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In this paper we describe the adaptation of an atlas of 
the human basal ganglia to the identification of deep 
brain structures in individual patients. The atlas was 

developed and evaluated in the clinical context of DBS, 
and was conceived as a set of 3D histological structures 
that can be adjusted to fit the brains of different patients. 

We believe this atlas to be applicable to any research ex-
periment involving brain imaging.

Our objective was to develop an atlas that would 
combine histological, functional, and MR imaging infor-
mation derived from a single postmortem brain speci-
men. Magnetic resonance imaging allowed coregistration 
of all atlas data in the MR imaging space and construc-
tion of truly 3D histological surfaces. In addition, MR 
imaging was also used for the transfer of the atlas data 
onto the MR images obtained in individual patients, and 
image-processing algorithms were developed to automate 
this process. In this paper, we describe our translation 

A three-dimensional histological atlas of the human basal 
ganglia. II. Atlas deformation strategy and evaluation in deep 
brain stimulation for Parkinson disease

Clinical article
Eric BardinEt, Ph.d.,1,8 Manik BhattacharjEE, r.i.,1 didiEr dorMont, M.d.,1,2  
BErnard Pidoux, M.d., Ph.d.,3 GréGoirE Malandain, Ph.d.,7  
MichaEl SchüPBach, M.d.,4,5,9 nicholaS ayachE, Ph.d.,7 PhiliPPE cornu, M.d.,6,9  
yvES aGid, M.d., Ph.d.,4,5,9–11 and jérôME yElnik, M.d.9–11

1Centre National de la Recherche Scientifique, Unité Propre de Recherche 640, Laboratoire de Neuroscience 
et Imagerie Cognitive, Paris; Départements de 2Neuroradiologie, 3Neurophysiologie, 4Centre d’Investigation 
Clinique, 5Fédération de Neurologie, and  6Neurochirurgie, CHU Pitié-Salpêtrière, Paris; 7Projet ASCLE-
PIOS, INRIA, Sophia-Antipolis; 8Centre de Neuro-Imagerie de Recherche, 9Hôpital de la Salpêtrière, Paris; 
10Institut National de la Santé et de la Recherche Médicale U679, Neurologie et Thérapeutique  
Expérimentale, Paris; and 11Université Pierre et Marie Curie, Paris, France 

Object. The localization of any given target in the brain has become a challenging issue because of the increased 
use of deep brain stimulation to treat Parkinson disease, dystonia, and nonmotor diseases (for example, Tourette syn-
drome, obsessive compulsive disorders, and depression). The aim of this study was to develop an automated method 
of adapting an atlas of the human basal ganglia to the brains of individual patients.

Methods. Magnetic resonance images of the brain specimen were obtained before extraction from the skull and 
histological processing. Adaptation of the atlas to individual patient anatomy was performed by reshaping the atlas 
MR images to the images obtained in the individual patient using a hierarchical registration applied to a region of 
interest centered on the basal ganglia, and then applying the reshaping matrix to the atlas surfaces. 

Results. Results were evaluated by direct visual inspection of the structures visible on MR images and atlas 
anatomy, by comparison with electrophysiological intraoperative data, and with previous atlas studies in patients 
with Parkinson disease. The method was both robust and accurate, never failing to provide an anatomically reliable 
atlas to patient registration. The registration obtained did not exceed a 1-mm mismatch with the electrophysiological 
signatures in the region of the subthalamic nucleus.

Conclusions. This registration method applied to the basal ganglia atlas forms a powerful and reliable method 
for determining deep brain stimulation targets within the basal ganglia of individual patients. 
(DOI: 10.3171/2008.3.17469)
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Abbreviations used in this paper: AC-PC = anterior commissure–
posterior commissure; DBS = deep brain stimulation; PD = Parkinson 
disease; ROI = region of interest; RU = red nucleus; SN = substan-
tia nigra; STN = subthalamic nucleus; SW = Schaltenbrand and 
Wahren.
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strategy, and evaluate its utility in patients with PD who 
underwent DBS treatment. Comparisons with intraoper-
ative electrophysiological recordings and previous atlas 
studies are included.

Methods
The successive steps of the atlas construction have 

been published previously.39 Briefly, a brain obtained at au-
topsy was subjected to MR imaging (T1- and T2-weighted 
sequences at 1.5-T strength) 35 hours after death. The brain 
was then extracted from the skull and separated into its 2 
hemispheres; the left hemisphere was cut into 1.5-cm-thick 
blocks that were cut into 70-μm-thick coronal sections. 
Among the 800 sections obtained, 80 were stained with the 
Nissl technique, and 80 were stained with calbindin. The 
contours of the cerebral regions were traced under micro-
scope observation, and atlas data were coregistered. Initial 
atlas contours were optimized through a double process of 
multimodal and 3D validation. The resulting atlas surfaces 
represent the best compromise between histological truth 
and 3D anatomical consistency.

