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 Introduction 

 Functional neurosurgical procedures such as deep 
brain stimulation (DBS) require precise targeting of small 
areas deep inside the brain. Traditionally, this involves 
the preoperative selection of an approximate target loca-
tion, followed by intraoperative adjustments using signal 
recordings and stimulations. Preoperative target selec-
tion is achieved by either direct or indirect localization. 
Direct selection of the targets can be done visually by the 
surgeon using the patient’s MRI scan or by automated 
selection methods such as those presented in D’Haese et 
al.  [1] . Indirect selection of various targets uses standard-
ized coordinates from an anatomical atlas such as the 
Schaltenbrand-Wahren atlas. Indirect target selection is 
commonly used when targets are not reliably visible on 
MRI. The definition of a standard coordinate system is 
also necessary for effective communication of target lo-
cations. The anterior and posterior commissures (AC and 
PC) have become the reference points in the traditional 
stereotactic coordinate system. Based on the standard 
convention of the Schaltenbrand-Wahren atlas, AC and 
PC are defined as 2 points in the midsagittal plane with 
the shortest intraventricular distance between the com-
missures  [3] . The midcommissure point (MC), or the cen-
ter point on the AC-PC line, is often used as the origin of 
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 Abstract 

 The anterior and posterior commissures (AC and PC) typi-
cally form the reference points of the stereotactic coordinate 
system. Hence any discussion of target localization is limited 
by the variability of AC and PC selection. In an earlier study, 
which was performed using manual selections of AC and PC 
by 43 neurosurgeons, we showed that intersurgeon variabil-
ity has a substantial impact on the localization of deep brain 
stimulation targets. We have developed and validated a ful-
ly automatic and robust AC and PC selection system that can 
be routinely used clinically. In this study, we show that this 
system is capable of localizing the AC and PC points with an 
accuracy that is better than that achieved clinically by man-
ual selection, 0.65 mm (95% confidence interval: 0.56–0.79) 
versus 1.21 mm (95% confidence interval: 0.91–1.47) for AC 
and 0.56 mm (95% confidence interval: 0.46–0.66) versus 
1.06 mm (95% confidence interval: 0.82–1.26) for PC. 
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the AC-PC reference system. Even though some neuro-
surgeons continue to localize the AC and PC on ventric-
ulograms, most neurosurgeons today rely on MRI. There-
fore, any discussion of target localization is limited by the 
variability of AC and PC selection. In a 2008 study  [2] , we 
used data from 43 neurosurgeons to quantify errors that 
occur in selecting the DBS targets because of inaccuracies 
in the manual selection of AC and PC points. The find-
ings suggested the need for automated and robust meth-
ods for the localization of these points of reference. To 
that end we proposed an atlas-based method to predict 
the position of AC and PC automatically  [4] . A similar 
technique has been proposed recently by Anbazhagan et 
al.  [5] . In this article, we present a validation of the meth-
od we described in Pallavaram et al.  [4] , and we show that 
it is more accurate than routine manual selection.

  Dataset 
 With Institutional Review Board (Vanderbilt Univer-

sity IRB No. 060232) approval, a preoperative 3-dimen-
sional MRI scan (TR = 12.2 ms, TE = 2.4 ms, 256  !  256 
 !  170 voxels, with typical voxel resolution of 1  !  1  ! 
1 mm 3 ) was acquired for each patient using the Sense par-
allel imaging technique (T 1 -weighted/3-dimensional/
turbo field echo) from Philips on a 3T scanner. These im-
ages were acquired with the patient anesthetized and the 
head taped to the table to minimize motion. The study 
presented herein includes 60 patients who underwent 
DBS surgery at our institution between December 2006 
and January 2008.

