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Abstract:
Background:Cone-beam computed tomography (CBCT) has transformed oral and maxillofacial imaging with its high-resolution, three-dimensional capabilities, but errors and artifacts seriously impair its diagnostic reliability. Common CBCT artifacts that manifest as moiré patterns, concentric rings, cupping, blurring, streaks, and severe distortions are categorized and analyzed in this review work. These artifacts include beam hardening, motion, ring, aliasing, and extinction kinds. Data from open-access literature is synthesized to do this. The primary physical phenomena responsible for these artifacts include cone-beam divergence with undersampling, detector calibration errors, patient movement during prolonged scans (6–20 seconds), polychromatic X-ray beams filtering through dense materials such as metal restorations, and signal extinction behind high-attenuation objects.

       Beam hardening, in particular, damages soft-tissue contrast by producing non-linear attenuation errors that are projected back as black streaks. Furthermore, these effects are replicated by scatter radiation, which adds misleading intensities. Projections become misaligned due to motion, and tangent streaks are produced at high contrast boundaries by exponential edge gradient effects (EEGE).(2)
       A comparative table highlights the origins and manifestations of artifacts for convenient clinical reference. Mitigation techniques, which can minimize the prevalence of artifacts by up to 85%, concentrate on technical refinements such beam filters, hardness correction algorithms, short scan times, head restraints, narrow fields of vision (FOV), and voxel size adjustments. Despite software improvements, some inaccuracies still need to be monitored by doctors in order to avoid misdiagnosis, which emphasizes the need for clear standards when using CBCT.

Introduction:
       Cone-beam computed tomography (CBCT), which offers high-resolution three-dimensional visualizations with isotropic voxels that usually range from 0.08 to 0.4 mm, has revolutionized dental and maxillofacial imaging since its invention in the late 1990s. CBCT was developed as a less costly alternative to CT (medical computed tomography). Compared to multi-slice CT, it uses a flat-panel detector and a spinning cone-shaped X-ray beam to collect a complete volumetric dataset in a single 180-360° rotation, typically taking 6-20 seconds, at lower radiation doses (50-200 µSv) . (23)
      This technology has transformed clinical practice in the fields of endodontics, orthodontics, implantology, oral surgery, and periodontology by enabling the precise analysis of complex anatomy such as impacted teeth, root fractures, bone abnormalities, airway volumes, and temporomandibular joint morphology. Unlike two-dimensional radiographs, CBCT offers 3D representations and multi-planar reformations (axial, sagittal, and coronal) for improved diagnosis and treatment planning by eliminating magnification distortions and superimposition.
      Unlike two-dimensional radiographs, CBCT eliminates superimposition and magnification distortions, providing three-dimensional representations and multi-planar reformations (axial, sagittal, and coronal) for improved diagnosis and treatment planning.
       Despite these benefits, the diagnostic accuracy of CBCT images is compromised by artifacts, which are repetitive distortions that are absent from the imaged object. Differences between reconstruction assumptions (such as the Feldkamp-Davis-Kress algorithm) and acquisition physics (such as polychromatic beams and cone divergence) lead to artifacts, which are exacerbated by patient movements, scanner limitations, and dental devices such as metal restorations. Prevalence assessments show that up to 85% of scans exhibit artifacts that could cause a misdiagnosis by hiding tumors or imitating conditions like fractures or dental cavities.

CBCT  Principles:
     Cone-beam computed tomography (CBCT) records 300–600 basis projections using a flat-panel detector while a diverging cone-shaped X-ray beam rotates around the patient's head in a single 180–360° session. These 2D images, which are similar to offset cephalometric radiographs, are converted into a volumetric dataset that can be seen in axial, sagittal, coronal, and oblique planes as isotropic 3D voxels (0.08-0.4 mm) by using filtered backprojection and modified Feldkamp-Davis-Kress (FDK) techniques. (24)

 
    