In the present study, we explain the strategy used to 
adapt atlas data to individual patient anatomy, including 
forward and backward registration. This procedure is then 
evaluated along 3 different axes: evaluation of the defor-
mation, comparison with intraoperative electrophysiology 
findings, and comparison with previous atlas studies in 
patients with PD. Comparison with intraoperative elec-
trophysiology findings was considered a pivotal validation 
criterion as it allowed a direct comparison between inde-
pendently acquired histological and electrophysiological 
data in the identification of deep brain structures at the 
same level of resolution.

Atlas Adaptation

Forward Registration. The 3D atlas of the basal gan-
glia structures is adapted to the brain of a given patient by 
automatic registration of the T1-weighted MR images ob-
tained in the patient with the atlas postmortem T1-weighted 
MR images. Figure 1 illustrates the hierarchical framework 
that has been implemented. First, a global registration con-
sisting of a rigid transform completed by an isotropic scal-
ing factor is computed on the entire head. Then nonrigid 
(affine) registration is performed between atlas and patient 
ROIs. These ROIs incorporate the basal ganglia of the left 
hemisphere (dorsoventral limits: corpus callosum, pons; 
mediolateral limits: midsagittal plane, Sylvian fissure; an-
teroposterior limits: corpus callosum). The atlas ROI was 
defined and extracted from the atlas MR images once and 
for all, and the same ROI is automatically extracted on the 
globally registered patient images. To fit the atlas, which is 
built on the left hemisphere of the postmortem specimen, 
to the patient’s right hemisphere, the same procedure is ap-
plied, preceded by a flip along the midsagittal plane of the 
patient’s MR images. The resulting transformation matri-
ces, 1 per hemisphere, are applied to atlas structures thus 
yielding to their best fit to both hemispheres of the patient’s 
brain. All registrations are performed by applying an inten-
sity-based robust multiscale block-matching algorithm (for 
details, see Appendix in the article by Yelnik et al.39).

In summary, atlas surfaces are adapted automatically 
and independently to the right and left hemispheres of 
any patient’s brain using nonrigid transformations based 
on iconic registrations.

Backward Registration. The forward transformations 
can also be inverted, allowing transfer of patient informa-
tion into the atlas geometry. We refer to this procedure 
as patient data normalization in the atlas space. The data 
subject to normalization are primarily the MR images, 
but all of the other data associated with the patient’s MR 
images also is included. In patients undergoing neuro-
stimulation, this includes positions of electrode active 
contacts or electrophysiological microelectrode recording 
data. Normalization of patient data into the atlas space is 
the fundamental tool that will enable the study of a series 
of patients, by back-projecting and assembling all of their 
data into a single geometry, thus allowing visualization, 
comparison, and statistical analysis.

Evaluation of Atlas Adaptation

The Salpêtrière Group. Atlas evaluation was performed 
in 2 series of patients: a consecutive series of 10 patients 
who underwent surgery in 2004, and a retrospective study 
in 10 patients with PD from whom a systematic anatomo-
clinical correlation based on the SW atlas33 had previously 
been conducted.40

The stereotactically guided implantation of DBS elec-
trodes in the Salpêtrière group, previously described in de-
tail,2 is briefly summarized, focusing on aspects relevant to 
the present study.

Preoperative target localization is based exclusively 
on stereotactic MR images, including T1- and T2-weight-
ed images (voxel sizes 0.94 × 0.94 × 1 mm and 1.1 × 1.1 
× 1 mm, respectively). Magnetic resonance imaging is 
performed the day before surgery with a General Electric 
1.5-T MR imaging unit equipped with an MR imaging-
compatible Leksell G stereotactic frame (Elekta). The 
parameters of the T2-weighted coronal acquisitions were 
optimized (reduced bandwidth) to yield a good contrast 
in the STN region. The coordinates of the STN are deter-
mined from the T2-weighted images and recorded on the 
stereotactic T1-weighted images. The trajectory, deter-
mined using stereotactic software, is defined by the ste-
reotactic coordinates of the STN and 2 angles that deter-
mine the position of the arch holding the stereotactically 
guided microelectrode holder device and the position of 
the device on the arch.

During surgery, target localization is refined by mi-
croelectrode recordings. Electrophysiological recordings 
are performed along 2–5 parallel trajectories, 1 central 
and 4 peripheral, each situated 2.35 mm from the central 
trajectory that targets the predetermined STN coordi-
nates. The microelectrodes are then inserted into guiding 
tubes aligned through a gun affixed to the Leksell ste-
reotactic frame and hydraulic micrometer drive. Explora-
tion proceeds from 5-mm above to 10-mm beyond the 
predefined target. Once the optimal site for implantation 
is chosen, the microelectrodes are removed and a quad-
ripolar DBS electrode (3389, Medtronic Inc.) is inserted, 
which contains 4 discrete contacts, numbered 0–3 from 
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most ventral to most dorsal that are 1.3 mm in diameter, 
1.5 mm in length, and 0.5 mm apart.

Electrode placement is controlled on MR images con-
ducted the day after stereotactic implantation by using the 
same acquisition procedure as that in the preoperative step. 
Postoperative MR imaging strictly respected the recom-
mendations of Medtronic for DBS protocols, particularly 
the specific absorption rate limitations and the use of a 
transmit/receive head coil. Patients who have recently un-
dergone an operation now undergo CT scanning to avoid 
the possible side effects of postoperative MR imaging. 

