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Semantic edge-guided 2D/3D registration for vertebrae in radiographs
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Abstract: Objective In image-guided spine surgery-based robotic systems, 2D/3D registration refers to aligning preopera-
tive 3D computed tomography (CT) images with intraoperative 2D X-rays to achieve precise spatial localization of the surgi-
cal robot for human tissues. The prevalent approach involves the use of landmark points for initial coarse registration and
subsequently applying the intensity-based method to rectify the position. However, the landmark-based registration method
typically uses a heatmap regression method, which can be GPU intensive. Simultaneously, the random field of view during
intraoperative X-rays and the overlapping of human tissues on X-rays can result in the loss of tissue information. This loss
can cause incorrect predictions or predictions with a considerable deviation of landmark points. The intensity-based method

is considered the most accurate and efficient approach because it utilizes the entire image information. However, intensity-
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based methods usually have problems such as a small capture range and sensitivity to the initial pose. The accuracy of 2D/
3D registration when physical edges are used as features is low because of the overlap of spinal joint edges and the low qual-
ity of intraoperative radiographs. Here, a 2D/3D registration method based on semantic edge extraction is proposed.
Method The semantic edge-based 2D/3D registration method uses noverlapping pedicle edges and edges on both sides of
the vertebra in the X-ray as semantic features for 2D/3D registration. The real-time detection Transformer model is first
used to predict the bounding boxes of the vertebrae to be registered in intraoperative X-rays. The CT images of the vertebrae
to be registered are then extracted from the known vertebrae masks. The semantic edges of the vertebrae from the intraop-
erative X-rays and the digitally reconstructed radiological images from the CT image projection are extracted by spacing con-
strained and efficient UNet Transformers (SCE-UNETR). Finally, the pose is updated iteratively by minimizing the repro-
jection error until convergence. The SCE-UNETR network uses a U-shaped structure for encoding and decoding; it com-
prises an encoder module, skip connection layers, and a decoder. The SCE-UNETR encoder consists of a vision Trans-
former (ViT) network, where the image features are connected to the decoder by skipping connection layers. The ViT net-
work contains a total of 12 groups of Transformer blocks, each consisting of two normalization layers, a multihead attention
layer, and a multilayer perceptron. In this study, the skip connection layer and the decoder of SCE-UNETR are illumi-
nated by a multiaxis group Hadamard product attention module instead of a convolutional operation, which changes the qua-
dratic complexity into linear complexity and reduces the quantity of network parameters. In addition, the network incorpo-
rates the loss of the vertebral spacing constraint as a priori information, which further improves the accuracy of multiverte-
bra semantic edge extraction. Result The method proposed in this study was quantitatively and qualitatively evaluated from
different perspectives, including semantic edge extraction, coarse registration, pose refinement, method comparison, reg-
istration accuracy, and registration time. For the semantic edge extraction task, the SCE-UNETR was compared with Swi-
nUNETR, TransUNet, and UNETR. SCE-UNETR has approximately half the number of network parameters of the other
networks. However, in terms of the metrics of segmentation overlap, average Dice, average intersection over union, and
average 95% Hausdorffl distance, the SCE-UNETR is better than those of the other three networks. In addition, all net-
works show some improvement in semantic edge extraction accuracy after the spacing constraint loss term is combined with
Dice loss. For the 2D/3D registration task, the experiments demonstrate that the proposed method outperforms the state-of-
the-art methods on both simulated and real data. Following pose refinement, the proposed method achieves a translation
error of less than 1 mm and a rotation error of less than 0. 1°. The registration process itself takes approximately 5 s, which
is well suited to the clinical environment. Conclusion The proposed semantic edge-based 2D/3D registration method effec-
tively reduces the search space of the subsequent pose refinement process, thus improving the registration accuracy. In
terms of edge extraction, the network is illuminated, and the vertebrae spacing constraint loss is added, thereby improving
the efficiency and accuracy of semantic edge extraction. Therefore, the proposed method can better meet the accuracy and
real-time requirements of 2D/3D registration.

