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Automated Optimization of Subcortical Cerebral
MR Imaging�Atlas Coregistration for Improved
Postoperative Electrode Localization in Deep
Brain Stimulation
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BACKGROUND AND PURPOSE: The efficacy of deep brain stimulation in treating movement disorders
depends critically on electrode localization, which is conventionally described by using coordinates
relative to the midcommissural point. This approach requires manual measurement and lacks spatial
normalization of anatomic variances. Normalization is based on intersubject spatial alignment (coreg-
istration) of corresponding brain structures by using different geometric transformations. Here, we
have devised and evaluated a scheme for automated subcortical optimization of coregistration (ASOC),
which maximizes patient-to-atlas normalization accuracy of postoperative structural MR imaging into
the standard Montreal Neurologic Institute (MNI) space for the basal ganglia.

MATERIALS AND METHODS: Postoperative T2-weighted MR imaging data from 39 patients with
Parkinson disease and 32 patients with dystonia were globally normalized, representing the standard
registration (control). The global transformations were regionally refined by 2 successive linear regis-
tration stages (RSs) (ASOC-1 and 2), focusing progressively on the basal ganglia with 2 anatomically
selective brain masks, which specify the reference volume (weighted cost function). Accuracy of the
RSs was quantified by spatial dispersion of 16 anatomic landmarks and their root-mean-square errors
(RMSEs) with respect to predefined MNI-based reference points. The effects of CSF volume, age, and
sex on RMSEs were calculated.

RESULTS: Mean RMSEs differed significantly (P � .001) between the global control (4.2 � 2.0 mm),
ASOC-1 (1.92 � 1.02 mm), and ASOC-2 (1.29 � 0.78 mm).

CONCLUSIONS: The present method improves the registration accuracy of postoperative structural
MR imaging data into MNI space within the basal ganglia, allowing automated normalization with
increased precision at stereotactic targets, and enables lead-contact localization in MNI coordinates for
quantitative group analysis.

The therapeutic efficacy of deep brain stimulation (DBS)
and the occurrence of side effects are dependent on the

localization of the electrode. Various targets have been de-
scribed to be effective in different neurologic disorders, for
example, the subthalamic nucleus (STN) and adjacent struc-
tures in Parkinson disease (PD)1,2 and the internal pallidum
(GPi) in dystonia.3 Yet, optimal precise target localization re-
mains controversial. Assessment of localizations on postoper-
ative structural MR imaging data in their specific anatomic
context requires spatial normalization to transform individual
anatomic variability4-6 by geometric alignment of correspond-
ing structures across patients (patient-to-patient) or to a stan-
dard (patient-to-atlas). Commonly, the position of the elec-
trode is indirectly reported in coordinates along the 3 axes
relative to the midcommissural point (MCP) between the an-
terior commissure (AC) and posterior commissure (PC)1,6-11

and is normalized by the individual distance from the AC to
the PC in relation to a standard atlas ACPC distance.

However, this normalization method disregards the indi-

vidual mediolateral and dorsoventral dimensions, despite the
substantial variability of the GPi12,13 and the STN8,9,14,15 with
respect to the MCP.16,17 For instance, the AC can vary in di-
ameter from 3 to 8 mm,18 and the inter-rater ambiguity in
manual selection leads to considerable variations in assess-
ment of the target STN and GPi.6 These inconsistencies erro-
neously scale distances along all 3 axes by misjudging the
ACPC distance, on which this normalization is based.

Several groups have derived electrode positions from post-
operative MR imaging data with respect to the MCP and trans-
ferred them to figures of histologic stereotactic atlases.1,2,19-23

To improve concordance of outlines of the patient’s MR
imaging�based nuclei with the atlas nuclei, some studies have
applied manual atlas deformations.1,23 However, manual as-
sessment of the nuclear outlines is prone to limited inter-rater
reliability.5 Another approach24 is based on the manual defi-
nition of reliably identifiable landmarks to transform MR
imaging data into the stereotactic Atlas of the Human Brain.25

Nevertheless, an automatic approach would reduce the effort
necessary on the part of the expert and avoid inaccuracies that
can arise from manual assessment of anatomic landmarks.
Recently, automated registration of atlas MR imaging data of a
brain specimen and the corresponding histologic section to
individual MR imaging (atlas-to-patient) was shown to be ro-
bust and accurate.26-28 These methods permit registration of
MR imaging data with a specific atlas space, which is based on
a few individuals (postmortem print atlases) with detailed but
individual anatomic measures. However, a more standardized
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population-based stereotactic space would be advantageous
to account for broad anatomic variety4,5 and enable quanti-
tative reference to points within anatomic structures or
substructures.