Evaluation With Standardized Visual Inspection. The 
result of atlas adaptation to a patient’s brain is first evalu-
ated by comparing the atlas contours of the structures that 

are easily identifiable on T1-weighted MR images with the 
corresponding gray level regions on 3 orthogonal AC-PC 
standard planes (sagittal, coronal, and axial). Structures 
that are at least partially visible include the head of the cau-
date nucleus, the anterior and medial parts of the putamen, 
the lateral border of the cerebral peduncle, the anteroven-
tral part of the optic tract and the medial border of the 
thalamus, including the habenula. This inspection allows 
a rapid but accurate evaluation of the degree of adjustment 
between the atlas contours and MR imaging results in each 
patient. Optimized T2-weighted MR images provide good 
contrast (hypointensities) in the STN region, which can be 
used to help define the preoperative target.2 Visual inspec-
tion of the RU, SN, and STN, of particular interest for DBS 

Fig. 1. Flow chart demonstrating the atlas MR imaging-based hierarchical deformation process. Each hemisphere (blue box-
es, first row) is processed independently. Global registration (purple boxes, second row) with the atlas MR images (red box, first 
row) is followed by automatic ROI extraction (yellow boxes, third row) and local registration (orange boxes, third row). The atlas 
ROI incorporating the basal ganglia has been extracted once and for all. For the right hemisphere (left side of the figure), the MR 
image is flipped along the anteroposterior axis before global registration. The resulting transformations are applied to the original 
atlas surfaces, resulting in surfaces adapted to the patient’s brain (orange box, last row).
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in patients with PD, is performed with T2-weighted MR 
images. Preoperative T2-weighted MR images are coregis-
tered with the preoperative T1-weighted MR images (used 
to adapt the atlas to the patient’s anatomy) with the same 
registration algorithm as that used for atlas deformation, 
allowing comparison of the STN, SN, and RU contours 
with the corresponding hypointense areas.

Evaluation by Averaging Spatially Normalized Imag-
es. All T1-weighted MR images were spatially normalized 
in the atlas space by using the atlas–patient MR imaging 
registration transformations. Intensity normalization was 
then performed by simple adjustment of the mean and 
standard deviation values of the individual histograms to 
compensate for the global intensity difference that may 
occur from one acquisition to the other. The normalized 
images were then superimposed to yield an average MR 
image. The rationale for this evaluation procedure is that 
consistent back-projections of patient MR images into the 
atlas space should result in a sharper average image. The 
same process was also performed with AC-PC linear nor-
malization only (realigning all MR images along their au-
tomatically computed31 midsagittal planes, and applying 
a linear transformation along the anteroposterior axis) to 
assess the improvement induced by atlas normalization.

Although qualitative, these procedures are very infor-
mative and considered important as they allow an evalua-

tion of the atlas deformation either on an individual patient 
to test the accuracy of its adaptation in the particular patient, 
or globally within a series of patients to test the robustness 
and reproducibility of the deformation procedure.

Comparison With Intraoperative Microelectrode  
Recordings

The aim of this evaluation procedure was to compare, 
both qualitatively and quantitatively, the identification of 
the STN and surrounding structures using 2 independent 
methods: the adaptable 3D atlas and intraoperative elec-
trophysiology. The first method was based on the defor-
mation of our 3D atlas according to preoperative stereot-
actic 3D T1-weighted MR images; the second was based 
on electrophysiological recordings obtained during DBS 
surgery in the Salpêtrière group.

Electrophysiological signals, recorded every 0.5 mm 
during the intraoperative exploration, were interpreted by 
an electrophysiologist. The data consisted of positions in 
the stereotactic space (expressed as depth values in μm 
along the electrode trajectory) associated with a “signa-
ture” such as the STN, SN, zona incerta, or thalamus iden-
tification based on discharge frequency, pattern, and the 
electrophysiological level of activity (scaled from 1 to 4). 
Some positions do not have a signature because the electro-
physiological signal was undetectable or unclear.

Fig. 2. Standardized visual inspection of deformed atlas structures in T1-weighted MR images. Postoperative MR images 
obtained in 3 patients are shown with superimposed atlas structures. The MR images were resliced along the AC-PC plane 
together with the contours of atlas structures visible on 3 orthogonal standard planes (sagittal, coronal, and axial): head of the 
caudate nucleus (CD), anterior and medial part of the putamen (PU), lateral border of the cerebral peduncle (CP), anteroventral 
part of the optic tract (OT), and medial border of the thalamus including the habenula (THAL). Note the close correspondence 
between the MR images and the atlas contours.
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Three steps were necessary to compare these data with 
the deformed atlas defined on the MR images obtained 
in the patient. First, the stereotactic frame was automati-
cally extracted from the preoperative 3D T1-weighted MR 
images obtained in the patient, by thresholding and con-
nected components analysis. The frame was then rigidly 
registered with a binary image of the Leksell frame. This 
provided a transformation, which allowed insertion of the 
interpreted electrophysiological localizations, expressed 
with reference to the stereotactic frame, on each patient’s 
MR images. Each electrophysiological recording was en-
coded as a sphere with a color and diameter corresponding 
to the signature and level of activity, respectively.

