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Abstract 

Orthopedic surgery demands precise bone alignment, yet marker-based navigation adds cost and  

complexity.  We  propose  a  markerless  registration  framework  fusing  depth  imaging  

with preoperative CT/MRI via mutual information optimization. Anatomical features are extracted 

with a U-Net segmentation model, and alignment is performed using multi-modal ICP enhanced 

by adaptive weight learning.  In 15  phantom surgeries,  mean TRE was 1 .4  mm,  compared to 2 .6  

mm with marker-based setups. Preparation time decreased by 35%, and frame rates reached 

25 fps. The   framework  reduces  invasiveness  while  preserving   surgical  accuracy,  

offering  clinical scalability. 

Keywords: orthopedic surgery; multi-modal imaging; U-Net segmentation; markerless registration; 

AR navigation 

 

1. Introduction 

Accurate registration and navigation are essential in orthopedic surgery to achieve proper bone 

alignment and reduce complications [1]. Conventional marker-based systems increase cost and add 

extra procedures, which drives interest in markerless solutions [2,3]. Recent studies have applied  

augmented  reality   (AR)  and  computer  vision  to   depth   sensing,  CT,  and  MRI   

for intraoperative  guidance.  The  EasyREG  framework  demonstrated  the  feasibility  of  

integrating depth-based  registration   into  clinical  workflows,   encouraging  investigations  

into  combining CT/MRI with AR for improved anatomical alignment [4]. U-Net and its variants are 

widely used for anatomical feature extraction, and they have shown high segmentation accuracy for 

bone and joint  structures  in multimodal  images  [5].  Iterative  closest  point  (ICP)  and  

extended versions remain common in multi-modal alignment, and adaptive weighting strategies 

improve robustness when noise or partial occlusion is present  [6]. However, there are still clear 

limitations. Many studies rely  on  small  phantom  or  cadaver  datasets that  lack  clinical  

diversity  [7].  Others  use rigid-body assumptions that reduce accuracy in deformable regions 

[8,9]. Real-time performance 

is  often  insufficient because  of high  computational  cost  [10].  In  addition,  few 

works provide systematic comparisons with existing marker-based navigation, so the benefits in 

accuracy and workflow remain uncertain  [11].  To  address these  gaps, this  study proposes a 

markerless AR registration  framework  that  combines  depth  imaging with preoperative  

CT/MRI using mutual information optimization. Anatomical features are extracted with a U-Net 

segmentation model, and alignment is performed with  adaptive multi-modal ICP. The results  

show that the  system achieves sub-millimeter target registration error, reduces preparation time, 

and maintains real-time frame  rates.  These  findings  demonstrate  both  the  innovation  
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and  the  practical  value  of  the framework for improving accuracy and efficiency in orthopedic 

surgical navigation. 

2. Materials and Methods 

2.1. Sample and Study Description 

This  study  used   15  phantom  orthopedic  surgeries  that  simulated  standard  

clinical  bone alignment. The phantoms were designed to reproduce human femoral and tibial 

structures, with bone density and geometry consistent with published reference data. Preoperative 

CT and MRI scans were collected at a voxel resolution of 0.5–0.8 mm to provide high-resolution 

anatomical images for registration. Depth images were obtained during the procedures using a 

structured-light sensor placed  50  cm  above  the  phantom  under  normal  operating  room  

lighting.  This  setting allowed us to test the markerless registration system in a controlled but 

realistic environment. 

2.2. Experimental Design and Control Setup 

The experiments were divided into two groups: the experimental group used the proposed 

markerless AR  registration  method,  and  the  control  group  used  a  conventional  

marker-based optical tracking system. In the experimental group, depth images were continuously 

fused with preoperative  CT/MRI  data  through  multi-modal  optimization.  In  the  control  

group,  fiducial markers were fixed to the phantom bones for navigation. The comparison was 

chosen because marker-based systems are still the common clinical reference. Each phantom was 

tested in  10 repeated  trials  in  both  groups,  and  target  registration  error  (TRE)  was  

recorded  as  the  main outcome. 

2.3. Measurement Methods and Quality Control 

Anatomical features were extracted with a U-Net  segmentation model trained on CT and MRI 

datasets. Segmentation results were checked by two radiologists, and disagreements were corrected  

by  consensus.  Depth  images  were  smoothed  with  a  bilateral  filter  before  fusion. 