In this study, we investigated the accuracy and variance of
regionally optimized automated linear registration of postop-
erative structural T2-weighted MR imaging data into the stan-
dardized population-based Montreal Neurologic Institute
(MNI) stereotactic space (patient-to-atlas), which is based on
152 individuals (MNI-152). MNI space is a widely accepted
reference system provided by the International Consortium of
Brain Mapping5,29 and provides a degree of structural normal-
ity, allowing direct comparison of MNI localizations in quan-
titative group analysis.

Materials and Methods

Patients and MR Imaging Data Acquisition
The primary end point of this study was the cross-subject accuracy of

anatomic localization in the basal ganglia of MR imaging data of pa-

tients with uni- or bilaterally implanted DBS electrodes compared

among conventional versus 2 optimized registration approaches. This

registration scheme was optimized and evaluated on the postopera-

tive T2-weighted MR imaging data of 39 patients with PD (median

age, 66 years; range, 42–77 years; 17 men) and 32 patients with dys-

tonia (median age, 46 years; range, 17–72 years; 26 men).

These MR imaging data ensured realistic conditions such as geo-

metric distortions and signal-intensity loss due to the susceptibility

artifacts of the electrode. Because these artifacts may affect the level of

accuracy of registration methods, healthy controls were not included

in this study. Patients with different degrees of cerebral atrophy and

ventricular enlargement were explicitly included to achieve a repre-

sentative sample. Exclusion criteria included strong motion artifacts

or a low signal intensity–to-noise ratio.

MR imaging was performed on a 1.5T scanner (NT Intera; Philips

Medical Systems, Best, the Netherlands) within 5 days after implan-

tation of electrodes, and sections were obtained in both the coronal

and transverse planes. DBS patients are subject to limitations of the

specific absorption rate (SAR) specified by the manufacturer of elec-

trodes (www.medtronic.com; electrode model 3387 and 3389; �0.1

W/kg) to minimize the risk of hazardous interactions of the electro-

magnetic field with implanted DBS devices. SAR specifications were

followed by using a transmit-receive head coil and a dedicated T2-

weighted fast spin-echo (FSE) sequence in a low SAR mode with the

following parameters: TR/TE, 3500/138 ms; echo-train length, 8; ex-

citations, 3; flip angle, 90°; section thickness, 2 mm; section gap, 0.2

mm; FOV, 260 mm (in-plane resolution 0.51 � 0.51 mm); matrix

size, 384 interpolated to 512; total acquisition time, 10 minutes 41

seconds; Philips software Version 11.1 level 4. The present T2-

weighted FSE sequence was preferred to other MR imaging sequences

applied in DBS-treated patients30 due to an improved contrast-to-

noise ratio of the targeted nuclear structures, particularly the STN.

This sequence was similarly used for the stereotactic planning routine.

Image Preprocessing and Global Normalization
Postoperative MR imaging data were processed by using the Software

Library31 from the Oxford Centre for Functional MR Imaging of the

Brain (FMRIB, http://www.fmrib.ox.ac.uk). Initially, brain tissue was

segmented from nonbrain tissue to provide skull-stripped MR imag-

ing data.

Skull-stripped MR imaging data were spatially normalized in 1

conventional global and 2 subsequent reference mask�guided regis-

tration stages (RSs), applying linear transformations with the Linear

Image Registration Tool (FMRIB),29 which preserves the proportions

(ratios of distances) of structures among one another along parallel

lines.