  Method 

 Atlas-Based Automatic AC and PC Predictions 
 An atlas-based method is used to predict automatically the 

position of AC and PC points. Atlas-based techniques require 2 
main components: (1) reference image volumes in which points 
or structures of interest have been localized and (2) registration 
algorithms, which permit the spatial realignment of the reference 
volumes to other image volumes in which the structures or points 
of interest need to be localized. Reference volumes in which the 
points of interests have been localized will be referred to as  at-
lases  in the remainder of the text. In this work, automatic spatial 
realignment or registration between image volumes is achieved in 
2 steps. First, the volumes are realigned using an affine transfor-
mation (rotation, translation and anisotropic scaling). This is fol-
lowed by a nonrigid registration step. In this study, nonrigid reg-
istration is performed with the adaptive bases algorithm pro-
posed by Rhode et al.  [6] . Briefly, this algorithm computes a 
deformation field that is modeled as a linear combination of ra-
dial basis functions with finite support. This results in a transfor-
mation with several thousands of degrees of freedom. Two trans-
formations (one from the atlas to the subject and the other from 
the subject to the atlas) are computed simultaneously and con-
strained to be inverses of each other. Both the rigid and nonrigid 
registration algorithms are mutual information-based  [7, 8] .

  Using this method, AC and PC points selected on an atlas vol-
ume can be projected onto a patient’s volume to predict these 
points on that particular patient.  Figure 1 a illustrates this concept 
for a given atlas. Atlas AC and PC are projected onto the patient 
using a transformation (T) which is the result of rigid and non-
rigid registrations between the atlas and the patient. This leads to 
the automatic localization of the anterior and posterior commis-
sures in the patient (AC P  and PC P ).

Atlas

Atlas1 T1

Atlas2 T2

AtlasN TN

{AC, PC} T Patient

a

b

Patient

{ACP, PCP}

{ACP, PCP}

{ACP, PCP}
{AC2, PC2}

{ACN, PCN}

Combining
multiple-
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predictions
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REGISTRATION
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  Fig. 1.   a  Atlas-based automatic method for 
predicting the anterior and posterior com-
missures on a patient (AC P , PC P ) by apply-
ing a transformation T (result of rigid and 
nonrigid registration between atlas and 
patient) to the atlas points (AC, PC).  b  Us-
ing multiple atlases to produce optimal AC 
and PC predictions by combining the in-
dividual-atlas-based predictions generat-
ed using the approach shown in  a . 
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  Multiple-Atlas-Based Automatic AC and PC Predictions 
 As others have observed (see for instance the work of Rohlfing 

et al.  [9] ), registration accuracy achievable by nonrigid registra-
tion may be influenced by morphological differences between the 
volumes to be registered. It is now relatively common to rely on 
outputs of several atlases to perform atlas-based segmentation  [1, 
9, 10] . To study the impact of the choice of an atlas on the process 
accuracy, we have used 4 MRI image volumes as atlases. Three of 
these were patient volumes, which differed in size and/or shape 
(both overall and at specific structures like the ventricles). The 
fourth one was a synthetic volume generated by averaging 20 pa-
tient volumes using the method proposed by Guimond et al.  [11] . 
This is an iterative technique which starts with one of the volumes 
as a target and converges toward a volume that is representative 
of the population as a whole.

   Figure 1 b illustrates the extension of the single-atlas approach 
described in the previous section to a multiple-atlas approach. 
The AC and PC points selected on each of the N atlases (AC 1  and 
PC 1 , AC 2  and PC 2 , ..., AC N  and PC N ) are projected onto the pa-
tient volume using the transformation between the respective at-
las and the patient volume. These multiple predictions are then 
combined to produce the automatic prediction of the commis-
sural points. The easiest way to combine the predictions from 
each atlas is to compute their average and use it as the optimal 
prediction. The drawback of this approach is that the predictions 
made by all the atlases are weighted equally, regardless of the 
quality of the registrations. In a 2005 study  [12] , we proposed an 
alternative approach in which the quality of the registration at a 
given location (subthalamic nucleus) was determined indirectly 
by estimating the quality of the segmentation of structures sur-
rounding that location (thalamus, globus pallidus and putamen). 
The measure of the quality of the segmentation is given by the 
 specificity  and  sensitivity  of the segmentations obtained with each 
atlas on these structures. These are computed according to the 
Simultaneous Truth and Performance Level Estimation (STA-
PLE) algorithm proposed by Warfield et al.  [10] . The specificity 
and sensitivity values are then used to weigh the contribution of 
each atlas to the optimal prediction while eliminating the contri-
butions of atlases that produce low sensitivity values for the struc-
tures (i.e. atlases that lead to poor segmentation results for struc-
tures surrounding the location of interest).