 Acquisition geomentry:
         The cone beam diverges from a point source (often 60-120 kVp, 2-20 mA) and envelops the area of interest (ROI) inside a cylindrical field of view (FOV, 5-23 cm diameter/height). Multi-planar reformations (MPRs) and 3D volume renderings, such as maximum intensity projections (MIP), are rapidly created from raw projection data with scan times between 6 and 20 seconds. In contrast to the helical slices of fan-beam medical CT, the CBCT gets the complete volume in a single rotation, reducing dose (50-200 µSv) but introducing cone divergence issues.  (12)
      Important assumptions include linear attenuation, stationary geometry, and monochromatic beams; according to Nyquist restrictions, variations result in artifacts such aliasing from peripheral undersampling.(20)
Technical paraameters:
1. Voxel isotropy:
                 Increases sensitivity to motion while fitting dental microstructures with a high degree of spatial accuracy (up to 0.08 mm). (8, 21)
2. FOV collimation:
              While narrow FOVs (e.g., 5 cm) minimize metal and scatter, large FOVs (23 cm) cover craniofacial complexity. (8, 21)
3. Exposure:
                Pulsed treatments reduce motion artifacts, but high kVp penetrates dense tissues. (8)

Classification of CBCT artifacts:
1. Physics based artifacts:
These arise from X-ray beam properties and interactions: Beam hardening, Scatter and photon starvation, Noise
2. Patient related artifacts:
Patient factors like movement or anatomy cause these: Motion, Metallic objects
3. Scanner related artifacts:
 Equipment imperfections produce structured patterns:Ring artefacts, Stitched artefacts.
4. Cone beam specific artifacts:
        Unique to CBCT geometry and reconstruction: Partial volume/EEGE, Aliasing, Cone beam effect.
1. PHYSICS BASED ARTIFACTS:

Beam hardening:
 Beam hardening, the process by which dense materials, including metals, absorb lower-energy X-rays, can cause reconstructions to show cupping, dark streaks, or white bands. This obvious physical artifact reduces contrast near implants or restorations with the use of filters or adjustments.  (1,11)

TYPES:
Cupping:
       Longer paths cause a beam to harden more via the center of a uniformly dense object (such cylinders or jaws), resulting in a "bowl-shaped" reduction in grey level. Cupping is the term for this phenomena. This subtype affects the accuracy of the total density. (1)
Dark streaks:
       Dark bands or streaks radiate between high-attenuation zones, such metals or bone, in extreme hardening, when low-energy photons are totally absorbed. This causes back projected shadows and under sampling during Feldkamp reconstruction. often seen next to dental implants. (1)
Bright streaks:
        Because of edge-gradient amplification or scatter overflow following hardening, bright (hyper dense) streaks that mimic false high-density structures are less frequent and can appear at edges or adjacent to dark bands.  (1)
Scatter and photon starvation:
         Compton-scattered photons deflect off tissues, increasing noise, blurring edges, and creating streak-like distortions that lessen soft-tissue contrast. They are more severe in big FOV CBCT due to extensive detector regions; they are similar to beam hardening but affect uniform zones more broadly. Software subtraction and collimation are examples of corrections. (2)


 
 
Noise:
       The primary causes of noise in CBCT are scatter radiation without post-patient collimation and quantum mottle caused by low photon counts (low mA settings), which appear as random or non-random pixel changes that obscure low contrast features. This reduction in low-density tissue differentiation and segmentation accuracy results in inconsistent grey values in homogeneous regions during backprojection. One strategy to reduce the higher CBCT noise compared to fan-beam CT, which is made worse by patient size and scan parameters, is to raise the mA or dose. However, it is balanced by iterative rebuilding. (2)
2. PATIENT RELATED ARTIFACTS:
Motion artifacts:
      Unsharpness, ghosting, duplicate contours, or misaligned stripes might be caused by patient movement during the scan rotation, such as head nodding or tremors. These patient-induced errors, which disrupt reconstruction assumptions and worsen with longer scans, are less common in clinical practice thanks to the adoption of immobilization devices and quick modes. (17, 3, 6)
Common manifestations include:
Image Blurring and loss of sharpeness, Double exporsure, Ghost images, Misaligned Streak or step -like structure.
Motion artefacts are especially common in: Pediatric patients, Elderly patients, Patients with neurological disorders.
Metal artifacts:
       High density metallic objects, like braces or implants, can cause beamhardening and photon starvation, which can lead to outward radiating starburst, radial gradients, or bright dark streaks at higher kvp. Metal artifacts reduction (MAR) techniques help to mitigate these effects, which make it difficult to see nearby anatomy. (3, 7)
     This leads to: Speech-like or radiating starburst patterns , A streak that extends from metal objects, either bright or dark , Loss of precision and dark bands next to the metal objects 
          These artifacts could make diagnosis challenging by hiding nearby anatomical components.
3. SCANNER RELATED ARTIFACTS:
Ring artifacts:
       Ring artifacts are caused by detector calibration problems or defective pixels that result in nonlinear responses. They appear as concentric circles or rings in uniform areas. Poor maintenance exacerbates scanner-related issues; regular calibration and flat-filed correction reduce interference from structured patterns. (1)