To compare atlas-based localizations with the signa-
tures provided by the electrophysiological recordings, all 
recorded positions were examined through step-by-step ro-
tations in a 3D viewer to determine whether or not the sig-
natures matched the atlas anatomy. The number of correct 
and incorrect matches was recorded. Because electrophysi-
ological activities were recorded every 0.5 mm, the distance 
between a mismatched position and the atlas-based limit of 
the corresponding structure could be determined by count-
ing the number of spheres by which they were separated.

Comparison With Previous Atlas Studies

The goal of this third evaluation procedure was to 
compare the 3D atlas to the atlas most frequently used by 
neurological and neurosurgical teams, the SW atlas.33 This 
comparison was based on 2 approaches.

First, a direct comparison was made between the ana-
tomical contours provided by the 2 atlases. The 3D atlas 
MR images were reformatted in the same axial plane as the 
axial SW atlas, and the 3D surfaces were sliced in this ori-
entation. The SW atlas was adapted to the MR images by 
applying the semiautomated coregistration method devel-
oped by one of the authors (J.Y.).40 As a result, the sections 
of the SW atlas and our 3D atlas could be seen juxtaposed 
at the same level of the MR imaging.

Second, we compared the anatomical localization of 
DBS electrodes obtained with the SW atlas and that ob-
tained with the same data using the 3D atlas. These data 
were taken from a clinically validated retrospective study 
by the Salpêtrière group.40 In this study, anatomical local-
ization of the 4 contacts of each electrode, tested separately 
by the clinicians, was determined on postoperative MR im-
ages using the semiautomated coregistration method with 
which the digitized 2D contours of the SW book atlas are 
adapted linearly to a given patient’s postoperative MR im-
ages.40 With our 3D atlas, contacts were identified in 3D by 
reslicing the original postoperative MR images along the 
electrode axes and placing a template of the electrode at the 
center of the MR imaging artifact.30,40 Using this method, 
the position of the 4 contacts could be accurately defined. 
The 3D atlas was then automatically adapted to the pa-
tient’s brain, allowing localization of the contacts relative 
to the histological structures provided by the atlas.

It is worth noting that if a scanner acquisition is the 
only postoperative image available (due to safety issues, 
this is usually the case at our institution), the 3D atlas can 
still be used for contact localization. The scanner, used to 

identify the contacts, is rigidly registered on the preop-
erative MR images that serve as the reference images for 
atlas adaptation.

Results
Evaluation of Atlas Adaptation

Standardized Visual Inspection. Once the atlas was 
adapted to the patient’s brain, standardized visual inspec-
tion was performed in 3 orthogonal planes of the T1-
weighted MR images obtained in the AC-PC reference 
system. Each plane was selected to optimize comparison 
between T1-weighted MR imaged structures and the cor-
responding atlas contours. The axial planes allowed the 
head of the caudate nucleus, the putamen, and the me-
dial border of the thalamus, including the habenula, to be 
checked. Coronal planes were chosen to inspect the optic 
tracts and lateral borders of cerebral peduncles. These 
structures appeared in the sagittal planes, which also in-
cluded the body of the caudate nucleus. Figure 2 shows 
standardized views of postoperative T1-weighted MR 
images in 3 patients, illustrating a good correspondence 
between T1 contrast and atlas contours. In particular, ex-
cellent correspondence was observed in the subthalamic 
region (SN, STN, RU, and cerebral peduncle) in which 
mismatches, of the order of 1 pixel (~ 1 mm), were rare 
(for example, the cerebral peduncle in Fig. 2). Weaker 
correspondences (1–3 pixels) could be observed for the 
anterior parts of the caudate nucleus or putamen.

Two coronal slices of T2-weighted MR images per-
pendicular to the AC-PC line were studied: 1 through the 
center of the RU, and 1 anterior to the RU where the hy-
pointense signal is expected to correspond to both the RU 
and STN. Figure 3 shows these 2 slices in 2 patients, with 
and without atlas contours and demonstrates a very good 
correspondence between the zones of hypointense signal 
and the expected anatomical contours of SN, STN, and 
RU. In particular, the limit between the hypointense SN 
and the adjacent cerebral peduncle is localized accurately.

Average of Spatially Normalized Images. Averaged 
MR images obtained through AC-PC and atlas-based nor-
malizations of all the MR imaging data used in this study 
(obtained in 20 patients) are shown as 2 series of perpen-
dicular standard planes in Fig. 4. Overall, visual inspection 
reveals that atlas-based normalization leads to a globally 
sharper average image than AC-PC linear normalization. 
This is particularly obvious at the border between the cor-
pus callosum, lateral ventricle, and caudate nucleus. The 
contours of the striatum (caudate nucleus, putamen, and 
nucleus accumbens) are also greatly improved by atlas nor-
malization in the axial, sagittal, and coronal planes. Finally, 
the ventral extension of the putamen seen in posterior coro-
nal sections becomes apparent with the atlas normalization 
whereas it is invisible with AC-PC normalization.