  Manual Localization of the Points on the Atlases 
 As shown in Pallavaram et al.  [2] , there is substantial intersur-

geon variability in the manual selection of the AC and PC points, 
which complicates the creation of atlases. Indeed, errors in the 
localization of the AC and PC points in the atlases produce pre-
diction errors independent of the registration accuracy. To mini-
mize the effect of localization errors in the atlases, 2 neurosur-
geons, coauthors P.E.K. and J.S.N., were asked to carefully select 
AC and PC on each of the atlases without any time constraints. 
For each atlas, the reference AC and PC points were computed as 
the average of the selections by the 2 neurosurgeons.

  Evaluating Accuracy of Automatic AC and PC Predictions 
against Clinical Selections 
 We evaluated our automatic predictions of AC and PC points 

against clinical manual selections on 60 DBS patients. Thirty of 
these patients were operated on by one neurosurgeon and 30 by 
the other. The preoperative plans for these patients, which in-

cluded clinical manual selection of AC and PC points, were gener-
ated by the neurosurgeon who performed the procedure. These 
clinical manual selections of the AC and PC points will be re-
ferred to as  clinical selections . For each patient, using the preop-
erative MRI scan of the head, we generated automatic predictions 
of AC and PC using the individual- and the multiple-atlas-based 
methods described earlier. The accuracy of atlas-based automatic 
predictions (individual- as well as multiple-atlas-based) was eval-
uated by measuring the euclidian distance between the automat-
ic predictions and clinical selections.

  Need for a Standard to Evaluate AC and PC Prediction 
Accuracy 
 Planning for a DBS procedure is typically performed under 

time constraints. Thus, the clinical selections of AC and PC may 
not always be absolutely accurate. Consequently, measuring the 
distances between atlas-based predictions and clinical selections 
will not be conclusive in determining the accuracy of atlas-based 
predictions. To address this issue, a  gold standard  needs to be de-
fined to which automatic AC and PC predictions and manual 
clinical selections can be compared.

  Creation of the Gold Standard to Evaluate Prediction 
Accuracy 
 To create the AC and PC gold standards, the following method 

was applied. Due to the time-consuming nature of this technique, 
we selected 20 patients out of the 60 used in this study. First, 10 of 
the 30 patients operated on by one of the neurosurgeons and 10 of 
the 30 patients operated on by the other neurosurgeon were se-
lected randomly. Each of these patients already had AC and PC 
selected clinically by the operating neurosurgeon at the time of 
surgical planning. On these 20 volumes, both neurosurgeons 
were asked to carefully select AC and PC points in the laboratory 
without time constraints, using the same software tool that served 
to create the atlases. Localization was performed independently 
by both neurosurgeons, and they did not have access to the points 
that were selected by them clinically. This experiment created 2 
new sets of AC and PC selections (1 per neurosurgeon) on each of 
the 20 patients. These new selections can be considered to be the 
best achievable manual selections, henceforth referred to as the 
 silver standards  (SlvStd1 and SlvStd2). The average of the 2 silvers 
standards on a given patient is the gold standard for that patient.

  Statistical Analysis 
 The accuracy of various selection methods was computed by 

comparing the distances between the selections and the corre-
sponding reference points. Comparisons between these distances 
were conducted with a Wilcoxon signed-rank test to account for 
dependency between the values observed on the same patient. 
The Wilcoxon signed-rank test is a nonparametric statistical hy-
pothesis test for the case of 2 related samples or repeated measure-
ments on a single sample. It is used as an alternative to the paired 
Student t test when the population cannot be assumed to be nor-
mally distributed. The distances were summarized with the me-
dian and the lower and upper quartiles. R version 2.7.0  [13]  was 
used for all statistical analyses.
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  Results 