Linear coregistration to the MNI-152 T2 average brain template5

by using the 4 standard transformations: scale, rotation, translation,

and shear along all 3 axes (affine transform) provided the basic global

transformation matrices. This global registration represented the

control group and served as a starting point for the optimized RSs. All

registrations within this study apply the mutual information similar-

ity metric, which measures the statistical mutual dependence of image

intensities between the individual MR imaging and the reference tem-

plate,32 to obtain the best match of alignment.

Estimation of the volume of ventricular CSF (VCSF) was per-

formed by using the cross-sectional Structural Image Evaluation tool,

which accurately and robustly33 differentiates MR imaging data into

different tissue types (gray matter, white matter, CSF) and produces a

partial volume map providing the proportion of a certain tissue type

present in each voxel. Segmented horizontal data were visually in-

spected and superimposed on the original MR imaging data to con-

trol for obvious inaccuracies, and no manual editing was considered

necessary. Non-normalized VCSF volumes were calculated by sum-

ming up the VCSF partial volume values by multiplication of their

mean value by their volume in voxels. Normalized values of VCSF

were derived by multiplication of the measured non-normalized

VCSF volumes by the 3 scales of the global transformation matrix.

Automated Subcortical Optimization of MR
Imaging�Atlas Coregistration
To account for cerebral atrophy and ventricular enlargement, fre-

quently seen in patients with PD,34 we created a subcortical brain

mask in MNI-152 1-mm stereotactic space, which comprises a broad

structural variety of subcortical anatomic structures (Fig 1A). The

subcortical brain mask specifies the region of the MNI-152 T1 1-mm

brain template, which is applied as a structural reference (weighted

cost function) in the first stage of automated subcortical optimization

of coregistration (ASOC-1). This first regionally optimized registra-

tion step uses the transformations of scale, rotation, and translation

along 3 axes (9 df). The search for optimal alignments in ASOC-1

was initialized with the transformation matrices from the global

registration.

For the second RS of ASOC (ASOC-2), the MNI-152 1-mm T1

template5 was interpolated (3D windowed Sinc) in a novel stereotac-

tic volume with identical MNI coordinates but increased spatial res-

olution with a voxel size of 0.22 � 0.22 � 0.5 mm3. Although its

lateral and anteroposterior extents entirely composed the basal gan-

glia (Fig 1 B), its axial extents ranged from 13 mm superior to 22 mm

inferior with respect to the AC, aiming at stereotactic target levels.

In comparison with the native space of MR imaging data, the

increased spatial resolution of this volume provides a denser 3D grid

of voxels, which better approximates irregular positions of geometri-

cally transformed voxels of the original MR imaging data. This ste-

reotactic volume allows more precise mapping in the interpolation of

the skull-stripped MR imaging data after the final RS (ASOC-2), with

a minimal loss of quality, and facilitates referencing the locations

more accurately.

A stereotactic brain mask was developed in the stereotactic vol-

ume, which precisely encompasses the margins of the basal ganglia
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but omits the lateral ventricles. The axial extents of this mask were

restricted to 7 mm above to 18 mm below the intercommissural axis

(Fig 1B). The stereotactic brain mask specifies the region of the ste-

reotactic volume, which is applied as a structural reference (weighted

cost function) in ASOC-2. ASOC-2 was initialized with the transfor-

mation matrices from ASOC-1 as start transformations and used sim-

ilar registration properties of 9 df, including scale, rotation, and

translation. The resulting matrices from ASOC-2 allowed direct

transformation and resampling of the genuine skull-stripped MR im-

aging data into the stereotactic volume by using 3D-windowed sinc

interpolation.

Evaluation of Coregistration Accuracy
Assessment of the accuracy of the different RSs was based on 16 ana-

tomically defined reference points (Table 1 and Fig 1C), which verify

both interior landmarks close to stereotactic targets (eg, the anterior

pole of the red nucleus referring to the STN35) and landmarks at the

outlines of the nuclei to detect translational and scaling errors. They

were based on high-contrast boundaries of anatomic structures to

minimize rater-dependent manual error24,36 and were defined on the

axial planes in the high-resolution stereotactic volume (Fig 1C). The

pars tecta of the fornices and their transition into the mamillary bod-

ies run nearly horizontal and appear as a small but clearly identifiable

structure on axial T2-weighted MR imaging (arrow on Fig 1D). This

transition provides a distinctive boundary along the dorsoventral axis

and indicates, together with the commissures, dorsoventral displace-

ment of the RSs along this axis.

