBS appears to be related to such subregions
[13, 76, 78]. A major finding of the present study is
that the GPi was optimal visualized on T2*-FLASH2D
imaging with a clear delineation of the Ci and the LPm.
This may for the first time facilitate the direct MRI-
guided targeting of the GPi subregions.

Fig. 5 Susceptibility-weighted imaging indicating the main deep ce-
rebral veins at the level of the internal globus pallidus (a-c). The deep
cerebral veins (ICV: internal cerebral veins, TSV: thalamostriate veins,

SV: septal veins) can be easily identified so that the trajectory can be
readjusted to avoid hemorrhage.

Fig. 4 Fusion of the Schaltenbrand and Wahren atlas for stereotaxy of
the human brain with the axial T2*-FLASH2D-acquisition of a healthy
volunteer (a). Digitized coronal schema of the Schaltenbrand and
Wahren atlas at the level of the internal globus pallidus (plate 56).

Characterization of the main cerebral structures in the area of interest
(b). The internal globus pallidus is clearly visible within the boundaries
of the Schaltenbrand and Wahren atlas schema for the GPi.
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Concerning the orientation especially the axial and to a
lesser degree the coronal view of the T2*-FLASH2D
images allowed a clear demarcation of the GPi and its
neighboring structures, in particular the Ci and the
LPm.

Coronal acquisition of the SWI-images may further
optimize the delineation of the GPi.

For neurosurgical procedures based on imaging, a good
inter-rater reliability of radiological assessment is essential.
Up to now, inter-rater reliability at 3.0 T MRI has not been
assessed for the visualization of the GPi. To proof the
reliability of our results the inter-rater reliability of the
delineation of the GPi vs. Ci and LPm for two readers were
calculated using Cohen’s kappa (Fig. 2). In prior studies
calculated values were characterized as < 0 as no agreement,
0 – 0.20 as slight, 0.21 – 0.40 as fair, 0.41 – 0.60 as
moderate, 0.61 – 0.80 as substantial, and 0.81 – 1 as almost
perfect agreement [50, 51]. In our study, a moderate agree-
ment for the delineation of the GPi vs. the Ci for T2*-
FLASH2D-HB and SWI-MIP sequences and for the GPi
vs. the LPm in the axial T2*-FLASH2D images was seen.
All further sequences provided an inter-rater reliability of at
least substantial or above.

These values document, that using appropriate sequences
at 3.0 T, the delineation of the globus pallidum and its
subregions can be reliably performed by readers experi-
enced in the imaging of the deep brain nuclei. However,
technical progress has to be made to further ameliorate the
inter-rater agreement.

To quantify the image quality of the acquired sequences
SNR and CNR measurements were conducted.

In general, SNR and CNR values are linear proportional
to slice thickness and pixel size [71]. Due to the use of
standard parameters with an acquisition time appropriate
for clinical conditions, slice thickness and pixel size differ
between the sequences used. To obtain geometrically com-
parable values SNR and CNR values were adjusted to a
voxel of 1x1x1 mm3. The geometric correction has been
used previously to compare vendor optimized sequences
with different voxel sizes [35].

Our quantitative analysis of the non-adjusted meas-
urements provided the highest CNR values for the
susceptibility-weighted sequences (SWI-MIP and SWI),
while T1-MPRAGE demonstrate the lowest CNR results
for the GPi. We assume that the high CNR of the SWI
is secondary to a high iron content (see below).

For the adjusted measurements, the highest CNR results
were calculated for SWI, and for T2-SPACE imaging. The
CNR differences between non-adjusted and adjusted values
can be ascribed to several factors.

Firstly, the CNR adjustments for the high resolution
sequence T2-SPACE results in a high converting factor
and consecutively in high CNR values.

Secondly, the SD of noise measured in the T2*-
FLASH2D sequences was relatively high in comparison to
the other sequences. This sequence characteristic also con-
tributes to a low CNR for T2*-FLASH2D in comparison to
T2-SPACE.

Thirdly, CNR changes because of intra-voxel signal de-
crease are not taken into account in the geometric voxel
adjustment [17].

However, the high CNR of the GPi in T2-SPACE (rela-
tive to the internal capsule) did not entail a clear delineation
of the GPi versus LPm/GPe.

In the PD patient the non-adjusted CNRs for the GPi
were higher than in the group of healthy volunteers. A
considerable increase of the CNR was particularly seen
in susceptibility-weighted (SWI-MIP and SWI). These
observations in a single individual correlate with previ-
ous studies resulting in a hypointense appearance of the
basal ganglia in T2-weighted imaging due to a progres-
sive rise in iron content with age [68], and in neurode-
generative diseases [27, 55].