 Comparing Single- and Multiple-Atlas-Based 
Predictions to Clinical Selections 
 The accuracy, with respect to clinical selections, of av-

erage multiple-atlas-based predictions and multiple-at-
las-based predictions using STAPLE was compared. 
These 2 methods of combining predictions were not sta-
tistically different for AC (p = 0.48) and MC (p = 0.49). 
For PC the average method produced a smaller predic-
tion error with respect to the clinical selection than the 
STAPLE method on 41 among the 60 patients (68%). This 
difference at PC was statistically significant (p  !  0.001) 
based on a Wilcoxon signed-rank test, which takes into 
account the rank (1 or 2) within the pair (average and 

STAPLE) for each patient. The mean difference (STA-
PLE-based prediction errors – average-based prediction 
errors), however, is only 0.037 (95% confidence interval: 
0.014–0.090), but the average method led to large errors 
in 1 patient because one of the atlases registered poorly to 
this image volume. In this patient, the error using the av-
erage method was 8.40 mm at AC and 2.16 mm at PC, 
while the error using the STAPLE for the same patient 
was 0.57 mm at AC and 0.93 mm at PC. Since the differ-
ence in accuracy between the STAPLE and the simple 
averaging method is very small and because the STAPLE 
approach is better at eliminating outliers, we have used it 
in the rest of this study.

   Table 1  summarizes the prediction errors for individ-
ual- and for multiple-atlas-based prediction using STA-
PLE with respect to clinical selections on 60 patients. The 
median error with the lower and upper quartile values are 
provided. The p values comparing the prediction errors 
of individual atlas predictions with those of multiple-
atlas-based predictions using STAPLE are also given. The 
superiority of the multiple-atlas-based method using 
STAPLE is highly statistically significant over atlas 1 for 
AC and MC, and over atlases 2, 3 and 4 for PC.

  Comparison of the Atlas-Based Predictions and 
Clinical Selections against Silver Standards 
  Figure 2  shows representative results for the selection 

of AC. It illustrates the STAPLE-based atlas prediction 
(1), the gold standard (2) defined as the average between 
the careful selections by the 2 neurosurgeons (silver stan-
dards) (4) and the clinical selection (3), projected on the 
sagittal (left panel) and axial (right panel) slice passing 
through the gold standard point.

5 mm5 mm 00

  Fig. 2.  Representative AC selections. STAPLE-based prediction 
using multiple atlases (1), the gold standard (2), the clinical selec-
tion (3) and the careful selections by the 2 neurosurgeons (4) pro-
jected on the sagittal (left panel) and axial (right panel) slice pass-
ing through the gold standard point. 

Table 1. The prediction errors (millimeters) of individual-atlas and STAPLE-based multiple-atlas approaches with respect to clinical 
selections in 60 patient volumes are summarized with the medians (lower and upper quartile values in parentheses)