Stitched artifacts:
       In Cone Beam Computed Tomography (CBCT), stitched artifacts arise during image stitching, which merges multiple smaller scans to create a larger field of view (FOV). Overlap zones are often distorted as a result of this. These artifacts may appear as streaks, beam hardening effects, or altered gray values, particularly when high-density materials such as metals are involved. According to recent research, stitched CBCT images generally exhibit less artifact expression than single-scan modes, which aids in dental diagnosis. (5, 10)


These artifacts could look like this: Steps and discontinuities in anatomical structures ,  Local variations in grayscale between neighboring regions , Misalignment and distortion in the overlap zone . (18)  

4.CONE BEAM SPECIFIC ARTIFACTS:

Partial volume/EEGE:
        By combining densities within voxels, partial volume averaging obfuscates distinct boundaries, resulting in misleading low-density halos at interfaces or exponential edge gradient effects (EEGE). Smaller voxels and focused FOV lessen this CBCT-specific distortion, which is dependent on geometry and impacts high-contrast edges like bone-soft tissue. (1)

Aliasing:
        When projection data falls below NyQuil limits, aliasing, sometimes referred to as undersampling or Moire patterns, causes wavy distortions or false frequencies in low-resolution scans. By increasing voxel size or raising projections, these undersampled geometric errors can be avoided. It is associated with reconstruction and appears as curving stripes. (4)

Cone beam effect:
        The diverging cone-shaped X-ray beam in the cone beam effect produces distortions that lead to peripherally divergent aliasing/Moiré patterns and erroneous Feldkamp reconstruction, in contrast to the parallel fan beams in standard CT. When voxels near the source receive more ray projections than those near the detector, blurring or wavy line artifacts are created in off-axis regions. This CBCT- particular geometry problem largely impacts larger volumes; utilizing complex approaches like offset scanning or a lowered FOV decreases. (1)

Reduction methods of artifacts:

1. PHYSICS RELATED ARTIFACTS:
Beam hardening artifacts reduction:
  To lessen relative low energy components, use larger tube potentials (between 90 and 120 kV), To harden the beam before it enters the patient, apply pre-patient filters (such as copper or aluminum),  During reconstructions, Emplouy beam-hardening connection methods or polynomial corrections are used, To better model polychromatic phenomena, take into consideration dual energy or sophisticated software methodologies. (1)

Scatter and photon starvation and mitigation:
      Use narrower, collimated FOVs to reduce scatter volume, Make use of anti-scatter grains or software-based scatter estimate and subtraction, Optimize the exposure parameters to avoid severe photon deprivation behind dense objects. 

Noise artifact reduction:
     Increase the mA or length of exposure within allowable dosage limits, Use bow-tie filters and ensure that patients are positioned as optimally as possible, Use iterative reconstruction techniques that simulate noise statistics to improve image quality without increasing dosage.(2)




