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Abstract. To help surgeons to pre-operatively select the target location for DBS 
electrodes, functional atlases based on intra-operatively acquired data have been 
created in the past. Recently, many groups have reported on the occurrence of 
brain shift in stereotactic surgery and its impact on the procedure but not on the 
creation of such atlases. Due to brain shift, the pre- and intra-operative coordi-
nates of anatomic structures are different. When building large population at-
lases, which rely on pre-operative images for normalization purposes, it is thus 
necessary to correct for this difference. In this paper, we propose a method to 
achieve this. We show evidence that electrophysiological maps built using cor-
rected and uncorrected data are different and that the maps created using shift-
corrected data correlate better than those created using uncorrected data with 
the final position of the implant. These findings suggest that brain-shift correc-
tion of intra-operatively recorded data is feasible for the construction of accu-
rate shift-corrected electrophysiological atlases.  

1   Introduction 

Deep brain stimulation (DBS) is a surgical procedure involving the implantation of an 
electrode in the deep brain to stimulate specific nuclei using a pacemaker. DBS has 
provided remarkable therapeutic benefits to patients suffering from movement disor-
ders such as the Parkinson’s disease. To help the surgeon pre-operatively select the 
target location for the electrode, functional atlases [1, 2] based on intra-operatively 
acquired electrophysiological data from a number of patients have been created to 
complement anatomical and histological atlases. Several authors [1, 3-5] have shown 
techniques by which such atlases can be used in the planning, placement and pro-
gramming of DBS. 

An underlying assumption in the creation of these atlases is that anatomical struc-
tures do not move between pre-operative imaging and intra-operative recording. A 
number of studies have proved that this assumption is not valid. Miyagi et al. [6] 
found the anterior and posterior commissures to be more medial, posterior and  
inferior on the post-operative MRI than on the pre-operative MRI. Khan et al. [7] 
reported brain shifts of up to 4 mm in deep brain structures. Using real-time intra-
operative MRI Martin et al. [8] recently reported appreciable ipsilateral brain shift 
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during burr hole access. Consequently, the pre- and intra-operative coordinates of 
anatomic structures may be different. But, to create population atlases, pre-operative 
image volumes are typically utilized because the stereotactic platform that is used to 
reference the intra-operative data is built in the pre-operative image space. It is thus 
critical to correct for brain shift to place data recorded intra-operatively at the correct 
location in the pre-operative scans. In this paper, we propose a method to do this. We 
also present preliminary results which indicate that shift correction has a substantial 
effect on statistical maps derived from these data and that shift-corrected maps are 
more accurate than maps computed with uncorrected data.  

2   Data 

With IRB approval each patient had pre-operative MRI and CT, a post-operative CT 
acquired on the day of the surgery, and a post-operative stable CT acquired approxi-
mately one month after surgery before programming of the electrode. The scan ac-
quired the day of surgery will be called post-op CT, the scan acquired one month after 
the procedure will be called stable CT. Typical CT images were acquired at kVp = 
120 V, exposure = 350 mAs and 512x512 pixels. In-plane resolution and slice thick-
ness were respectively 0.5 mm and 0.75 mm. MRI (TR 12.2 ms, TE 2.4 ms, 
256x256x170 voxels, with typical voxel resolution of 1x1x1 mm³) were acquired 
using the SENSE parallel imaging technique (T1W/3D/TFE) from Philips on a 3T 
scanner. We used patients that underwent sub-thalamic nucleus (STN) targeting. 
Stimulation data included the location of each stimulation point, the efficacy (thera-
peutic response) observed and the associated stimulation current, the adverse effect (if 
any) and the associated current. Efficacy was recorded as percentage reduction in 
symptoms from baseline as assessed by a neurologist. Only those points with at least 
70% efficacy were used. The dataset comprised of 36 efficacious points and 35 eye 
deviation points (an adverse effect) from 13 patients for the left side, 20 efficacious 
points from 8 patients and 34 eye deviation points from 12 patients for the right side. 
Some other adverse effects include muscular contraction, dysarthria, or parasthesia. 
We have chosen to use eye deviation data in this work because it is the most populous 
adverse effect in our dataset. 