Multiple-atlas-based
prediction using STAPLE

Atlas-1-based
prediction

Atlas-2-based
prediction

Atlas-3-based
prediction

Atlas-4-based
prediction

AC 1.07 (0.70, 1.43) 1.21 (1.02, 1.69)
p < 0.001

1.04 (0.69, 1.42)
p = 0.95

1.03 (0.68, 1.48)
p = 0.15

1.21 (0.70, 1.52)
p = 0.02

PC 0.94 (0.66, 1.21) 1.02 (0.72, 1.39)
p = 0.52

1.03 (0.71, 1.38)
p = 0.008

1.10 (0.70, 1.58)
p = 0.008

1.11 (0.76, 1.39)
p < 0.001

MC 0.82 (0.55, 1.14) 1.06 (0.78, 1.32)
p < 0.001

0.91 (0.55, 1.29)
p = 0.05

0.87 (0.55, 1.22)
p = 0.36

0.83 (0.64, 1.13)
p = 0.10

The p values of Wilcoxon signed-rank tests comparing the STAPLE-based prediction errors and individual-atlas-based prediction 
errors with respect to clinical selections are shown.
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   Table 2  summarizes the distances between pairwise 
combinations of multiple-atlas-based automatic predic-
tions, clinical selections and the 2 silver standards. It re-
ports, for AC, PC and MC, the median and the lower and 
upper quartiles of the euclidian distance in millimeters, 
between (a) the 2 silver standards (careful manual selec-
tions by the 2 surgeons); (b, c) the STAPLE-based atlas 
predictions and the  silver standards, and (d, e) the clini-
cal points and the 2 silver standards. The silver standards 
comparison (a) reflects the intersurgeon variability while 
carefully selecting the points manually. The p values 
comparing (a) with (b, c, d and e) using Wilcoxon signed-
rank tests are also reported in  table 2 . The differences 
between clinical selections and the silver standards were 
statistically significant, thus indicating that the clinical 
selection is suboptimal. On the contrary, no statistical 
significance was found for the difference between the 2 
silver standards (a) and that between STAPLE-based atlas 
predictions and silver standards (b and c). Although no 
conclusion can be drawn from large p values, based on 
these findings, we may conjecture that the atlas-based 
predictions are similar to an experienced neurosurgeon 
carefully selecting the points manually.

  Accuracy of Atlas-Based Predictions and Clinical 
Selections against Gold Standards 
  Table 3  summarizes the key findings of our study. It 

shows, for the 20 volumes for which the AC and PC gold 
standards were available, the median euclidean distances 
with the lower and upper quartiles, in millimeters, be-
tween (a) the automatic predictions and the gold stan-
dards, and (b) the clinical selections and the gold stan-

dards. These numbers are reported for the AC, PC and 
MC points. With respect to the gold standard, the me-
dian distances of atlas predictions are only about half of 
that of clinical selections. Highly statistically significant 
differences were found between the accuracies of atlas 
predictions and those of the clinical selections with re-
spect to the gold standards for AC (p = 0.007), PC (p  !  
0.001) and MC (p  !  0.001). The results also show that at-
las-based predictions are significantly more accurate 
than clinical selections with respect to the gold standard. 
Finally, the 95% confidence intervals of the median ac-
curacy of atlas-based predictions with respect to the gold 
standards are 0.56–0.79, 0.46–0.66 and 0.33–0.50 mm, 

Table 2. Median (lower and upper quartile values in parentheses) of the euclidian distances between various types of selections, silver 
standards (SlvStd1 and SlvStd2), multiple-atlas-based predictions using STAPLE (atlas) and clinical selections, of the AC, PC and MC 
points over 20 patient volumes

SlvStd1 vs. SlvStd2
(a)

SlvStd1 vs. atlas
(b)

SlvStd2 vs. atlas
(c)

SlvStd1 vs. clinical
(d)

SlvStd2 vs. clinical
(e)

AC 0.56 (0.44, 0.87) 0.82 (0.57, 0.92)
p = 0.048

0.59 (0.43, 0.92)
p = 0.220

1.19 (1.00, 1.57)
p < 0.001

1.29 (0.89, 1.60)
p = 0.001

PC 0.55 (0.38, 0.91) 0.63 (0.45, 0.97)
p = 0.598

0.57 (0.42, 0.80)
p = 0.812

1.08 (0.97, 1.27)
p = 0.001

1.00 (0.79, 1.19)
p = 0.030

MC 0.51 (0.34, 0.58) 0.43 (0.33, 0.50)
p = 0.890

0.52 (0.27, 0.64)
p = 0.667

0.72 (0.60, 1.14)
p < 0.001

0.98 (0.72, 1.30)
p < 0.001

Distances in columns (b–e) are compared to distances in (a) using Wilcoxon signed-rank tests, and the corresponding p values are 
shown.

