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9.1 INTRODUCTION

Computed Tomography (CT) imaging is one of the most widely used diagnostic modalities in modern medicine,
offering rapid, non-invasive visualization of internal anatomical structures with high precision. The quality of CT
images is paramount, as it directly influences diagnostic accuracy and, consequently, clinical decision-making
and patient management. Several interrelated factors—maost notably spatial resolution, contrast resolution, image
noise, and artifacts—collectively determine the diagnostic utility of CT images. Spatial resolution defines the
system’s ability to depict fine anatomical details, enabling the detection of early pathological changes such as
small nodules or micro-fractures. Contrast resolution is equally critical, allowing the differentiation of tissues with
subtle differences in radiodensity, which is essential for identifying lesions in soft tissues such as the liver,
pancreas, or brain. At the same time, image noise, which arises primarily from the statistical nature of X-ray
photon detection and system electronics, can obscure low-contrast structures and degrade diagnostic reliability.
Artifacts, which may result from patient movement, beam hardening, or partial volume averaging, further
compromise image accuracy if not properly addressed ™,

Recent advances in CT technology have significantly improved image quality while reducing radiation exposure.
Iterative reconstruction algorithms, dual-energy CT, and adaptive statistical methods have enhanced noise
suppression and artifact reduction, thereby allowing the use of lower radiation doses without compromising
diagnostic value. These innovations align with the principle of ALARA (As Low As Reasonably Achievable),
balancing diagnostic needs with patient safety. Rigorous quality assurance (QA) protocols, frequent system
calibration, and adherence to standardized scanning procedures are indispensable for maintaining reproducibility
and consistency across clinical practice and multi-institutional studies . Furthermore, ongoing research into
cutting-edge technologies, such as photon-counting detectors, artificial intelligence (Al)-driven reconstruction,
and machine learning-based artifact correction, holds immense promise for the future of CT imaging. These
emerging solutions are expected to expand diagnostic capabilities, support early disease detection, and enable
personalized care pathways tailored to individual patients. Ultimately, the pursuit of superior CT image quality
reflects not only technological progress but also its direct impact on patient outcomes. Achieving the highest
standards requires multidisciplinary collaboration among radiologists, technologists, medical physicists, and
biomedical engineers. Continuous innovation in both hardware and software ensures that CT imaging remains at
the forefront of clinical diagnostics, delivering optimal image quality while maintaining patient safety and
efficiency [,
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The detector array is one of the most critical components in a CT scanner, as it directly determines the quality,
resolution, and efficiency of image acquisition. Several factors—including detector geometry, spatial
arrangement, material composition, quantum efficiency, and response time—collectively influence its
performance and ultimately the fidelity of the reconstructed images. In modern systems, particularly multi-
detector computed tomography (MDCT), the detector array is composed of multiple parallel rows aligned along
the z-axis. This configuration allows the system to acquire multiple slices simultaneously during a single gantry
rotation, dramatically improving scan speed, volumetric coverage, and temporal resolution. The ability to capture
large anatomical regions within seconds not only optimizes patient throughput but also reduces motion artifacts
arising from respiration, cardiac activity, or involuntary patient movement. By minimizing motion-related image
degradation, fast acquisitions also enhance diagnostic reliability in dynamic studies such as cardiac CT, CT
angiography, and perfusion imaging.

A central determinant of image quality within detector arrays is spatial resolution, which defines the CT system’s
ability to clearly differentiate and represent small structures that are closely spaced. High spatial resolution is
essential for detecting subtle abnormalities such as fine pulmonary nodules, early-stage vascular lesions, or minor
variations in soft tissue architecture. This parameter is influenced by the size of individual detector elements, the
design of the collimation system, and the computational power of the reconstruction algorithms employed.
Advances in detector technology, such as the incorporation of smaller detector elements, scintillation materials
with high light yield, and dynamic adaptive collimation techniques, have significantly enhanced resolution while
maintaining or even reducing radiation dose exposure. Additionally, improvements in digital signal processing
and reconstruction methods—including iterative reconstruction and Al-based algorithms—further optimize
spatial resolution by reducing noise and correcting for partial volume effects. Collectively, these innovations in
detector design and array configuration have transformed CT imaging into a highly efficient, high-resolution
modality capable of capturing detailed anatomical and functional information with remarkable precision B!