3   Method 

To create atlases, the 3D T1-weighted images were registered to each other using a 
combination of intensity-based rigid and non-rigid registration algorithms. The non-
rigid registration we proposed earlier [9] is called the Adaptive Bases Algorithm 
(ABA). Briefly, it computes a deformation field that is modeled as a linear combi-
nation of radial basis functions with finite support. This results in a transformation 
with several thousands of degrees of freedom. Two transformations (one from the 
atlas to the subject and the other from the subject to the atlas) that are constrained to 
be inverses of each other are computed simultaneously. ABA reduces the computa-
tional complexity and improves the convergence properties of related B-splines-
based approaches by identifying regions of mis-registration and adapting the  
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compliance of the transformation locally. The algorithm arrives at the final defor-
mation iteratively across scales and resolutions and uses mutual information as the 
similarity measure.  

One solution to build shift-free functional atlases is to use only those patients that 
have minimum or no intra-operative shift (based on pneumocephalus in immediate 
CT) as shown by us in [10]. Patients were placed in the low, medium and large shift 
category based on the average air pocket width (AAPW) at the cortical surface seen 
on the post-op CT. To determine the region in the frontal cortex where cortical sur-
face shift was most likely to cause shift at the target, a reference line parallel to the 
direction of gravity and passing through the implant was drawn and average of 4 air 
width measurements made in its vicinity was computed. Using data from patients in 
the low category (AAPW ≤ 3 mm) we populated shift-free atlases. These shift-free 
atlases are built without any correction applied to the intra-op coordinates. The limita-
tion of this approach is that a large number of patients’ data (medium: 3 mm < AAPW  
≤ 7 mm and large group: AAPW > 7 mm) cannot be used. 

The shift correction method we propose permits using all patients to build statisti-
cal maps. Fig 1(a) shows a detailed model of various shift components.  

  

Fig. 1. (a) Detailed model of various brain shift components, (b) approximate model, (c) dem-
onstrating how data points P1, P2, P3 and P4 are corrected for brain shift to arrive at P1

*, P2
*, P3

*, 

P4
* using the model in (b). OT: optimal target, )(BSBI : Brain Shift Before Implantation, OT*: 

shifted position of OT due to )(BSBI  and identified as the location for implantation by electro-

physiological mapping, )(EPE : Electrode Placement Error, IOIP: Intra-Operative Implant 

Position, )(BSAI : Brain Shift After Implantation, POIP: Post-Operative Implant Position as 

seen on the CT acquired immediately after surgery, )(BSR : Brain Shift Recovery, PSIP: Post-

operative Stable Implant Position as seen on the stable CT acquired about a month after sur-
gery, )(BSRE : Brain Shift Recovery Error. 

During the procedure, the optimal target (OT) where the implant should ideally be 

placed gets displaced due to Brain Shift Before Implantation )(BSBI  and moves to 

OT*. By electrophysiological mapping OT* is identified as the location for implanta-
tion. Electrode Placement Error )(EPE  due to the finite accuracy of the stereotactic 

(c) 
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system and/or manual errors causes the electrode to be implanted at a slightly differ-
ent location. This is the Intra-Operative Implant Position (IOIP). Brain Shift After 
Implantation )(BSAI  causes the implant to move further to the Post-Operative Im-

plant Position (POIP) as seen on the post-op CT. Finally, due to Brain Shift Recovery 

)(BSR  the lead stabilizes at the Post-operative Stable Implant Position (PSIP) by the 

time the stable CT is acquired. The difference between PSIP and OT is because of 

)(EPE  and/or Brain Shift Recovery Error )(BSRE  due to the brain not recovering 

exactly to its pre-operative state. If we assume that )(BSRE and )(EPE  are negligible, 

the model reduces to the simpler formulation shown in fig 1(b) where PSIP returns to 
OT. Using this model we can account for brain shift when populating atlases. The 
intra-operative coordinates of all the data points (P1, P2, P3 and P4 in fig 1(c)) and OT* 
are known in the platform coordinates. Probabilistic maps built using these coordi-
nates are referred to as uncorrected maps. Using the approximate model, the trans-

formation between OT* and PSIP is BSBI− . By applying this transformation to all 
intra-operative points, their corrected coordinates (P1