Particular emphasis was placed to consistently localize specific

edges or centers (specified in Table 1) in the measurement of land-

marks for all 71 patients within the stereotactic volume in an effort to

minimize rater-dependent error.

Linear transformations, including translations in each RS, were

Fig 1. Brain masks for regionally optimized coregistration to the Montreal Neurologic Institute (MNI) stereotactic space and definition of reference points for assessment of registration
accuracy. A and B, The subcortical brain mask (blue) covers a broad subcortical structural variety, including enlarged ventricles (automated subcortical optimization of coregistration
1[ASOC-1]). The stereotactic mask (yellow) closely encompasses the basal ganglia and focuses specifically on dorsoventral levels of the targets subthalamic nucleus (STN) and internal
pallidum (GPi). 3D visualizations of the volume of both brain masks are displayed. C and D, The 16 reference points are defined in T1-weighted MNI based high-resolution stereotactic
space (C) and are shown in a patient’s normalized T2-weighted MR imaging example (D). They are presented in horizontal planes inferior to the anterior commissure (AC) at 0 mm (upper-left),
2 mm (upper-right), 4 mm (lower-left), and 8.5 mm (lower-right). acn indicates anterior cutting site of the caudate nucleus caput; ap, anterior pole of the putamen; pcn, posterior cutting
site of the caudate nucleus caput and lateral ventricle, ac, anterior commissure; mp, medial pole of the internal pallidum, arn, anterior pole of the red nucleus; pp, posterior pole of the
putamen; pc, posterior commissure; mb, mamillary body at intersection with the pars tecta fornicis.
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represented by 4 � 4 matrices of floating-point numbers by using 6

decimal digits of precision and were inverted, resulting in inverse

transformation matrices back to original MR imaging data. Because

the matrix products of inverse matrices of 1 RS by transformation

matrices of another RS facilitate accurate forward and backward map-

ping of positions between RSs, coordinates of the measured 16 land-

marks per patient were transformed to their identical corresponding

localizations in all other RSs, with 6 decimal digits of precision in all 3

planes.

This process assures robustness in comparison of the accuracy of

the RSs among each other, because the rater-dependent error in as-

sessing the landmarks primarily affects the absolute registration error

instead of the relative error between RSs.

Spatial dispersion toward the predefined reference point was

quantified with the root-mean-square difference error (RMSE),

which describes the shortest distance between 2 points.

Comparison of RSs
The accuracy of RSs was validated by the mean and SD (� � �) of the

RMSE of the RSs. Additionally, the effects of RS, age, sex, VCSF vol-

ume, and disorder on the RMSE were evaluated in a general linear

model (GLM) by using the Bonferroni adjustment for multiple com-

parisons of marginal means, significant at the .05 level. In addition to

this complete model, the GLM was calculated separately at each RS

(Table 2).

Results

Registration Accuracy of the RSs
The overall mean RMSE of the global affine RS averages at
4.20 � 2.01 mm. In comparison, the mean RMSE is progres-
sively reduced (Figs 2 and 3) at ASOC-1 (1.92 � 1.02 mm, P �
.001) and ASOC-2 (1.29 � 0.78 mm, P � .001). Similarly, the
effect of the RS is significant in the complete GLM (P � .002,
Table 2).

In comparison with other landmarks, mean RMSEs in
ASOC-2 were increased at the posterior putamen and the pos-
terior caudate caput and were decreased at landmarks close to
the midsagittal line, such as the red nucleus (Table 1). In the
global RS, augmented RMSEs were observed at the anteroven-
tral caudate caput, whereas the RMSEs of both mamillary bod-
ies and the AC were diminished (Table 1).

