Marker-less Reconstruction of Dense 4-D Surface
Motion Fields Using Active Laser Triangulation
for Respiratory Motion Management
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External-Internal Tumor Motion Correlation

= Hybrid tumor-tracking in image-guided radiation therapy (IGRT):
- Continuous monitoring of external respiration surrogate
- Predict internal tumor position from surrogate using correlation model
o Low-dim. surrogates cannot depict complexity of respiratory motion
o Involve patient preparation and reproducible marker placement

» Goal: Dense marker-less 4-D motion fields to improve correlation!’-?!

Light Sectioning 2.0

= Marker-less range imaging (RI) in clinical solutions:
- Consecutive laser sweep / light sectioning (C-RAD, LAP)
- Active stereo vision (VisionRT)

= Limitations regarding motion management:
e Measurement uncertainties (sampling principle)
e Lack of real-time capability (designed for patient setup)

» Multi-line active triangulation (AT) sensor’:
o Accurate 3-D sampling (light sectioning) at 30 Hz
o Simultaneous sampling of multiple lines in a grid structure
o Compact housing, inexpensive hardware
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Reconstruction of Dense 4-D Surface Motion Fields from Sparse Data

= Input: - Sparse sampling of respiring patient: Y = {y1, ..

= Output: - Dense deformation ¢ of G with Y C ¢(G), u: Q — R?

- Sparse deformation v of Y with )(Y) C G, W ={w;}, w; € R’

Yt yi € R
- Dense planning data prior shape: G = {(¢, g(¢)) € R®? : ¢ € Q}

= Variational formulation: &.,,, ensures inverse-consistency of ¢ and

n
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Eeon[u, W] := g5 30 1P (ys +wi) + u(@Q Plys +wi)) = uil?
Signed distance function d(x) := +dist(x, G)

Projection of a point z € R%onto G: P(z) := z — d(x)Vd(x)
Orthogonal projection Q@ € R%*3: Q(¢, g(¢)) = ¢

Experiments and Results

= Numerical optimization:
- Finite Element (FE) discretization
- Regularized gradient descent scheme
- Initialization of u with previous estimate
- Initialization of W with w; = P(y,) — vy,

= Experimental setup:
- AT prototypel® with 11x10 line grid (30 Hz)
- Measurement uncertainty: 0.39 mm
- Ground truth: structured light (SL) data M,

= Dataset:
- 16 subjects, abdominal/thoracic, 8 phases

» Evaluation metric: |dist(¢,(G), M,)]

Conclusions

Novel variational framework for sparse-to-dense surface registration
Reliable reconstruction of 4-D motion fields, even with strong respiration
Applications in IGRT: external-internal tumor motion correlation modeling,
motion-compensated patient positioning*!

Potential for motion-compensated tomographic reconstruction and image-

guided interventions
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Fig. 1: Boxplots of residual surface mismatch |dist(¢,(G), M,)| for realistic AT sampling
data from 16 subjects, for thoracic respiration, one cycle is divided into eight phases.

= Quantitative evaluation on realistic AT data:
- Synthetic sampling of dense SL surface data using an AT simulator
- Incorporation of sensor-specific noise characteristics — realistic data
- Mean reconstruction error: +=0.22 mm
- Runtime performance: < 3 s (motion field density: 16k, 2.7 GHz CPU)
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