2.PATIENT RELATED ARTIFACTS:
Motion artifact reduction:
Use stabilizing straps, head rests, and chin supports to render the patient immobile, Whenever feasible, select faster scan modes and reduce the scan length,  Before exposure, provide the patient with clear instructions and practice, Use motion-correction or gated reconstructions to reduce the residual motion effect. (3, 14, 19)
Metallic artifact reduction:
      Take any jewelry or other detachable metal objects out of the field of view before scanning, Use greater KVp and suitable MAs to reduce photon deficiency, Make use of metal artifact reduction (MAR) algorithms or projection interpolation techniques, Dual-source or model-based iterative reconstruction, which can handle high-density objects more correctly, should be considered when available.(3, 13, 22)
3.SCANNER RELATED ARTIFACTS :
Ring artifact reduction:
        Perform standard detector offset and flat-filled calibrations, Schedule routine system maintenance and replace the component that detects malfunctions,When necessary, use reconstruction methods such ring artifact suppression or total variation minimization, Place the patient in the ideal position to center the region of interest.( 5, 9)
Stitched artifact reduction:
     Modified exposure is used in overlap locations to avoid saturation or excessive attenuation. • Try using narrower single-scan FOVs using MAR software instead of stitched acquisitions.(5) 

4. CONE BEAM SPECIFIC ARTIFACTS:
Partial volume/EEGE artefact reduction:
Select small voxel sizes (e.g., approximately 0.075-0.2 mm) when precise structural information is essential, By restricting FOV to the exact region of interest, exomass and edge effects can be minimized, Poitless oblique reconstructions that exaggerate partial volume averages should be avoided.(2,9)
Aliasing artefact reduction:
      Increase the quantity of projected images or employ higher-resolution acquisition techniques, Use appropriate reconstruction filters and anti-aliasing strategies, Examine the voxel size and sample rate in relation to the expected spatial frequencies in the region of interest.(4)

Cone beam effect artefact reduction:
       Use cone angles and narrower FOVs whenever possible, Optimize the separation between the object, the source, and the detector, To more accurately depict cone shape, use more advanced reconstruction techniques or improved FDK variations.


Advantage of CBCT:
         CBCT is far more accurate than conventional X-rays at identifying issues such as impacted teeth, cysts, tumors, or bone illnesses.It provides high-resolution three-dimensional images of teeth, roots, bones, nerves, sinuses, and soft tissue that display minute details. Precise treatment planning, such as dental implant placement, root canals, orthodontics, and jaw surgeries, is made easier by the improved visibility that allows physicians to assess anatomical variance and risks before surgery.(21)
           Because CBCT delivers a far lower radiation dose—typically 76–98% less—while still providing diagnostically relevant data, it is a safer repeated usage, especially for young patients, pregnant patients (with precautions), and those requiring multiple scans. Scans that are quick (10–30 seconds or less), non-invasive, painless, and patient-friendly reduce motion artifacts and promote efficient workflows in clinical settings.
          Increased patient education through shareable 3D models, cost-effectiveness from smaller equipment that is easier to install than full CT machines, and adaptability across ages and procedures like periodontal care or endodontics are further benefits. For instance, it facilitates the creation of virtual models for customized restorations, enhancing outcomes in challenging circumstances.
Disadvantage of CBCT:
         Despite its advantages, CBCT is less suitable for detailed soft tissue evaluation than multidetector CT (MDCT) because of its limits in soft tissue contrast resolution due to fewer projections and a smaller field of view (FOV). Because radiation exposure from lower-than-CT scans is greater than that from panoramic X-rays (5–75 times higher equivalent dose), ALARA principles must be strictly justified in order to prevent needless scans.
           Uniformity may be affected by uneven dosage distribution within the field of view, and motion artifacts may still be created if patients move during brief scan times. High equipment costs and the need for specialized training may limit accessibility in smaller clinics, and characteristics may be hidden by picture distortions from metaal restorations (such as crowns). Restricted FOV may need numerous scans for bigger areas, which could lead to an increase in cumulative dosage, and over-reliance on CBCT without a clinical relationship raises the risk of overdiagnosis.