*, P2
*, P3

*, P4
*) can be computed 

as illustrated in fig 1(c). By populating electrophysiological atlases using these coor-
dinates we can build shift-corrected atlases and maps referred to as corrected maps. 
Probabilistic maps were created from atlases of intra-operative measurements using 
the method proposed by us in [3]. 

4   Results 

Our method is based on the assumption that, in the stable CT, brain has recovered to 
its pre-operative state.  This assumption is difficult to prove. However, if it is correct, 
the lead position in the stable CT should correspond to a region of high efficacy pre-
dicted by our shift-free map. To verify this hypothesis we have used two patients in 
which we observed substantial shift (3.14 mm and 2.90 mm at the target position).  
Fig 2 illustrates our results. In both patients, we show the location identified intra-
operative as the optimal target for implantation (OT*) shown by 4 dashed contacts and 
the stable lead position (solid contacts) overlaid on shift-free efficacy maps. Since 
shift-free maps are the closest to ground truth i.e. maps unaffected by shift, and be-
cause as per the approximate mode the stable lead position (PSIP) is the shift-
recovered position of the implant (OT*), these results show that our assumption of 
negligible brain shift recovery is reasonable because PSIP correlates better than OT* 
with shift-free maps. To further test our assumption, we would ideally compare shift-
free with corrected and uncorrected efficacy maps. Due to the relatively small number 
of shift-free cases for which we have stable CTs a quantitative comparison is not 
possible at the current time. To address this issue we validate our approach in two 
steps: (1) we show that corrected and uncorrected maps are different, and (2) we show 
that the position of the electrode in the stable CT correlates better with zones of high 
efficacy predicted by the shift-corrected maps than with those predicted by uncor-
rected maps.  
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                               (a)                                         (b)                                  (c) 

Fig. 2. Sagittal view showing relative positions of the intra-operative optimal target (OT*) as 
dotted contacts, actual lead from the stable CT (PSIP) as solid contacts overlaid on shift-free 
maps built for two patients (a) Patient1, (b) Patient2. (c) Color scale. The gray region extending 
out of the core of the map and masking the stable lead is the low probability region of the map. 

To show that the maps are different, we first compute the Dice similarity coeffi-
cient (S) [11] between two sets defined in (1), (2),  and (3) where p(X, Y, Z) is the 
probability value at point (X, Y, Z) in a map.  

 
{( , , ), ( , , ) }uncorrected uncorrectedX Y Z p X Y Z thresholdΩ = ∋ ≥  (1) 

{( , , ), ( , , ) }corrected correctedX Y Z p X Y Z thresholdΩ = ∋ ≥  (2) 

2 ({ })

( ) ( )
uncorrected corrected
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N
S
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Ω + Ω
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( )N is the number of elements in any setΩ Ω   