Comparison With Intraoperative Microelectrode 
Recordings

Superposition of atlas-based STN surfaces and en-
coded microelectrode recording data are illustrated in 1 
patient for whom exploration was performed in 2 trajec-
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tories for each hemisphere (73 recording localizations; 
Fig. 5). Step-by-step rotations in the 3D viewer revealed 
an almost perfect correspondence between electrophysi-
ological STN and SN signatures and the atlas-based iden-
tification of the same structures. Counting of correct and 
incorrect matches showed that all electrophysiologically 
defined localizations corresponded to the expected atlas-
defined structures, except for 2 low-intensity STN signa-
tures, which were 0.5-mm (1 sphere apart) outside the 
STN surface.

In the complete series of 10 patients, 51 trajectories 
were studied (24 in the left and 27 in the right hemi-
sphere), which provided 965 electrophysiological record-
ings among which 408 were identified as STN activity 
and 63 as SN activity by the electrophysiologist. All elec-
trophysiological data were back-projected onto the atlas 
space and superimposed on the STN of the 3D atlas. The 
results for 1 hemisphere are shown in Fig. 5. Of the 408 
STN recordings, 330 (81%) were included in the STN sur-
face as defined by atlas adaptation, and 78 (19%) were 
not. Among the 564 recordings that were not labeled as 
STN activity, 434 (77%) were actually outside the STN 
and 130 (23%) were inside. Among the 63 SN recordings, 
49 (78%) were included in the SN surfaces and 14 (22%) 
were not. The distance between a mismatched signature 
and the atlas-based localization was measured for all mis-
matches, which revealed that the worst mismatches ex-
tended over a maximum of 3 adjacent spheres (a distance 
of 1.5 mm). Most of the mismatch distances extended 
over 1 or 2 spheres, suggesting a 1-mm accuracy for the 
atlas-based localization of the STN.

Comparison With Previous Atlas Studies
Comparison between the SW atlas sections and the 

corresponding sections of our new 3D atlas is illustrated 
for 1 atlas level in Fig. 6. Overall, the 2 atlases were very 

similar, for example see the level at which the external and 
internal globus pallidus appeared along the dorsoventral 
axis, and the shape and localization of RU, STN, or SN 
contours in different axial sections. This similarity gives 
credibility to the contour tracing of both atlases. There 
were, however, noticeable differences between the 2 atlases 
related to the tracing of particular cerebral regions such as 
the zona incerta, the SN, and the cerebral peduncle, which 
are traced as open (thus incomplete) contours in the SW 
atlas and completely defined in our 3D atlas (Fig. 6). Also, 
to obtain a satisfactory adaptation of the SW atlas to MR 
images obtained in a patient (assessed by the contours of 
the putamen, fornix, mamillothalamic tract, and AC), it is 
necessary to place the midline of the atlas more lateral than 
the actual ventricle midline on the MR images. This is not 
the case with our 3D atlas, which is automatically adapted 
using MR imaging–based registration.

Comparisons with a previous anatomoclinical study40 
are illustrated in Figs. 7 and 8, and results of the automatic 
registration of our new 3D atlas are illustrated in Fig. 7. 
The 3D views in Fig. 8 demonstrate the back-projection of 
the 20 therapeutic contacts (10 on each side), which clearly 
reveal the position of all contacts within the STN. As a 
whole, automatic registration of the 3D atlas led to 14 ther-
apeutic contacts within the STN versus 15 found with the 
semiautomated adaptation of the SW atlas.40 Two contacts 
were located at the border of the STN with both methods. 
The other contacts were localized in the Forel field H2 (2 
contacts vs 1 with the semiautomatic method), zona incerta 
(2 vs 1), and mesencephalic reticular formation (no con-
tacts vs 1). As a whole, the automatic adaptation of the 3D 
atlas to patient images yielded results very similar to the 
semiautomated adaptation of the SW atlas; this provides an 
additional independent validation of the automatic adapta-
tion of the 3D atlas and increases confidence in its clinical 
utility.

Fig. 3. Standardized visual inspection of deformed atlas structures in T2-weighted MR images. The T2-weighted MR image 
was automatically coregistered with the T1-weighted MR image (used to deform the atlas), thus allowing comparison of STN 
(pink), SN (black), and RU (red) contours with hypointense areas. Images obtained in 2 patients are presented (left and right 
boxes). For each case, 2 coronal slices are presented: 1 through the center of RU (C and D), and 1 anterior to RU (A and B). The 
contours of the putamen and globus pallidus are in blue, that of the cerebral peduncle in fuchsia.
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On the basis of these results, the 3D atlas and its ad-
aptation procedure is both a robust and accurate method; 
it never failed to provide an anatomically reliable atlas-to-
patient registration, which was most often excellent in the 
region of the STN.

Discussion
Our method allows the automatic application of a 3D 

histological atlas of the basal ganglia39 onto any patient’s 
brain. This is performed through a hierarchical registra-
tion framework (first global and then local) applied to the 
atlas and the patient’s T1-weighted MR images, with each 
hemisphere mapped independently. This method has been 

evaluated on visual inspection of the deformation, com-
parison with the atlas-based mapping of the STN region 
with the identification of the same region on electrophysi-
ological recordings, and comparison with previous atlas 
studies in patients with PD.

