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Fig. 1 Flow chart of adaptive threshold registration method
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Fig. 7 Three-dimensional reconstruction result of CT images.

(a) Point cloud of face; (b) point cloud of target balls
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Fig. 8 Point clouds of face in CT and world coordinate system. (a) CT point cloud; (b) point cloud 0; (c¢) point cloud 1;
(d) point cloud 2; (e) point cloud 3
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Table 1 Transformation parameter range of coarse registration

Condition R,/ R, /) R. /()
No deformation —97.00 to —95.43 —7.33 to —6.49 —23.75 to —22.59
Deformation 1 —97.71 to —94.48 —7.47 to —6.11 —23.78 to —22.47
Deformation 2 —97.19 to —95.18 —7.75 to —5.82 —24.76 to —21.47
Deformation 3 —92.41 to —90. 20 —7.42 to —5.59 —22.10 to —20. 50

Condition T, /mm T, /mm T./mm
No deformation —161.94 to —148.02 —621.58 to —614.03 —13.27 to 6.82
Deformation 1 —162. 86 to —146.08 —621.93 to —612. 69 —25.51 to 15.32
Deformation 2 —174.79 to —134. 04 —627.82 to —607. 69 —16.04 to 9.02
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Fig. 10 Residual distributions of coarse registration. (a) No deformation; (b) deformation 1; (c¢) deformation 2;

(d) deformation 3
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Fig. 11 Counts of each points excluded. (a) No deformation; (b) deformation 1; (c¢) deformation 2; (d) deformation 3
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Fig. 12 Residual distribution of fine registration of general ICP method. (a) No deformation; (b) deformation 1;
(¢) deformation 2; (d) deformation 3
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Fig. 13 Residual distribution of fine registration of our method. (a) No deformation; (b) deformation 1; (c¢) deformation 2;

(d) deformation 3
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Table 2 Target registration error of our method

Error /mm

Target label

No deformation Deformation 1 Deformation 2 Deformation 3
1 0.7540.05 0.34%0.12 0.33%0.10 0.6740.16
2 0.6040. 04 0.37%0.11 0.25%0. 04 0.5640. 20
3 0.6740.03 0.324+0.08 0.2940.06 0.6140.13
4 0.5840.03 0.44=0.06 0.23%0.03 0.6340.17
5 0.54740.03 0.3440.07 0.28+0.04 0.5140.18
6 0.4540.03 0.35%0.05 0.23%0.05 0.5040. 17
7 0.68+0.03 0.32740.06 0.194+0.03 0.7140.10
8 0.5340. 04 0.25+0.08 0.2740.04 0.64+0.13
11 0.57%40.05 0.37%0.12 0.297+0.06 0.6540. 15
12 0.4340.06 0.3240.13 0.35+0.08 0.6040. 14
13 0.40=0.05 0.2740.07 0.2440.09 0.5740.11
14 0.5240.07 0.29+0. 14 0.26+0.06 0.26=+0. 20
15 0.48=+0.07 0.4240.17 0.4140.07 0.3840. 14
Mean value 0.5540.05 0.3440.10 0.28+0.06 0.56+0.15

3 — B ICP Jy : 8 o5 e i 1 22

Table 3 Target registration error of general ICP method

Error /mm

Target label

No deformation Deformation 1 Deformation 2 Deformation 3
1 0.74=40.05 1.81+£0.05 2.6440.05 0.9640.11
2 0.6040. 04 1.6640.05 2.414+0.05 0.56+0. 14
3 0.67+0.03 1.97+0.04 3.0240.03 0.9540. 24
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Error /mm

Target label
No deformation

Deformation 1

Deformation 2 Deformation 3

4 0.57+£0.03 1.8340.04 2.65+0.03 0.66=+0.07
5 0.53+£0.03 1.6540.04 2.43+0.03 0.6540.08
6 0.45+0.03 1.58+0.04 2.2240.03 0.6440.11
7 0.68+0.03 2.06=£0.03 2.98+0.03 1.1340. 21
8 0.53£0.03 1.894-0.03 2.68+0.03 0.8440.15
11 0.57£0.04 1.8740.03 2.67+0.04 1.0940.07
12 0.41+0.05 1.7240.04 2.53+0.04 1.1640. 10
13 0.39£0.04 1.774+0.05 2.174+0.05 1.1540.09
14 0.50£0.06 1.9640.08 2.76+0.06 1.7140.08
15 0.47+0.06 1.7740.07 2.55+0.06 1.6440.09
Mean value 0.550.04 1.8140.05 2.59+0.04 1.0140.12
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Fig. 14 Box plot of mean registration error of two methods
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Spatial Registration Method for Neuronavigation Using Adaptive Thresholds
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Abstract