9.2. FACTORS RESPONSIBLE FOR CT IMAGE QUALITY

Image quality in computed tomography (CT) is a cornerstone of diagnostic accuracy, as it directly affects the
clinician’s ability to visualize anatomical details and identify pathological changes with confidence. Unlike
conventional radiography, CT imaging involves the acquisition of multiple cross-sectional images reconstructed
into volumetric datasets, where even subtle variations in quality can significantly alter diagnostic outcomes. The
quality of a CT image is not determined by a single variable but rather by the complex interplay of physical
principles, technical parameters, and patient-related factors. Physical factors such as contrast resolution, spatial
resolution, noise, and artifacts define the inherent capability of the CT system to produce diagnostically useful
images. Technical parameters—including tube voltage (kVp), tube current (mA), slice thickness, pitch, rotation
time, and reconstruction algorithms—serve as adjustable settings that allow the technologist to optimize the
balance between image clarity and radiation dose. Additionally, patient-related factors such as body habitus,
motion during scanning, and the use of contrast agents introduce further variability that must be carefully
managed. A thorough understanding of these determinants enables radiologic technologists and medical physicists
to implement tailored imaging protocols that enhance visualization of structures while adhering to the principles
of radiation protection. Consequently, mastering these concepts is not only critical for ensuring consistent image
quality but also for safeguarding patient safety, improving workflow efficiency, and supporting evidence-based
diagnostic practices in clinical radiology.

9.2.1. Spatial Resolution

Spatial resolution in computed tomography (CT) refers to the system’s ability to distinguish two closely spaced
structures as separate entities. It is a critical determinant of image quality, particularly in clinical scenarios
requiring detailed visualization of fine anatomical features, such as small pulmonary nodules, trabecular bone
architecture, subtle soft tissue lesions, or early vascular abnormalities. High spatial resolution ensures that small
pathological changes are detectable, thereby improving diagnostic accuracy and clinical decision-making. Several
factors influence spatial resolution in CT systems. Detector element size is a fundamental factor; smaller detector
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elements can capture finer details, but they also increase image noise and data volume, necessitating advanced
reconstruction algorithms to maintain image quality. Focal spot size of the X-ray tube affects geometric
unsharpness, with smaller focal spots providing sharper edges but generating more heat, which limits prolonged
high-output scanning. Slice thickness is another crucial parameter: thinner slices reduce partial volume effects,
improving the detection of small lesions, although they increase noise and processing requirements. The
reconstruction algorithm used also significantly impacts spatial resolution ™. Traditional filtered back projection
(FBP) provides rapid image formation but is prone to noise, whereas iterative reconstruction (IR) and Al-based
deep learning reconstruction improve edge definition, reduce noise, and enhance fine detail representation.

Additionally, gantry geometry, pitch, and angular sampling influence resolution. The pitch, defined as the ratio
of table movement per gantry rotation to the total beam width, affects overlap between slices—Ilower pitch
improves resolution at the cost of higher radiation dose, while higher pitch allows faster scans but may
compromise fine detail. Quantitative assessment of spatial resolution is performed using metrics such as the
modulation transfer function (MTF), point spread function (PSF), and full width at half maximum (FWHM),
which evaluate the system’s ability to reproduce high-frequency spatial details accurately. Line-pair phantoms are
also commonly employed to visually assess resolution in line pairs per centimeter (Ip/cm). Spatial resolution is
closely interlinked with radiation dose. Higher tube current (mA) or longer exposure times can improve resolution
by reducing noise, but must be balanced against patient safety principles, such as ALARA (As Low As Reasonably
Achievable). Recent advances, including photon-counting CT (PCCT) and dual-energy or spectral CT, further
enhance spatial resolution while reducing noise and dose, allowing superior visualization of small structures and
subtle tissue differences. Patient-related factors such as motion, breath-holding compliance, and body habitus can
also affect perceived resolution, emphasizing the need for rapid acquisition protocols, immobilization, and motion
correction techniques in clinical practice. Overall, spatial resolution is a cornerstone of CT image quality,
determining the system’s capability to reveal fine anatomical and pathological details. Optimizing detector design,
scanning parameters, reconstruction methods, and patient management strategies is essential to achieve high-
resolution imaging while maintaining safety and diagnostic efficacy ©l.