Indications of CBCT:
           CBCT performs exceptionally well in preoperative planning for dental implants, minimizing surgical challenges, by offering cross-sectional pictures to evaluate bone quality, quantity, and significant features such the inferior alveolar nerve and sinus proximity. It is recommended in endodontics for complex root canal morphology, dentoalveolar injuries, root fractures, resorptions, perforations, obliterated canals, or inconsistent conventional imaging, according to the guidelines set forth by the European Society of Endodontology.
            When examining impacted teeth, skeletal anomalies, palatal bone thickness, airway analysis, cephalometric assessments, and orthognathic surgery planning, CBCT is helpful in orthodontics. Additionally, it offers alveolar bone and three-dimensional tooth inclinations for buccolingual movements. Surgical applications include evaluations of lower third molars near the mandibular canal, the location of unerupted or supernumerary teeth, periodontal abnormalities, furcation lesions, and jaw disorders such cysts, tumors, osteomyelitis, or necrosis brought on by bisphosphonates.
            In restorative and prosthodontic settings, CBCT aids in virtual implant planning employing surgical guidelines, unique pulp anatomy, and periapical assessments. Reconstructive procedures, pain localization, bone structure analysis, TMJ problems, and evaluations of the jaw, sinus, and nerve canal are all treated with it in oral surgery. Periodontics uses small FOV CBCT for infra-bony defects and perio-endo lesions, whereas pathology detection includes calcifications and odontogenic/non-odontogenic lesions.

[bookmark: _GoBack]Contraindications of CBCT:
            Similar to general CT scans, pregnancy (due to ionizing radiation risks to the fetus, though low-dose CBCT may be considered post-first trimester with shielding if benefits outweigh risks) and incapacity to remain still (e.g., severe tremors or young, uncooperative children prone to motion artifacts) are absolute contraindications.
             Claustrophobia, severe obesity that affects picture quality, thyroid conditions (risk of contrast if used, but CBCT often doesn't require it), and a history of substantial radiation exposure are examples of relative contraindications. It is against SEDENTEXCT and FDA regulations to routinely use CBCT without a clinical need because the effective dose (50-1000 µSv) is larger than intraoral X-rays. For solitary teeth, modest FOV is advised to reduce exposure; large FOV is not advised.
             Since metal artifacts from restorations might degrade images, CBCT should not be utilized if alternative techniques are sufficient. Use only in pediatrics when a restricted FOV lowers dose and 2D is ineffective. Overprescription for simple cases like early caries or routine orthodontics is prohibited in order to prevent accumulated radiation issues like stochastic consequences (carcinogenesis).

Clinical significants of CBCT artifacts:
     CBCT artifacts have important diagnostic and therapeutic implications. They are capable of:
Replicate pathological abnormalities, including cavities, fractures, cysts, and periapical radiolucencies.
      A fracture, root resorption, or subtle anomalies in the cortical structure.
      Hide lesions that endanger endodontics or implants that are periapical or peri-implant.
Distorting perceived implant position, bone size, or anatomical relationships can lead to planning errors.
      Physicians must be able to recognize common artifact patterns and distinguish them from real pathology in order to correlate CBCT data with clinical evaluations and other imaging modalities when necessary.(15, 16)

Future developments:
       Recent advancements in deep learning and artificial intelligence have made it possible to detect and repair CBCT artifacts automatically.Deep learning-based reconstructions and post-processing methods can be used to improve overall image quality, remove metal artifacts, and correct for noise and scatter without appreciably lengthening the dosage acquisition time.The integration of these methods into standardized clinicals and commercial CBCT systems is becoming more and more viable. 
        Additionally, improved hardware design and ultra-high-resolution photon-counting detectors may further minimize noise, enhance contrast, and increase the dynamic range, making it possible to handle dense material and complex anatomy more effectively.The combination of advanced hardware, trustworthy reconstruction algorithms, and AI-driven correction is anticipated to significantly improve CBCT imaging reliability in the near future.

Conclusion:
Artifacts are common in contemporary CBCT.Artefacts might hinder the diagnosis process using CBCT data sets, so all users should be aware of them. Consequently, more modern methods attempt to avoid reconstruction errors by supplementing the projection images with information that is either incorrect or absent. All of these, however, need massive computing power, which has prevented them from being used in commercial scanners for routine tasks.15, 25 
However, the ever-increasing computational speed—especially with the introduction of graphics processing units—has already greatly reduced the amount of time required for calculations.As this trend continues, it is very likely that better reconstruction approaches will become much more common in the near future.(16)
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