Comparison With Other Atlas-Based Approaches
Deep brain structures in individual patients can be 

identified using direct or indirect strategies. Direct methods 
identify structures on the MR images themselves,1,4,12,14,21,29,34 
but only the structures that are at least partially visible on 
MR images (for example the lateral ventricles, caudate nu-
cleus and putamen, thalamus, and optic tract) can actually 
be identified with some certainty. One has proposed an orig-

Fig. 4. Average of spatially normalized MR images obtained in the 20 patients analyzed in this study. The green boxes show-
ing AC-PC normalization, and the red boxes showing atlas normalization. Upper: Anterior, medial, and dorsal slices. Lower: 
Posterior, lateral, and ventral slices. Only 1 hemisphere is presented (the atlas is deformed independently on the 2 hemispheres). 
Note that the contours of gray level areas are sharper with atlas normalization. AC = nucleus accumbens; PUv = ventral putamen; 
VL = lateral ventricle.
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inal alternative which consists of acquiring high-resolution, 
4.7-T MR images of a postmortem, fixed brain specimen, 
analyzing the anatomy of the subthalamic region on MR 
images, and deriving a similar sequence applicable at 1.5 T 
in clinical conditions.6 Indirect methods are based on high-
resolution atlases adapted to a given patient’s MR images. 

With printed atlases,19,22,33,37 adaptation must be done men-
tally by the atlas user. Printed atlases can also be digitized 
and interactively coregistered with the patient’s images.23,40 
Better and more easily reproducible results are obtained 
with digital atlases, initially developed for educational pur-
poses, and often available online or on CD-ROM. The Ta-

Fig. 5. Comparison between atlas-based STN delimitation and intraoperative microelectrode STN recordings. Left: Axial 
view of the patient’s MR image (top) with left and right STN (transparent pink) and 73 recordings (spheres), and enlargement (bot-
tom) of the left and right STN superimposed with the recordings. Right: Back-projection in the atlas space of 965 microelectrode 
recordings obtained in 10 patients. Dark blue spheres correspond to STN recordings, black to SN, and light blue to unlabeled data. 
The STN is shown in 2 orthogonal rotations oriented along the principal axis. Note the good correspondence between the atlas 
STN and the dark blue spheres. The black spheres are ventral to the STN, in conformity with the ventral position of the SN. 

Fig. 6. Split MR image showing a comparison between the SW atlas and our 3D atlas. Left: One section of the axial SW 
atlas (PC: 6 mm) was adapted to the MR image of the 3D atlas. The corresponding contours, similar to those in the SW atlas, 
appear as white tracings. Right: The contours of the 3D atlas, obtained by automatic sectioning of the 3D surfaces, appear as 
colored tracings. Note that both atlases are globally similar but that the SN and cerebral peduncle are precisely delimited in the 
3D atlas while they are not present or incompletely delimited in the SW atlas. FX = anterior column of the fornix; MTT = mamil-
lothalamic tract; PU = putamen.
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lairach Daemon, for example, is a digitized version of the 
Talairach and Tournoux atlas, the SPL Anatomy Browser 
permits navigation in a T1-weighted MR imaging volume 
in which brain regions were previously segmented, and the 
Nowinski Multimodal Atlas integrates digitized printed at-
lases into a common navigation tool. Probabilistic atlases 
have also been developed but these are mainly intended for 
work within the cortical sulci of the cerebral cortex.

Several groups have developed methods to adapt these 
atlases to individual patient anatomy using landmarks-
based proportionality coefficients23,27,28,38,41 or automatic 
registration with patient MR imaging acquisitions: for ex-
ample, deformation of the Talaraich atlas based on corti-
cal and ventricular contours,13 an MR imaging-based de-
formable atlas for accurate radiotherapy planning,3 and an 
elastic MR imaging registration of the Kikinis atlas.9,17

Fig. 7. Representative contact localization images obtained in the series of 10 patients with PD who underwent STN DBS. 
Sagittal slices of MR images obtained in 6 of these patients are illustrated. The therapeutic contact (yellow) is in the STN (pink) 
in the 5 first cases and at the limit between the zona incerta and Forel field H2 in the later case. Note that cerebral peduncle 
(fuchsia) and the optic tract (brown) of the 3D atlas are very tightly registered to the corresponding aspect of the MR imaging.