9.2.2. Contrast Resolution

Contrast resolution, also referred to as low-contrast detectability (LCD), is a fundamental parameter in computed
tomography (CT) that defines the system’s ability to differentiate between tissues with minimal differences in X-
ray attenuation, expressed in Hounsfield Units (HU). This capability is essential in clinical practice, as many
pathological conditions manifest as subtle differences in tissue density—for example, early ischemic strokes in
the brain, small hepatic lesions, or low-contrast soft tissue abnormalities. High contrast resolution ensures that
these small variations are visually discernible, enabling accurate diagnosis, staging, and treatment planning.
Conversely, poor contrast resolution may obscure subtle lesions, potentially leading to missed diagnoses or
delayed clinical interventions. Several factors influence contrast resolution in CT imaging. Image noise is the
primary limiting factor; random variations in detected photon counts can mask low-contrast differences, making
subtle structures harder to visualize. Noise is affected by tube current (mA), exposure time, patient size, and
detector efficiency. Voxel size and slice thickness also play key roles: larger voxels or thicker slices reduce
statistical noise and improve low-contrast detectability, but excessively large dimensions can decrease spatial
resolution and mask small lesions. Reconstruction algorithms and filters (kernels) directly influence image
appearance; soft or smooth kernels minimize noise and enhance low-contrast detectability, whereas sharp kernels
increase spatial resolution but amplify noise, reducing contrast resolution. Radiation dose is another critical
determinant: higher tube current or tube potential increases photon flux, reducing quantum noise and improving
contrast resolution. However, dose must be carefully optimized to adhere to ALARA principles, especially in
paediatric imaging or repeated studies. Modern detector technologies—such as solid-state scintillation detectors,
dual-source arrays, and photon-counting detectors—enhance photon capture efficiency and improve contrast
resolution without necessitating higher doses. Furthermore, the use of intravenous contrast agents significantly
augments contrast resolution by artificially increasing differential attenuation between structures, facilitating
clearer visualization of vasculature, lesions, and parenchymal tissues. The timing of contrast administration
(arterial, venous, or delayed phase) is critical for optimal lesion conspicuity and accurate assessment of tissue
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perfusion. Recent advancements have further improved contrast resolution. Iterative reconstruction (IR)
algorithms reduce image noise while preserving tissue contrast, allowing lower-dose imaging without
compromising low-contrast detectability. Dual-energy CT (DECT) provides additional spectral information,
improving tissue characterization and enhancing the differentiation of subtle density differences. Al-based image
enhancement techniques are now being integrated to selectively suppress noise and enhance local contrast,
enabling improved visualization of subtle pathology that might be imperceptible to the human eye.

9.2.3. Noise

Noise in computed tomography (CT) refers to the random fluctuations in pixel values that do not correspond to
the true X-ray attenuation of tissues. It is an inherent aspect of the imaging process, arising primarily from the
quantum nature of X-ray photons and the statistical variability in their detection. Additional contributions to noise
can come from electronic fluctuations in the detector system or from imperfections in image reconstruction
algorithms. Excessive noise can significantly compromise image quality by reducing contrast resolution,
obscuring fine anatomical details, and potentially masking small lesions, thereby lowering diagnostic confidence.
Several factors influence the level of noise in CT images. Tube current (mA) and tube voltage (kVp) are primary
determinants, as higher photon flux reduces quantum fluctuations, thereby decreasing noise. Scan time also affects
photon statistics: longer exposure times allow more photons to reach the detectors, improving signal-to-noise ratio
(SNR) but potentially increasing radiation dose. Detector efficiency is critical; high-efficiency detectors capture
more photons per unit exposure, reducing noise. Patient size influences noise as well, since larger patients
attenuate more X-rays, resulting in fewer photons reaching the detectors and consequently higher noise. Lastly,
the reconstruction method plays a major role: traditional filtered back projection (FBP) tends to amplify noise at
lower doses, whereas iterative reconstruction (IR) and Al-based reconstruction algorithms significantly suppress
noise while preserving image detail.

Effective noise mitigation strategies aim to balance image clarity with radiation dose. Increasing tube current or
voltage can reduce noise but must adhere to ALARA (As Low As Reasonably Achievable) principles to minimize
patient exposure. Advanced reconstruction technigues, such as IR or deep learning—based algorithms, enable
lower-dose imaging with reduced noise levels. Additionally, optimizing slice thickness and voxel size can
improve SNR: thicker slices and larger voxels capture more photons, thereby reducing statistical noise, though
this may compromise spatial resolution. Emerging technologies like photon-counting detectors offer further
improvements by increasing quantum efficiency and reducing electronic noise, enabling higher-quality imaging
at lower radiation doses.