Registration Accuracy in Regard to Disease and Sex
Sex-specific RMSE differences were significant, with pro-
nounced effect sizes in the complete and global GLM (Table 2;

Table 1: Definition of reference points and accuracy of RSs*

Reference Points/Landmark
Label Conditions of Measurement Side

MNI Coordinates Global RS ASOC-2

X Y Z RMSE SD RMSE SD
AC Sagittal: superior limit; axial: center 0.33 2.52 �3 3.52 1.74 1.26 0.70
PC Sagittal: center; axial: center 0.33 �25.6 �2.5 3.91 1.65 0.93 0.72
Anterior cutting site of caudate

nucleus caput and lat. ventricle
Axial: at the axial level of the

superior limit of AC
Right 14.37 24.6 �3 4.59 2.26 1.00 0.59
Left �13.9 23.7 �3 4.33 2.36 0.97 0.59

Posterior cutting site of caudate
nucleus caput and lat. ventricle

Axial: at the axial level of the
superior limit of AC

Right 5.3 11.4 �3 4.74 2.21 1.78 0.96
Left �4.63 10.3 �3 4.39 2.15 1.93 1.08

Anterior pole of putamen Axial: 2 mm inferior to the superior
limit of AC

Right 20.85 20.2 �5 4.56 1.97 1.31 0.71
Left �20.4 19.6 �5 4.25 2.22 1.33 0.77

Posterior pole of putamen Axial: 2 mm inferior to the superior
limit of AC

Right 33.17 �19.1 �5 5.07 1.71 1.4 0.66
Left �31.6 �19.7 �5 4.96 2.21 1.62 0.78

Medial pole of internal pallidum Axial: 2 mm inferior to the superior
limit of AC

Right 10.49 �0.94 �5 4.20 1.84 1.24 0.62
Left �10.7 �2.24 �5 3.79 1.98 1.42 0.55

Most anterior pole of red nucleus Axial: at the level of the most
anterior part

Right 5.52 �14.3 �7 3.79 1.81 0.84 0.56
Left �4.85 �14.6 �7 4.04 1.77 0.89 0.48

Mamillary body at intersection
with the pars tecta fornicis

Axial: center of the mamillary
bodies

Right 2.93 �8.93 �11.5 3.50 1.73 1.40 0.86
Left �2.04 �8.93 �11.5 3.39 1.74 1.29 0.75

Note:—MNI indicates Montreal Neurologic Institute; RMSE, root-mean-square error; lat., lateral; RS, registration stage; ASOC-2, automated subcortical optimization of coregistration 2;
AC, anterior commissure; PC, posterior commissure.
* Anatomic definition of reference points in MNI-152�based coordinates are specified in the high-resolution stereotactic volume. Additionally, the results of the assessment of registration
accuracy (mean RMSE) and SD are presented. Note that the midsaggital plane in the high-resolution stereotactic volume is lateralized exactly at 0.33 mm at the x-axis. This subtle shift
explains the apparent asymmetries of the lateral extents of the reference points.

Table 2: Results of different effects on registration accuracy*

Effect Type Effect

Global Stage GLM ASOC-1 GLM ASOC-2 GLM
Complete GLM

(all stages)

Effect
Signif.

Effect
Size

Effect
Signif.

Effect
Size

Effect
Signif.

Effect
Size

Effect
Signif.

Effect
Size

Repeated within-patient
effects

Landmark .235 .019 0.175 0.021 .288 .018 .428 0.015
Registration stage .002‡ 0.092

Between-patient effects Disorder .589 .005 0.148 0.032 .882 .000 .918 0.000
Sex .014† .09 0.385 0.011 .198 .025 .019† 0.080

Covariates Age .074 .048 0.386 0.011 .167 .028 .089 0.043
VCSF .555 .005 0.001† 0.146 .262 .019 .575 0.005

Note:—Signif. indicates significance; VSCF, ventricular CSF; GLM, general linear model.
* Effects of different variables on RMSE were calculated in a GLM, both separately at each RS and as a complete model. They are presented with their effect size (partial �2) and
significance at the 95% confidence interval.
† Significant at the .05 level.
‡ Significant at the .01 level.
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increased in the global stage, RMSE of 4.56 � 2.18 mm in men
versus 3.63 � 1.59 mm in women). These differences occurred
primarily in dystonia (RMSE of 4.73 � 2.19 mm in male and
3.32 � 1.43 mm in female patients with dystonia; 4.44 � 2.17
mm in men versus 3.99 � 1.70 mm in women with PD).
RMSE was decreased at other RSs to 1.98 � 1.08 mm versus
1.80 � 0.91 mm in ASOC-1 and 1.34 � 0.81 mm versus 1.21 �
0.74 mm in ASOC-2 in men and women, respectively.

