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Figure 1 CBCT imaging process
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Figure 2 Configuration of CNT-based X-ray source!'’)
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B3 SJEthind LEPY. JRIR M (a) IKCBCT; (b) £ 30CBCT;
MDE-CBCTHWEHETETO (c). 90 (d). 110 (e)F1150 (f) keV FE M)
VML & 15 mA, SHEIERIYA.OREERS: 400 mm, ST
TMZSIEES: 615 mm. MR LUHIEIM A% 56[-750 HU, 2250 HUR /R
Figure 3 Comparative visualization of metal artifacts reduction®!),
Acquired with a clinical CBCT (a), and the benchtop CBCT-1 (b) at
15 mA tube current. (c, d, e, f) are VMI synthesized from the DE-CBCT
dataset at 70, 90, 110 and 150 keV, respectively. The source-object-
distance (SOD) and source-imager-distance (SID) are 400 and 615 mm.
Images are displayed with the same window of [-750 HU, 2250 HU]
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Figure 4 Reconstructed phantom images with different anti-scatter
grids™*!). The first row: small phantom; the second row: large phantom;
the third row: pelvis phantom
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Technological innovations and clinical translation of cone beam
computed tomography: multimodal hardware integration and
imaging algorithm optimization
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Cone beam computed tomography (CBCT) faces significant challenges in clinical translation, including radiation dose
accumulation, metal artifact interference, and insufficient quantitative accuracy. This review comprehensively analyzes
recent innovations addressing these limitations through synergistic hardware integration and computational imaging
optimization.

Hardware advancements demonstrate paradigm-shifting progress: (1) carbon nanotube (CNT) field-emission X-ray
sources enable multi-source array configurations with rapid pulsed operation, reducing radiation exposure by 30%—-50%
while extending axial coverage. Clinical validations confirm 60% improvement in Hounsfield unit (HU) accuracy and
30%—-50% enhancement in soft-tissue contrast-to-noise ratio compared to conventional CBCT. (2) Photon-counting
detectors (PCD) eliminate scintillator conversion stages, directly translating X-ray photons into electronic signals to
maintain high contrast at ultra-low doses. Experimental studies verify reduced electronic noise and improved Swank noise
characteristics. (3) Dual-layer flat-panel detectors (DL-FPD) acquire simultaneous low- and high-energy projections
through spectral separation (200/550 pm CslI scintillators + 1 mm Cu filter), achieving iodine quantification errors < 5% for
dual-energy CBCT (DE-CBCT). Integration with fast-kV switching further elevates contrast-to-noise ratio (CNR) by
80.5%. (4) Two-dimensional antiscatter grids (2D-ASG) combined with grid-based scatter sampling (GSS) algorithms
reduce water phantom CT number nonuniformity from 20 HU to 10 HU (50% improvement) and decrease metal artifact-
induced CT value deviations in dental implants from 510 HU to 146 HU.

Algorithmic innovations leverage artificial intelligence for performance breakthroughs: (1) dual-domain reconstruction
frameworks synergize projection- and image-domain features using convolutional neural networks (CNNs) and generative
adversarial networks (GANS), restoring anatomical details from sparse-view acquisitions (< 50% projections) while
maintaining structural fidelity. (2) Diffusion models (DM) resolve ill-posed inverse problems through probabilistic
generation, enabling high-fidelity synthetic CT (sCT) conversion with clinically acceptable HU errors for radiotherapy
dose calculation. Energy-guided DM architectures further separate domain-invariant features from CBCT-specific noise.
(3) Metal artifact reduction integrates DE-CBCT material decomposition (70-150 keV virtual monoenergetic imaging)
with attention-guided dual-encoder networks, suppressing streak artifacts by 71% at metal-tissue interfaces. (4)
Quantitative accuracy optimization via contrastive learning frameworks improves bone mineral density measurement
concordance with standard CT (R? > 0.95) and reduces HU prediction errors by 30% in soft-tissue segmentation.

Clinical translation is accelerated by these synergies: CNT-based DE-CBCT eliminates metal artifacts in dental
restorative assessments, while DL-FPD enables real-time intraoperative guidance for spinal robotics. Future trajectories
include portable multi-source CBCT systems, federated learning for cross-institutional model generalization, and
augmented reality integration for dynamic dose modulation. These developments establish CBCT as a versatile platform
for precision oncology, minimally invasive surgery, and image-guided interventions, ultimately achieving the tripartite goal
of “lower radiation, higher quantitative accuracy, and broader clinical applicability”.

cone beam CT, hardware innovation, algorithm optimization, artificial Intelligence
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