To evaluate the influence of different bandwidths on the
quality of GPi visualization, we performed an initial com-
parison of two T2*-FLASH2D sequences with different
bandwidths. The rationale was that a higher bandwidth leads
to a reduction of susceptibility artifacts [2] and therefore
influences the appearance of iron containing structures
[82]. Although, the two sequences did not demonstrate a
major difference in quantitative values, we qualitatively did
observe a much better delineation of the GPi using the low-
bandwidth T2*-FLASH2D sequence. This finding is con-
sistent with prior studies indicating higher susceptibility
artifacts for lower bandwidths and therefore a better visual-
ization of iron-rich structures [67]. Future studies are nec-
essary to find the optimal bandwidth for FLASH sequences
in GPi imaging.

The sensitivity of T2*-contrast images and SWI for the
detection of iron rich structures like the GPi has previously
been documented [43, 65].

For the imaging of age-related neurodegenerative pro-
cesses iron plays a major role [73]. With advancing age by
the third decade an increase of the nonheme iron concentra-
tion in the basal ganglia has been reported. Concerning the
GPi a stabilization of the total amount of nonheme iron after
the fourth decade was found [33, 42]. Therefore, T2-
weighted sequences are considered the standard sequences
for the identification of the basal ganglia [23, 24]. Beyond,
iron still plays a major role in the research of neurodegen-
erative diseases [49, 57]. Several studies showed a progres-
sive increase of iron concentrations also after the fourth
decade in deep brain structures of PD patients [27, 86].
Although, the exact relationship between iron accumulation
and PD remains still unclear, recent reports have suggested a
non-specific effect of neuronal degeneration [22]. The
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remarkably high iron concentration of the basal ganglia in
dystonia and PD corresponds to a hypointense signal of the
GPi in T2-weighted sequences [24, 26]. With the develop-
ment of gradient echo sequences with T2*-weighted images
and later susceptibility weighted images [22, 60], the iron
based imaging could further be optimized. SWI has lately
been introduced to clinical MRI [32]. It provides a combi-
nation of gradient-echo magnitude and phase change images
which are influences by the magnetic susceptibility of iron
[31]. Due to the progressive iron accumulation in the DBS
target structures in PD and dystonia, T2*, T2*-FLASH2D,
and SWI imaging represent the currently optimal techniques
for a reliable identification.

As an additional benefit we found that SWI provided an
extraordinary visualization of deep cerebral veins and trans-
parenchymal vessels. Pre-operatively planning the trajection
line for DBS surgery, this anatomic detail is of special
interest for the neurosurgeon. Hence, intracranial hemor-
rhages due to blood vessel injuries can possibly be avoided
(Fig. 5) [62].

Although the GPi is well visualized on T2*-FLASH2D
images and the CNR and SNR are sufficient for the region
of interest, the anatomic accuracy of the approach had to be
confirmed. In a fusion of an axial T2*-FLASH2D image at
the level of the GPi with the Schaltenbrand and Wahren
atlas, the GPi obviously projects in the borders of the stereo-
tactical schema. Even the LPm is accurately mapped in the
images. This further confirms the correct identification and
localization of the GPi in the acquired images. However, it
has to be kept in mind that in general direct targeting based
on pre-operative imaging has well-known limitations. In
particular, distortions of MR images [7] and brain shift due
to swelling or cerebrospinal fluid leakage and subsequent air
invasion during surgery [59] may cause a discrepancy of the
pre-operative images and the intra-operative anatomy.

Our study has a few potential limitations. First, we in-
vestigated a homogenous, young, and healthy volunteer
collective without confounding factors that are typically
present in a clinical population. This implies that in a clin-
ical population slightly different results have to be expected.
Especially the higher iron content in older patients and in
patients with neurodegenerative diseases might influence
the delineation of the basal ganglia. Second, the comparison
of vendor optimized sequences was complicated by different
voxel sizes which had to be adjusted. This geometric cor-
rection ignores intravoxel signal decay (see above). How-
ever, the primary use of sequences adjusted to equal voxel
size resulting in impractical slice thicknesses and long scan-
ning times was not within the scope of our study.

Nevertheless, despite the superior delineation of the GPi
in T2*-FLASH2D imaging, the results can not be applied to
clinical practice directly. Validation of our findings in a
patient group (especially dystonia and PD) remains to be

performed. Confirmation of the geometric accuracy for the
direct targeting based on 3.0 T MR imaging should be
proven in advance to clinical application. Furthermore, lim-
itations of image quality have to be anticipated due to the
use of head frames and motion artifacts of dystonia and PD
patients.

Conclusion

Using a standard installation protocol at 3.0 T the GPi was
reliably and optimally visualized in the T2*-FLASH2D
images, particularly in the axial and to a lesser degree the
coronal view. Due to the use of vendor optimized sequences
our protocol can be easily implemented in clinical routine.

Consequently, for the clinical practice a combination of
both techniques, T2*-FLASH2D and SWI, facilitates a
more precise GPi targeting and possibly a reduction of
intervention time and complicating hemorrhages in DBS
surgery.

Conflicts of interest None.
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