In general, no disease-specific differences were observed in
the GLM, which compensates for confounders such as the
increased prevalence of higher VCSF volume in PD. However,
the raw data reflect a mean RMSE of 4.07 � 2.00 mm versus
4.29 � 2.04 mm in the global RS, 1.72 � 0.87 mm versus 2.06 �
0.34 mm in ASOC-1, and 1.23 � 0.75 mm versus 1.33 � 0.81
mm in ASOC-2 in patients with dystonia versus those with
PD, respectively. Specifically, in ASOC-2, most increased dif-
ferences at single landmarks were obtained at the left posterior
caudate caput with an RMSE increase of 0.39 mm in PD. The
side difference between the increased RMSE at the left versus
right posterior caudate caput in ASOC-2 was significant
(paired t test, P � .033) in patients with PD only. In patients
with PD, the left anterior putamen appeared with RMSE in-
creases of 0.51 mm in ASOC-1 and 0.46 mm at the global RS.

Registration Accuracy Regarding the Age and Volume of
VCSF
Regarding the effect of age on RMSE, a positive significant
correlation (Pearson, 2-tailed) can be demonstrated for the
global RS (r � 0.14, P � .001), ASOC-1 (r � 0.109, P � .001),
and ASOC-2 (r � 0.092, P � .002). However, the complete
GLM revealed the confounding correlation of VCSF volume
with RMSE and age and demonstrated a trend of the pure
effect of age on RMSE (P � .089, Table 2). Overall, the VCSF
volume significantly correlated (r � 0.267, P � .025) with
patient age at implantation of DBS electrodes, but no differ-

ences were found in subgroups of patients with PD (r � 0.18;
P � .27) and dystonia (r � 0.047; P � .808).

There was a significant correlation between RMSE and
VCSF volume (Pearson, 2-tailed) in ASOC-1 (r � 0.228, P �
.001), confirmed by the GLM (P � .001, Table 2). This corre-
lation factor was decreased in ASOC-2 (r � 0.091, P � .002).
In the global RS, this relation is insignificant (r � 0.013, P �
.668) over the entire variety of VCSF volumes in all patients
but significant in patients presenting a VCSF volume of
�60,000 mm3 (r � 0.182, P � .001, Fig 4).

Discussion
The present study demonstrates improved normalization ac-
curacy of T2-weighted MR imaging data of DBS-treated pa-

Fig 2. Accuracy of registration stages (RSs) measured by spatial dispersion of landmarks
with respect to reference points. Boxplots of the root-mean-square errors (RMSEs) of 16
landmarks for all 71 patients are shown for each RS. The median RMSE of the global affine
RS (control) more than doubles that of ASOC-1 (subcortical mask). The second optimization
stage, ASOC-2, achieves the lowest median RMSE and interquartile range. Asterisks
indicate that the mean difference is significant at the .001 level.

Fig 3. Spatial distributions of landmarks in all 71 patients at the 3 RSs. The scatterplots
visualize a reduced dispersion at ASOC-1 and, in particular, at ASOC-2 in comparison with
the standard global affine method. The shown horizontal section of the T1-weighted
MNI-152 brain at 4 mm inferior to the ACPC provides orientation to the superiorly located
landmarks, AC, PC, and the red nucleus, and caudate- and putamen-based landmarks (See
also Fig. 1).