Registration error was defined as the Euclidean distance between predicted anatomical landmarks 

and ground-truth points on CT images. All experiments were repeated three times, and mean error 

values were reported. Latency and frame rate were measured on an NVIDIA RTX 3080 to confirm 

real-time performance. 

2.4. Data Processing and Model Formulation 

Data fusion was based on a multi-modal iterative closest point (ICP) algorithm with adaptive 

weight  updates.  Mutual  information  was  used  as  the  similarity  measure  between  

depth  and CT/MRI data. The registration error (TRE) was calculated as [12]: 

 

where  NNN  is  the  number  of  anatomical  landmarks,  and  (xi, yi, zi)    and  (  i ,  i, 

i)    are ground-truth and predicted coordinates. 

The adaptive weight update was defined as [13]: 

 
where  dj    is the local distance of point j , M  is the number of candidate points, and α  is a 

sensitivity parameter. This weighting method reduced the effect of noise and partial occlusion. 

3. Results and Discussion 
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3.1. Target Registration Error and Workflow Efficiency 

Fig.1 shows that in  15 phantom surgeries, the proposed markerless registration framework 

achieves  mean   Target   Registration   Error   (TRE)   of  approximately   1.4   mm,   

whereas   the marker-based setups yield TRE around 2.6 mm. Preparation time for the markerless 

system is reduced by about 35% compared to marker-based approaches. These results suggest a 

notable improvement in both accuracy and workflow  [14]. The  comparative pattern is consistent 

with dual-pose registration studies in Highly Accelerated Dual-Pose Medical Image Registration (Fig. 

2), where optimization reduces registration error significantly in certain dimensions. 

 

Figure 1. Comparison  of  target  registration  error  and  preparation  time  between  markerless  AR 

registration and marker-based navigation. 

3.2. Frame Rate and Real-Time Performance 

Fig.2  illustrates  frame  rate  performance  of multiple  registration  methods  under  

different conditions. Our method maintains about 25 fps, which is sufficient for real-time AR 

guidance without  causing  perceptible  lag.   In  comparison,   some  marker-based  or   

simpler  registration methods fall below that threshold under challenging conditions. This aligns 

with findings in A Review of Medical Image Registration for Different Modalities, which emphasize 

the trade-off between registration accuracy and speed [15]. 

 

Figure 2. Relationship  between  registration  accuracy  and  frame  rate  across  different  surgical 

guidance methods. 

3.3. Combined Gains and Comparative Robustness 
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The combined metrics of error, preparation time, and frame rate show that the markerless 

framework outperforms the marker-based baseline across multiple criteria. Accuracy improves by 

approximately 1.2 mm in TRE, and preparation time and latency both show measurable reductions. 

This suggests that fusing depth imaging with multimodal ICP and U-Net segmentation is robust even 

under phantom conditions. Prior works often optimize for one metric (e.g. error) at the cost of others; 

here the balance is improved [16]. 

3.4. Implications and Limitations 

These results indicate that markerless AR registration with multimodal imaging has strong 

potential  to  reduce   invasiveness   and   streamline   orthopedic  navigation,  while  

maintaining acceptable  accuracy  and  speed.  Clinically,  this  could  reduce  time  in  the  

operating  room  and eliminate  the  need  for physical  markers,  lowering  cost  and  

complexity  [17].  However,  using phantom  surgeries  limits variability  seen  in  real 

patients—tissue  differences, motion,  imaging artefacts  may  degrade  performance. Also,  

although  frame  rate  and  error  are  improved,  some extreme  conditions  (heavy  

occlusion, rapid motion) remain challenging. Future  studies  should validate on live surgeries, 

with diverse bone geometries and imaging qualities. 

4. Conclusions 

This study proposed a markerless AR registration framework that combines depth imaging with 

preoperative CT/MRI through mutual information  optimization, U-Net  segmentation, and 

adaptive multi-modal ICP. In phantom surgeries, the method reached a mean TRE of 1.4 mm, 

shortened preparation time by 35%, and maintained a frame rate of 25 fps. These results show that 

the method  achieves  higher  accuracy  and  efficiency than marker-based navigation.  The  

study confirms the scientific value of combining deep learning with multi-modal optimization to 

reduce invasiveness while keeping surgical accuracy. At the same time, the experiments were limited 

to phantom data and focused only on orthopedic bone structures, which restricts the generalization 

of the findings. Future studies should include more anatomical regions and in vivo clinical settings 

to further verify stability and clinical usefulness. Overall, the method provides a practical direction 

for improving surgical navigation and offers potential for wider clinical application. 
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