We then compare connectivity and spread of the maps. Because physiological regions 
should concentrate into well connected tight clusters, we compare the maps by com-
puting the number of clusters (NOC) with high probability. We do this using 3-
dimensional 26-connectivity where voxels sharing any of their 6 faces, 12 edges or 8 
corners are grouped into the same cluster. A larger number of such clusters indicates 
greater number of isolated high probability zones and poor overall clustering. To 
measure the spread of the maps, we computed the mean distance from cluster centroid 
(MDCC) for points of high probability. Table 1(a) gives the values of dice coefficient 
for the uncorrected and corrected maps of efficacy (EFF) and eye deviation (EYE). 
Table 1(b) shows the number of 26-connected clusters in the two maps for high prob-
ability points and the mean distance from cluster centroid for those points. This table 
shows that the uncorrected and corrected maps are very different. From table 1(a), the 
uncorrected and corrected efficacy and eye deviation maps for the the left and right 
sides had respectively 57%, 44%, 57% and 46% of non-zero probability voxels over-
lapping. Considering only voxels with high probability (p >= 0.7), the percentage of 
overlapping voxels decreased to 0%, 12%, 0% and 8% respectively indicating that the 
high probability regions in the two maps were almost completely different. Table 1(b) 
shows that the number of distinct high probability clusters is generally higher in the 
uncorrected maps than in the corrected maps; 4 to 1 for left efficacy, 8 to 1 for right 
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eye deviation and 2 to 1 for left eye deviation. This indicates that clustering tends to 
be tighter in the corrected maps than in the uncorrected maps. In turn, this suggests 
that corrected maps represent electrophysiology better than uncorrected maps. This is 
further supported by the larger mean distances from cluster centroid for uncorrected 
maps than for corrected maps. Fig 3 and fig 4 show coronal, axial and sagittal slices 
of (a) corrected and (b) uncorrected maps overlaid over the stable CT for the two 
large-shift patients used earlier. Since we showed in fig 2 that shift recovery error can 
be neglected, it means that the stable lead position or PSIP returns to the optimal 
target location in a patient. Therefore, if shift-corrected maps built for a patient were 
correct then they would correlate better than uncorrected maps with PSIP. This can be 
seen in fig 3 and fig 4. 

Table 1. (a) Dice coefficient (S) for uncorrected (uncorr) and corrected (corrr) maps, EFF: 
efficacy, EYE: eye deviation, (b) Number of clusters (NOC) in the two maps for p >= 0.7 and 
26-connectivity, and, mean distance from cluster centroid (MDCC) for p >= 0.7     

    (b) Map NOC MDCC 

S  Corr 1 1.29 
(a) p > 0 p >= 0.7  

EFF LEFT 
Uncorr 4 3.25 

EFF LEFT 0.57 0  Corr      2    2.5 
EFF RIGHT 0.44 0.12  

EFF RIGHT 
Uncorr 2    2.8 

EYE LEFT 0.57 0  Corr 1 1.27 
EYE RIGHT 0.46 0.08  

EYE LEFT 
Uncorr 2 1.67 

    Corr 1 1.9 
    

EYE RIGHT 
Uncorr 8 3.64 

 

 

 

Fig. 3. Coronal, axial and sagittal slices of (a) corrected and (b) uncorrected maps overlaid over 
the stable CT for patient1. The color scale is shown in fig 2(c). 

(a) 

(b) 
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Fig. 4. Coronal, axial and sagittal slices of (a) corrected and (b) uncorrected maps overlaid 
over the stable  CT for patient2. Color scale is shown in fig 2(c) 

5   Discussion 

Creation of accurate efficacy and side effect maps is important for the pre-operative 
planning and intra-operative guidance of DBS procedures. Stimulation data acquired 
during the procedures is a rich source of information to build these maps, but substan-
tial brain shift (up to 4 mm) in areas surrounding the regions of implantation has been 
reported in the literature. Because of this shift, the intra-operative coordinates of a 
structure may be different from its pre-operative coordinates. In turn, this affects the 
accuracy of maps derived from these data. It has been reported that shift is related to 
the amount of air entering the cranial cavity during the procedure. A straightforward 
approach to building the maps would thus be to screen patients and keep only those 
for whom there is minimum air invasion. While feasible, this approach also severely 
limits the number of data sets which can be used to create statistical maps.  In this 
paper, we present an approach that permits the correction of this shift and thus the use 
of data that would otherwise need to be discarded.  Albeit preliminary, the results we 
present strongly suggest that our approach produces efficacy maps that correlate bet-
ter with the anatomical location selected as optimal during the procedure than the 
uncorrected maps. This optimal anatomical target location is referred to as OT, which 
according to our approximate model is the stable lead position (PSIP). Work is ongo-
ing to validate these results in a large number of patients and to correlate high efficacy 
zones predicted using shift-corrected maps of intra-operative data with post-operative 
programming stimulation response observations. 
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