1918 Schönecker � AJNR 30 � Nov-Dec 2009 � www.ajnr.org



tients between consecutive regionally focused linear RSs. Au-
tomated normalization of individual structural MR imaging
data is difficult in an anatomically heterogeneous group of
patients with chronic neurodegenerative disorders,37-39 and
this problem is also reflected by VCSF volumes varying up to
threefold (36,787–110,899 mm3). The accuracy of the global
RS remained stable at different VCSF volumes, indicating the
robustness of this method. However, the mean error level of
the global RS exceeded that of ASOC-1 by �100%. The accu-
racy of ASOC-1 negatively correlated with VCSF volume be-
cause the subcortical mask is composed to normalize a broad
subcortical structural variety and included the lateral ventri-
cles (Fig 4). This correlation was reduced in ASOC-2 due to
the focal design of the stereotactic mask, which aimed at
matching nuclear borders to those of the MNI standard. Thus,
ASOC-2 benefited from improvements in ASOC-1, entailing a
further reduced RMSE and decreased interference with the
VCSF volume. This benefit reinforces the importance of omit-
ting neighboring structures with high variability in the design
of brain masks.

Normalization accuracy as assessed by average RMSE of
ASOC-2 is similar to an RMSE of 1.22 � 0.39 mm, reported
for automated coregistration for the brain stem.40 However,
RMSEs in ASOC-2 varied between the reference points, rang-
ing from landmarks with marginal mediolateral errors (eg,
AC, PC, red nucleus) to more variable structures (eg, puta-
men- and caudate-based landmarks) with increased mediolat-
eral errors. The closest reference to STN within this study was
the red nucleus�based landmark, which demonstrated an
RMSE of �1 mm. The red nucleus has been described as a
consistent and more accurate fiducial marker for targeting the
optimal region of the STN than the conventional indirect
MCP-based method.35,41 For the GPi, the medial pallidal pole
constituted the closest landmark to the actual target point in
patients with dystonia. However, the precision and reliability
in assessing the medial pallidal pole in the applied T2-
weighted imaging sequence depends on the quality of the MR
imaging acquisition and may be limited in cases with a low
contrast-to-noise ratio of the GPi. Nevertheless, verification of

RMSE of the neighboring putamen-based landmarks showed
very similar results in a range of 1.3–1.6 mm. These will rather
overestimate the registration error at GPi because of the in-
creased lateral extent and, therefore, increase the mediolateral
error of the putamen in comparison with the GPi.

One prerequisite for structural MR imaging�based valida-
tion of localizations is its concordance with histologic verifi-
cation, which has been reported to be within a 1-mm range.1

Each electrode contact produced an ellipsoid-shaped mag-
netic susceptibility distortion artifact, which was shown to be
generated symmetrically around the contact,42 and allowed
precise localization of lead contacts with respect to the geo-
metric center of the artifact.7,23,42 Furthermore, T2-weighted
MR imaging is susceptible to significant geometric distor-
tions43 due to static-field inhomogeneities and gradient field
nonlinearity, which exhibit a spheric symmetry within 1 sec-
tion (barrel aberration), may lead to “nonflat” sections (bow
tie effect), and occur along the section-selection direction
(“potato chip” effect).43,44 Most important though, these dis-
tortions increase in size from the center to the periphery of the
image data.43,45 In the central region including the basal gan-
glia, distortions were quantified in a coronal 2D spin-echo
T2-weighted sequence, with a reduced bandwidth for im-
proved visibility of the STN of �0.5 mm, which can be further
reduced by using a correction method based on the deforma-
tion field from a phantom.43

Linear registration is preferred to nonlinear approaches to
preserve individual structural collinearity (ie, maintenance of
proportions of structures). This preserves the shape of the ar-
tifacts of the electrode, which is integrated with the surround-
ing structures in a geometrically linear way. In comparison,
the risk of local misregistration, particularly at the critical ar-
tifacts site, with missing structural information is increased for
nonlinear approaches and may lead to distorted image data.

Regional linear registration is a trade-off between regional
and local accuracy in patients with a limited match of standard
basal ganglia proportions, representing a methodologic caveat
of this approach. In contrast, size and position variations will
be accommodated by scale, translation, and rotation along all
axes. Hence, the RMSE is a composite error, which reflects not
only the misalignment of landmarks by registration but also
the degree of local proportional structural variability. The
absolute mean RMSE diminishes with refined focus of regis-
tration on the target region. Accordingly, individual local an-
atomic variants at certain landmarks rather than registration-
related misalignment may be recognized by an increased
RMSE.