Objective Neuronavigation has been extensively used in neurosurgery, such as tumor resection, tumor biopsy, and
minimally invasive craniotomy. By neuronavigation, doctors can select the best surgical path before surgery, and
precisely locate intracranial lesions or sites of interest during surgery, which helps reduce the invasiveness of surgery,
enhances the treatment effect, and reduces the recovery time of patients. Realizing the registration of medical structure
images between the actual surgical spaces is the major step in neuronavigation. An approach based on artificial markers is
the most common approach for registration in clinical, which requires numerous markers fixed on the patient’s head and
additional medical imaging scans. Alternatively, approaches based on anatomical landmarks and surface matching have
been extensively investigated, and both do not require fixed markers. Compared to the method based on anatomical
landmarks, the approach based on surface matching has higher precision. Surface-matching approach completes the
registration by aligning the face point cloud in image space and patient space. However, because of space-time
differences, deformation differences between the two types of face point clouds may exist, resulting in the deterioration of
registration precision. Aiming at this problem, this study proposes a registration approach using an adaptive threshold to
reduce the effect of local deformation on registration precision.

Methods First, the face point cloud in image space is isolated from the reconstructed head medical model, and the face
point cloud in patient space is scanned using fringe projection and binocular stereo vision by the point cloud system. Next,
using a voxel-based approach, these two face point clouds are down-sampled and denoised. For the face point cloud in the
image space and patient space after down-sampling, we employed the SAC-IA algorithm for coarse registration to produce
a suitable initial position. We calculated the Euclidean distance between each point in the source point cloud and its nearest
point in the target point cloud, and then considered the average of these Euclidean distances as a threshold. Finally, we
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used the ICP algorithm to conduct fine registration for the final and more precise transformation, while the wrong pairs,
which have a distance higher than the threshold in the previous step are rejected and do not participate in the computation
of transformation matrix.

Results and Discussions We conducted an experiment to demonstrate the target registration error (TRE) of our
registration approach using a self-made head model. This head model included simulated targets in the brain and may be
locally deformed in the area of both cheeks. We also compared our approach with a general approach, which only differs
from our approach in that no distance threshold was employed. In this experiment, four various degrees of deformation
were set in the cheek area of the head model (no deformation, small deformation on both sides, substantial deformation on
both sides, and small deformation on one side). The registration process between face point clouds in image space and
patient space is repeated 1000 times while the corresponding TRE is computed. First, we counted the times each point in
the source point cloud was rejected in our approach (Fig. 11). When no deformation occurred, the time of each point did
not visibly gather. Moreover, when deformation occurred, the time of each point gathered in the cheek area. Next, the
TRE and mean TRE of each target was computed in our approach (Table. 2) and in the general approach, respectively
(Table. 3), and subsequently, we compared the mean TRE of the two approaches (Fig. 14). When no deformation
occurred, the mean TRE of our approach was 0.55 mm £ 0. 05 mm, which is not substantially different from the
0.55 mm=0.04 mm of the general approach. Corresponding to small deformation and big deformation of both sides and
small deformation of one side, the mean TRE of our approach was 0.34 mm=£0.10 mm, 0.28 mm=+0.06 mm, and
0.56 mm=0.15 mm, respectively, which was substantially 1.81 mm =& 0.05 mm, 2.59 mm =+ 0.04 mm, and
1.01 mm=0.12 mm of the general approach.

Conclusions In this research, we propose a fully automatic surface-matching registration approach based on an adaptive
distance threshold for noncooperative target neuronavigation. In the counting of times, each point in the source point
cloud is rejected, and the finding reveals that the step to reject wrong point pairs in our approach is sufficiently accurate.
In the comparison with mean TRE between our approach and the general approach, our approach is similar to the general
approach when no deformation occurs, and is more accurate than the general approach when deformation occurs.
Moreover, all standard deviation of our approach are not above 0.15 mm, which means that our approach is stable. In
conclusion, our approach can reduce the effect of local deformation of the face, so that the spatial registration approach
based on surface matching can be better and stably applied to neuronavigation.

Key words medical optics; biotechnology; neuronavigation; spatial registration; deformation; adaptive threshold;
iterative closest point
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