Table 3. Median (lower quartile, upper quartile) of the Euclidian 
distances between gold standards, clinical selections (Clinical), 
and multiple atlases based predictions using STAPLE (Atlas) for 
AC, PC, and MC points over 20 patient volumes

Atlas vs. Gold Standard
(a)

Clinical vs. Gold Standard
(b)

AC 0.65 (0.53, 0.84) 1.21 (0.74, 1.56)
p = 0.007

PC 0.56 (0.42, 0.70) 1.06 (0.81, 1.25)
p < 0.001

MC 0.41 (0.29, 0.53) 0.84 (0.62, 1.11)
p < 0.001

Distances shown in column (a) and (b) are compared using a 
Wilcoxon signed-rank tests, and the corresponding p values are 
given.
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respectively for the AC, PC and MC. For the accuracy of 
clinical selections with respect to gold standards the 95% 
confidence intervals are 0.91–1.47, 0.82–1.26 and 0.68–
1.20 mm, respectively, for AC, PC and MC.

   Figure 3  shows the cumulative distributions of the dif-
ferences between atlas predictions and clinical selections 
with respect to the gold standard over the 20 volumes. 
The horizontal axis represents the distance in millime-
ters between the selections of a point (AC, PC or MC) us-
ing 2 different methods. The vertical axis represents the 
fraction of cases for whom the distance between the se-
lections was less than or equal to the corresponding dis-
tance on the horizontal axis.  Figure 3 a shows that in 
about 80% of the cases the distance between atlas predic-
tions and gold standard for AC is less than 1.0 mm; this 
is true in only 25% of the cases for the clinical selections. 
 Figure 3 b presents similar results for the PC.  Figure 3 c 
shows that in 100% of the cases the distance between atlas 
predictions and the gold standard for MC is submillimet-
ric, while it is only true in about 70% of the cases for the 
clinical selections. This figure also illustrates that manu-
al selection can lead to relatively large errors in the selec-
tion of the MC, which is commonly used as the center of 
the coordinate system in stereotactic surgeries.

  Discussion and Conclusion 

 Selection of the AC and PC points is done routinely for 
DBS procedures. However, in a study  [2]  involving 43 
neurosurgeons from different institutions, we have shown 
substantial intersurgeon variability in the selection of 
these points on 2 MRI volumes. We found that the sur-
geon’s experience was a contributing factor to the selec-
tion accuracy of these points. We have shown that, while 
the MC point is commonly used as the origin of the ste-
reotactic reference system, the accuracy of AC and PC 
selection affects the target localization accuracy. We 
found the mean intersurgeon variability in indirect tar-
geting of subthalamic nucleus, Vim and GPi due to vari-
ability in AC and PC selection to be up to 2.64, 2.75 and 
3.31 mm, respectively, for the 3 targets. Therefore, accu-
rate AC and PC selection is critical in indirect targeting. 
Our work demonstrates that by carefully creating the at-
lases and by combining predictions from different atlas-
es, a system can be developed that is not only fully auto-
matic but also produces results that are more accurate 
and reproducible than those obtained by experienced 
physicians in clinical practice. The error distribution 
produced by our system is probably as good as what is 
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  Fig. 3.  Cumulative distributions of the euclidian distances between STAPLE-based predictions using multiple 
atlases and gold standards (solid line), between the gold standards and the points chosen clinically (dotted line) 
for AC, PC and MC on 20 patients. 
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achievable with the resolution of clinically acquired im-
ages. Our statistical analysis shows a slight gain in per-
formance when using more than 1 atlas. With current 
computer speed and multicore processors, multiple-atlas 
approaches are thus recommended. When the registra-
tions were reasonable, the STAPLE-based approach we 
have used to weigh more the atlases which registered well 
did not produce statistically better predictions than the 
average of the predictions. However, it was able to elimi-
nate the contribution of atlases that registered poorly 
with a patient. Further work is necessary to develop a re-
liable and robust method to identify the atlas(es), which 
register(s) best to a particular patient.

  The system we have presented is a component of a larg-
er system, which is currently being developed at our in-

stitution to facilitate the planning and intraoperative 
guidance of DBS procedures. Following the retrospective 
validation study presented herein, a prospective analysis 
has been initiated to test the hypothesis that our system 
can be used routinely in the clinical setting, thus reduc-
ing the time required for planning and eliminating 1 
source of variability in the communication of target point 
coordinates.
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