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Motivation

Modern CBCT systems capable of flexible geometries

Opportunities for improving 3D imaging performance 

Designing customized orbits for 3D data acquisition

Extend field of view

Improve image quality

Reduce artifacts

Improve performance for specific imaging tasks

https://www.amberusa.com/wp-content/uploads/2019/09/philips-allura-fd-20.png

Orbit designs for image quality improvement 

Effect of orbits on image quality

Design methods and principles

Example designs in literature
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Effects of  Orbits on Image Quality
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Possible source locations

 Location dependence

 Task dependence
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General Procedures for Orbit Design
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Patient-Specific, Task-Specific Orbit Design

Preoperative

Image
Planning

Data

Task

Definition

Conventional

Intraoperative CT

?
X-ray

Source

Flat-Panel Detector

Traditional

Circular Trajectory

Task-Driven

Trajectory

Interventional Imaging

Conventionally Ignored 

by Interventional Devices

Prior Information

about Patient and Task

Patient- and 

Task-Driven

Intraoperative CT

Diagnostic

Imaging

Task Driven Imaging Workflow

Conventional Imaging Workflow



Robotic X-ray Systems: Emerging Platform 

for Improved Radiography, 3D Imaging, and 

Interventional Radiology, AAPM, 2021

7/28/2021

Grace J. Gang, grace.j.gang@jhu.edu 4

Orbit Design - Neuroimaging

Embolization coil

Stayman et al., Task-driven source–detector trajectories in cone-beam computed tomography: I. Theory and methods, 2019, JMI

Capostagno et al., Task-driven source–detector trajectories in cone-beam computed tomography: II. Application to 

neuroradiology, 2019, JMI

Image quality metric 
detectability index of spherical stimuli

30 stimulus locations on ellipsoid surrounding coil

Design space

�, � at fixed � (1o~360o)

-50° ≤ � ≤ 50°

Predictive image quality model
For penalized likelihood reconstruction with quadratic penalty 

Fast prediction of noise, resolution, and d’ based on the 

object and imaging task
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b1(q ) = W1
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Circular Orbit

Task-Driven Orbit

Ground TruthCircular vs. Task-Driven

Embolization coil

Greedy Optimization: Next Best View

Fischer et al., Object Specific Trajectory Optimization for Industrial X-ray Computed Tomography, Scientific report, 2016
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Greedy Algorithm
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Greedy Optimization: Next Best View

180 projections, circular 18 projections, circular 18 projections, optimized

Greedy Optimization: Next Best View

1620 projections

Reference 

6 projections 

Uniformly distributed

6 projections 

Optimized

x-y slice

x-z slice
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Online Design

Thies et al., A learning-based method for online adjustment of C-arm Cone-beam CT source trajectories for artifact 

avoidance, IJCARS, 2020.

Current projection Predicts quality of next possible views Acquire next view

Designed Orbit
Circular Designed

Reconstruction

�

�

Metal Artifact Avoidance

Objective Function
Relates projection-domain quality metric (�� !") to 

severity of image-domain metal artifacts

Inconsistency in spectral shift among all views

#� !" � � � $ �� !" �, �%� &
stdev

Metric: Spectral Shift

�� !" � ' () � *, + 	 (� !" *, +
,,-

Wu et al., C-arm orbits for metal artifact avoidance (MAA) in cone-beam CT, PMB, 2020
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Tilted Circular Orbit

Designed Orbit

Universal Orbit Design 

Patient-specific designs

Advantages for imaging performance

Logistic challenges with calibration, quality assurance

Universal orbit for metal artifact reduction

Does not require prior information

Robust against arbitrary metal shapes/positions

Easy to calibrate, quality assurance

Data through metal as missing data

Introduce missing sampling/frequencies

Orbit design to acquire complete data for all locations

Gang et al., Non-circular CT orbit design for elimination of metal artifacts, SPIE 2020
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Quantifying Data Completeness

Local Tuy’s condition

All planes through a point must intersect the orbit

Metzler et al., IEEE Trans. Nucl. Sci., 50(5), 2003

Baodong Liu et al., MedPhys 39(5), 2012

Sun et al., IEEE NSS/MIC, 2014

Sampling completeness (56): 

% of planes intersecting the orbit
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Orbit Optimization

Objective Function: 

Metal Locations
Evaluation Locations 

around Each Metal 

max min 56;01
56;01: sampling completeness over all metal 

locations and all evaluation locations

Optimized Orbit

Low dimensional parameterization

(local Gaussian basis function)

Stochastic optimizer (CMA-ES)
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Sinusoidal Orbits
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Reconstruction of  Sinusoidal Orbits

Circular @ � 3.5@ � 2.0
Cluttered Background

3D Printed Radial Line Pair

Stainless Steel Balls 

~18mm Diameter

�)=> � 24 
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Circular @ � 2.0@ � 1.0
Tilted Circular

Reconstruction of  Sinusoidal Orbits

Kingston et al., Space-Filling X-Ray Source Trajectories for Efficient Scanning in Large-

Angle Cone-Beam Computed Tomography, IEEE Computational Imaging, 2018

Space Filling Trajectory
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Summary & Discussion

Effects of orbit on image quality

Objective image quality metric (noise, resolution, bias)

Composite metrics (detectability index)

Dependence of optimal orbit

Object, location, imaging task, 

General procedures and different implementations for orbit design

Objective function: detectability index, spectral shift, sampling completeness

Optimization algorithm: greedy, non-greedy

Patient-specific, task-specific vs. universal

Implementation Challenges

Calibration for irreproducible orbits

Self/online calibration

Reconstruction speed

Analytic, Deep learning

Self Calibration
Muders, IEEE Trans Nuclear Sci, 2014

Ouadah, PMB, 2016

Noise and Dose SimulationsReferences

Slides available by request grace.j.gang@jhu.edu

DL recon for arbitrary geometry
Russ, CT Meeting, 2021

No prior information

Metal artifact

Gang, SPIE, 2020

Space filling trajectory

Kingston, IEEE Comp Imaging, 2018

Patient-specific

Task-driven Design

Stayman, Fully 3D, 2015

Stayman, JMI, 2019

Capostagna, JMI, 2019

Fischer, Scientific Report, 2016

Kinematic Constraints

Hatamikia, MedPhys, 2020

Hatamikia, Plos One, 2021

Online Design

Thies, IJCARS, 2020

Metal Artifact Avoidance

Wu, PMB, 2020