Fig. 8.  Contact localization in the series of 10 patients with PD treated by STN DBS. The 20 contacts (10 on each side repre-
sented as spheres) were back-projected onto the atlas. A: The 2 STN (pink) are seen with an axial section of the T2-weighted 
MR images of the atlas. B: Closer view of the same STN. Contacts localized outside the STN are dark colored; those within the 
STN are light colored. C and D: Sagittal views of left and right STN with T2-weighted MR images of the atlas.
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Two groups have developed computer-assisted meth-
ods for planning and guidance in DBS procedures that 
include atlases and are based on series of data collected in 
neurostimulated patients. Finnis and coworkers11 and Guo 
et al.15 built a multimodal functional database that incor-
porates spatially normalized collections of final surgical 
targets and electrophysiological recordings from previous 
patients as well as a volumetric digital atlas. This database 
is integrated into a visualization and navigation system 
that allows adaptation to individual patients by nonrigid 
registration. The volumetric atlas was built by digitizing 
the histological slices and contour tracings of the printed 
SW atlas, aligning the slices, interpolating the contours, 
and registering the resulting histological volume with av-
erage T1-weighted MR images by semiautomated land-
mark-based spline interpolation.35 The computer-assisted 
system as a whole represents a useful tool for neurosurgi-
cal planning, but the accuracy of the volumetric atlas is 
limited to that of the axial SW atlas, which comprises 
only 20 sections with variable spacing (1–4 mm) and ex-
hibits important 3D inconsistencies.24 Moreover, the lack 
of MR images in the original SW atlas had to be overcome 
by spline interpolation with average in vivo MR images, 
a process that inevitably introduces inaccuracies to the 
volumetric atlas. D’Haese and coworkers8 also developed 
a system for computer-assisted planning and guidance. 
No anatomical atlas was included in this system, the aim 
of which was to build purely functional maps of the areas 
of interest for targeting and guidance by spatially normal-
izing collections of data (electrophysiological recordings 
and optimal target points), including automatic analysis 
of the electrophysiological recordings.

Chakravarty and coworkers7 recently proposed a 3D 
anatomical atlas for neurosurgical planning. The atlas was 
derived from a set of serial histological data. To overcome 
the lack of MR images of the brain specimen, pseudo-MR 
images were created from the reconstructed voxel-labeled 
atlas volume and used to adapt the atlas to any patient 
through nonrigid registration.

The specific quality of our present atlas is a unique 
combination of a histological level of resolution, inclusion 
of functional information based on calbindin staining, a 
large number of sections (160 sections with 0.35-mm inter-
vals) and MR imaging acquisitions of the same specimen 
that allowed the construction of truly continuous 3D sur-
faces39 and their automated adaptation to patients by MR 
image registration.

Atlas Deformation
Whichever atlas is used, atlas strategy requires the 

choice of a deformation method that allows the most reli-
able adaptation of the atlas to different brains, and con-
versely spatial normalization of patient data within the 
atlas space.

Spatial normalization can be performed in the Talai-
rach AC-PC–based linear proportional system.16,26,32,40 In 
each patient undergoing DBS, contact localization is ex-
pressed in the individual AC-PC–based reference system, 
while for group analysis, these data are normalized in a 
common reference frame by applying a linear normaliza-
tion based on the AC-PC length,16,32 a bilinear normal-

ization (AC-PC length and height of the thalamus),26 or 
a trilinear normalization based on multiple MR imaging 
landmarks.40

Spatial normalization can also be performed automati-
cally by using image registration. In some studies, data re-
lated to a given patient are back-projected onto a normal-
ized space by nonrigid registration of MR images.7,8,11,15 
With our 3D histological atlas, MR images were included 
in the construction of the atlas with the aim of adapting it 
to any patient’s MR images by image registration. Two con-
straints had to be satisfied. First, the registration procedure 
had to be robust, parameter free, and relatively fast because 
the atlas is intended for use in clinical research. Second, be-
cause the atlas is composed of histological structures, regis-
tration had to produce anatomically plausible deformations 
at the level of histological definition. We started by testing 
nonrigid registration techniques based on whole-brain im-
ages.5,36 These approaches, apart from being time-consum-
ing, required the fine-tuning of a number of parameters to 
get the best compromise between goodness-of-fit and trans-
formation regularity. The results of our experiments dem-
onstrated that it was not possible to adjust the parameters to 
cope with our specific constraints; a satisfactory adaptation 
of the atlas to patient MR images was obtained only at the 
expense of anatomically implausible deformations. Because 
we were only interested in the basal ganglia structures, we 
then tested a nonrigid procedure initialized with a global 
(rigid and isotropic scale transformation) alignment of the 
images, and refined locally with affine transformations on 
automatically extracted ROIs. This ultimately produced 2 
transformations, 1 per hemisphere. The algorithm, which 
was used for the global and local registration steps, is sturdy 
and reasonably fast (10 minutes for atlas–patient registra-
tion on a standard workstation).

Evaluation of Atlas Deformation
In all the patients included in this study, evaluation 

of atlas deformation by standardized visual inspection in-
dicated very good results in a ventral region comprising 
the putamen and thalamus; the STN, SN, and RU nuclei; 
and the cerebral peduncle. Atlas-based contours were in 
close correspondence with gray level structures on the T1-
weighted MR images. In some cases, dorsomedial con-
tours, in particular the head of the caudate nucleus, could 
be less accurately registered, specifically in the presence 
of large lateral ventricles, but with the ventral region still 
being accurately registered. This proved the robustness of 
the registration algorithm, which ensures an accurate at-
las-based mapping of the aforementioned ventral region, 
even in the presence of large lateral ventricles. Considering 
the highest mismatches that were observed between atlas-
based contours and MR imaging–identifiable structures in 
the 20 patients, the accuracy of atlas-based mapping in this 
ventral region is of the order of 1 mm, which is comparable 
to the voxel size of the patients MR images.