Key words: 2D/3D registration; spinal surgery robot; vertebra; semantic edge extraction; vision Transformer(ViT)
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Fig. 3 The framework for semantic edge-based 2D/3D coarse registration
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Table 1 Experimental results of quantitative evaluation of different optimization methods

I 4% IS 9 PREL S Dice/% (B HE 12 22 /mm S0
o Dice 89.18+5.54 2.88+3.55 672.49
UNETR GHPA Dice 90.52+1.29 2.13+2.02 348.46
o Dice+SC 90.08+1.68 1.57+0.92 672.49
SCE-UNETR (A 3) GHPA Dice+SC 90.57+2.56 1.32+0.71 348.46

E LTRSS 5 e LA 2R

2.3.2  BETOR[R LR BERG  E SCA AR I PP AG
1) S PEAl . A 3K SCE-UNETR 45 5 Swi-
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Table 2 Experimental results of quantitative evaluation of semantic edge extraction

IS 9% PREL -2 Dice/% -2 10U/% F-H195% HD SHE/10°

Dice 90.16+1.39 83.29+2.01 6.19+8.73

SwinUNETR 647.43
Dice+SC 90.56+1.06 83.96+4.31 6.76+0.02
Dice 91.09+1.04 84.65£1.55 6.0420.02

TransUNet 730.39
Dice+SC 91.36+1.08 85.15+4.36 4.15+5.66
Dice 90.62+1.66 84.00+2.43 6.05+7.89

UNETR 672.49
Dice+SC 91.99+1.28 86.11+3.60 5.91+0.02
Dice 91.13+1.26 84.73+1.88 3.75+5.95

SCE-UNETR(Z<30) 348.46
Dice+SC 92.37+1.28 86.67+2.83 2.21+0.02
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Fig. 8 The experimental results of qualitative evaluation of vertebra semantic edge extraction

£R3 ARENRMEX 2D3DHERER NN ESIEHER

Table 3 Results of quantitative evalution of different extraction networks on 2D/3D coarse registration

‘ iR
e HEA : mTRE FEM/s
A /mm TERE/(°)

i) 4.18+3.97 0.63+0.60 2.12+1.28 3.84+0.08
SwinUNETR

% 4.11+4.23 0.93+0.80 4.34+1.53 9.34+0.73

i 3.71+4.12 0.49+0.55 2.82+0.89 3.39+0.32
TransUNet

% 3.80+4.92 0.83+0.72 4.17£2.00 8.77+0.30

Lieh 3.13%3.54 0.51+0.40 1.79+1.62 4.46+0.91
UNETR

% 4.58+5.55 0.89+0.72 2.64+0.98 9.15+0.39

i) 1.70+0.96 0.16+0.02 1.12+0.88 2.88+0.09
SCE-UNETR (7=32)

% 1.15+0.53 0.14+0.03 0.44+0.27 5.76+0.10
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Fig. 9  Comparison of the error distribution among different registration methods
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Table 4 Comparison of the proposed method with landmark points-based and physical edge extraction-based
2D/3D registration methods

‘ ‘ PR
ik HEA — mTRE FERS/s
F-#%/mm Tie/(°)
B H 4.33+3.49 1.31+0.87 2.62+1.86 9.42+1.15
PR R
EZ 5.77+3.40 1.11+0.88 1.84+1.27 12.92+1.27
X i <A 4.62+0.93 2.17+0.50 1.79+1.62 11.89+1.01
HHC Canny
% 3.13+0.23 2.14+0.51 2.64+0.98 13.26+3.08
. ) H 1.70+0.96 0.16+0.02 1.47+0.70 2.88+0.09
W% (A S0)
EZ 1.15+0.53 0.14+0.03 1.29+0.67 5.76+0.10
B i 1 1.75+1.02 0.16+0.02 1.44+0.66 5.46+0.53
bk i+ IR
% 1.22+0.43 0.17+0.05 0.76+0.50 7.13+0.55
X ) H 1.38+0.24 0.20+0.03 1.34+0.63 8.56+0.20
HE /A -+ A5 e o Canny+ K &
% 2.89+0.75 1.08+1.51 1.64+0.46 8.14+0.82
. B 0.96+0.52 0.08+0.07 1.12+0.88 4.91+0.53
T SRS+ IR EE (A 30)
0.92+0.38 0.10+0.02 0.44:+0.27 6.84+0.39
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Fig. 10  The qualitative assessment of registration accuracy after pose refinement of the proposed method

(vertebral contours of the DRR images in green)
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Table 5 Evaluation results against other existing methods

TR

Ttk FEM /s
B /mm TERE/(°)
ZHERES 1.75£1.02 0.16+0.02 5.46
Pro-ST 7.83+19.8 4.94+8.78 > 60.0
PSSS 5.23+2.01 0.61+0.44 11.36
AT 0.9620.52 0.08+0.07 4.91
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Table 6 Registration assessment results of the real X-rays

HEfA SSIM/% NCC
LA (FAAEAA) 78.96 0.63
L5 (FAfifA) 79.16 0.49
LA 5 L5 (ZHER) 84.23 0.51
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