For instance, in ASOC-2, the posterior caudate caput is
more displaced on the left side in patients with PD than on the
right side, a finding not present in patients with dystonia.
Most interesting, this finding complies with previous MR
imaging studies39 finding caudate volume to be predictive for
the pre- and postoperative levodopa-equivalent after DBS
implantation.46

Furthermore, the observed RMSE increases in patients
with PD compared with those with dystonia comply with find-
ings reporting diminished putaminal volumes in patients with
PD.38 These increased RMSEs in patients with PD are reduced
by ASOC-2 and are partially based on the coinciding increased
VCSF volume in patients with PD (compare also “Results”).

Fig 4. Performance of registration accuracy against ventricular CSF (VCSF) volume at each
RS. Single RMSEs of all patients at all landmarks are shown for each RS (dots). The Lowess
regression lines of the mean RMSEs (solid curve) and the interval of the standard error of
the mean RMSEs (area) reveal the dependency of RSs on VCSF volume.
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Sex-specific RMSE differences (eg, in patients with dysto-
nia at the caudate- and putamen-based landmarks) were pro-
gressively reduced in ASOC-1 and ASOC-2 and may corre-
spond to morphologic sexual dimorphism of the basal
ganglia.47,48 Generally, the STN and pallidum have been de-
scribed as located farther laterally in men, correlating with the
third ventricle width and, to a lesser extent, with the overall
brain width.16

Age-related anatomic changes, such as a craniolateral shift
of the center of the STN with respect to the ACPC49 and an
increased distance from the midline to the lateral border of the
STN were reported previously.14 Several studies have evalu-
ated the physiologic volume decrease in the basal ganglia with
respect to age, which is of a linear nature, with average annual
shrinkage rates of 0.5%– 0.8% at ages ranging from 20 to 77
years.12,13,50 Furthermore, pallidal volume was reported to de-
crease at a per-decade rate of 7.2% in men and 3.8% in wom-
en.51 These anatomic variances may be expressed by the cor-
relation between age and RMSE and were successively reduced
in ASOC-1 and ASOC-2, indicating a minor interference of
age and registration accuracy in ASOC-2.

Because the similarity function of the registration proce-
dure is based on structural information, accuracy of normal-
ization will improve with optimized MR imaging sequences,
with an improved contrast-to-noise ratio specific for the
STN52 or GPi. Recently, fast short time inversion-recovery im-
ages were shown to provide better differences in signal inten-
sity between the STN and the substantia nigra and offered
improved visibility of the inferior margin of the STN when
compared with FSE T2-weighted MR imaging sequences,
which provide better visibility of all other margins of the
STN.14

The present method may be useful to evaluate the clinical
benefit (eg, improvement of motor scores), side effects (eg,
dysarthria and gait disturbance), and neurophysiologic find-
ings (eg, local field potentials) in DBS with respect to the an-
atomically normalized localizations of the contacts of leads,
which are directly comparable between patients in the stan-
dardized population-based MNI stereotactic space. Further
clinical studies are needed to show the significance of specific
optimized localizations and their consideration in the preop-
erative adjustment of target points.

Conclusions
Our results confirm a distinct improvement in accuracy and
variance of the present optimization scheme for linear regis-
tration of structural MR imaging data into MNI stereotactic
space within the basal ganglia compared with global affine
registration. This automated approach may be useful in the
normalization of larger sets of MR imaging data of patients,
with increased precision at stereotactic target sites. This allows
direct assessment and comparison of stereotactic localiza-
tions, such as lead contacts in MNI coordinates, and enables
quantitative group analysis in correlation studies with clinical
results, even in the presence of substantial ventricular enlarge-
ment. Conceivably, normalized MR imaging data may be
combined with a variety of (probabilistic) anatomic and func-
tional atlases available in MNI stereotactic space.
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