Comparison with intraoperative microelectrode re-
cording data was considered to be an important criterion 
for atlas validation because this approach, often used as 
the gold standard for STN identification at DBS centers, al-
lowed comparison of 2 completely independent approaches 
to the identification of the STN at the same level of resolu-
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tion, namely histological and electrophysiological. Micro-
electrode recording provides a very accurate intraopera-
tive local identification of the brain nuclei crossed by the 
microelectrodes. As a whole, a very good correspondence 
(80%) was found between the present atlas-based STN 
identification method and microelectrode recording–based 
identification method performed by an electrophysiologist. 
Determination of the extent of mismatches between atlas-
based localizations and electrophysiological signatures led 
to a finding of 1-mm accuracy.

Comparison with previous atlas studies was also con-
sidered crucial to validate our 3D atlas for 2 reasons. First, 
because the SW atlas is the most frequently used atlas in 
DBS, it seemed necessary to present both the similarities 
between our atlas and the SW atlas and some of the known 
inconsistencies of the latter. Second, it seemed pertinent 
to verify that some results previously validated in the 
Salpêtrière group study could also be obtained by apply-
ing this 3D atlas to the same MR imaging data. The first 
and most significant difference between the SW atlas and 
the 3D atlas is the number of sections available (for ex-
ample, 20 sections are available in the axial series of the 
SW atlas), which is not predetermined in the current 3D 
atlas because the atlas structures consist of continuous sur-
faces. The number of sections can therefore be as high as 
needed for clinical or experimental protocols. Second, the 
3D coherency of the contours of the original SW atlas was 
not verified during the construction of the atlas, leading to 
irregular 3D contours that cannot be sliced in other direc-
tions.24,25 An example of this is the STN.10 In the 3D atlas, 
the contours consist of 3D surfaces that can be sliced in any 
direction, either standard anatomical planes, or arbitrary 
oblique planes as is possible along electrode trajectories.

Comparison of our 3D atlas with a clinically vali-
dated published study has shown that previous results are 
reproducible with the present atlas. In a study conducted 
in 10 patients with PD, semiautomated registration based 
on the SW atlas led to 15 active contacts in the STN in the 
10 patients (20 electrodes). After automatic registration of 
the 3D atlas, 14 active contacts were located in the STN. 
The similarity between the 2 sets of results suggests that 
atlas MR imaging registration is a reliable technique. The 
1 contact difference is probably the result of differences 
in the quality of the 2 atlases. The SW comprises only 20 
sections with variable spacing (1–4 mm), which means 
that the MR imaging sections corresponding to the posi-
tion of a given contact had to be registered with the near-
est, but often distant, section of the SW atlas.40

The positive results obtained with these 3 evaluation 
procedures (standardized visual inspection, comparison 
with microelectrode recordings, and comparison with pre-
vious atlas studies) prove that this 3D atlas and its image 
deformation procedure is a robust and accurate method. 
It is robust because atlas–patient registration never failed 
to provide anatomically reliable results, and accurate be-
cause anatomical structures in the subthalamic region 
can be identified with a 1-mm accuracy.

Our project is now to make this atlas available to as 
many users as possible. Three strategies are currently in 
process. First, the atlas will be integrated into the neuro-
navigation StealthStation commercialized by the Medtron-

ic company, which is in use at several DBS centers and 
which presently uses the SW atlas.33 Second, we will make 
the main basal ganglia regions of the atlas available as a 
toolbox of labeled ROI volumes as it is presently the case 
for the AAL toolbox in the SPM software (http://www.fil.
ion.ucl.ac.uk/spm/). Third, we are presently developing a 
stereotactic toolbox for BrainVisa software (freely avail-
able; http://brainvisa.info/index.html), which will be use-
ful for research in the basal ganglia and for experimental 
targeting in DBS neurosurgery in general.

Conclusions
We have presented an automated procedure with which 

a 3D histological atlas of the basal ganglia can be adjusted 
to the anatomy of individual patients. This is performed 
by coregistration of the MR imaging T1-weighted image 
of the atlas specimen (postmortem acquisition before brain 
extraction) and that of the patient. We have evaluated this 
procedure using 3 different approaches: evaluation of the 
deformation itself, comparison with intraoperative micro-
electrode recordings, and comparison with previous atlas 
studies in patients with PD. These independent validation 
procedures revealed close correspondence between the 
present atlas strategy and previous procedures, in particu-
lar with regard to the delimitation of the STN.

On the basis of our results, we conclude that a 1-mm 
accuracy for target localization is achievable with this atlas. 
This atlas and the procedure we describe have the poten-
tial to become generally applicable clinical tools in DBS 
protocols and other clinical situations in which identifica-
tion of the basal ganglia with a high degree of resolution is 
required. An additional application could be localization of 
the bold signal in functional MR imaging studies18 or any 
other research experiment involving brain imaging.20
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