9.2.4. Temporal Resolution

Temporal resolution in computed tomography (CT) refers to the scanner’s ability to accurately capture rapidly
moving structures without introducing motion blur. It is a critical parameter in imaging dynamic organs such as
the heart, lungs, and gastrointestinal tract, where physiological motion occurs on the order of milliseconds. High
temporal resolution ensures that images reflect the true position and morphology of moving tissues, allowing
precise evaluation of anatomy and function, particularly in applications like coronary artery imaging, cardiac
perfusion studies, and dynamic contrast-enhanced CT U1, Several factors influence temporal resolution. Gantry
rotation speed is one of the most direct determinants: faster rotations reduce the acquisition time for a single
projection, thereby minimizing motion blur. Modern third-generation multislice CT scanners achieve rotation
times as low as 0.25-0.3 seconds per 360° rotation, improving temporal fidelity. Detector coverage also plays a
role; wider z-axis coverage allows volumetric acquisition in a single rotation, reducing the need for multiple passes
and minimizing inter-slice misregistration. ECG gating, both prospective and retrospective, synchronizes image
acquisition with specific phases of the cardiac cycle, reducing motion artifacts and enhancing temporal resolution
for cardiac studies. Dual-source CT systems, which employ two X-ray tubes and detector arrays offset by
approximately 90°, effectively halve the angular acquisition time, providing exceptional temporal resolution even
in patients with high or irregular heart rates. Additionally, advanced reconstruction algorithms—including half-
scan reconstruction, multisector reconstruction, and motion-compensated iterative techniques—further enhance
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temporal resolution by optimizing the use of acquired projection data and correcting for residual motion. The
effect of temporal resolution on image quality is particularly pronounced in dynamic imaging. Insufficient
temporal resolution leads to motion blur, streaking, or ghosting artifacts, which can obscure fine anatomical
details, reduce the accuracy of functional measurements, and potentially result in misdiagnosis. For example, in
cardiac CT, low temporal resolution can make coronary artery assessment unreliable, while in thoracic CT,
respiratory motion may cause blurring of small pulmonary nodules. Therefore, optimizing temporal resolution
through hardware advancements, gating strategies, and sophisticated reconstruction techniques is essential for
capturing clear, motion-free images of moving structures while maintaining diagnostic accuracy.

9.2.5. CT Number Accuracy and Uniformity

In computed tomography (CT), each voxel in the reconstructed image is assigned a numerical value that represents
the relative X-ray attenuation of the tissue within that voxel. This numerical value is called the CT number, which
is measured in Hounsfield Units (HU), a standardized scale introduced by Sir Godfrey Hounsfield. The HU scale
allows consistent comparison of tissue densities across different CT scanners by referencing water as a baseline.
For example, water is standardized at 0 HU, air at —1000 HU, and dense cortical bone at over +1000 HU. Accurate
CT numbers are essential for differentiating tissue types, detecting pathological changes, and performing
guantitative assessments such as bone mineral density evaluation, liver fat quantification, or radiation therapy
planning. It is calculated using the formula:

HU = 1000 x p(tissue)—p(water)

pn(water)

where pwiissue IS the linear attenuation coefficient of the tissue and uwarer is that of water. On this scale, water has a
value of 0 HU, air is —1000 HU, fat ranges from —100 to —50 HU, soft tissues such as muscle and liver are around
+40 to +70 HU, and dense cortical bone can range from +700 up to +3000 HU. The CT number depends on the
density of the tissue, its atomic composition, and the energy of the X-ray beam, making it a direct indicator of
tissue radiodensity. Clinically, HU values are used to differentiate tissues, characterize lesions, evaluate contrast
enhancement, and perform quantitative assessments such as bone mineral density measurement or radiotherapy
planning. Understanding CT numbers and Hounsfield Units is therefore essential for accurate interpretation and
diagnosis in CT imaging.

Accuracy and Uniformity: It refers to how closely the measured HU of a tissue matches its true theoretical value.
Deviations can occur due to factors such as beam hardening, scatter radiation, detector inefficiency, or improper
calibration. For example, beam hardening occurs when low-energy photons are preferentially absorbed as X-rays
pass through dense materials, causing underestimation of CT numbers in the center of the object (“cupping”
artifact) and overestimation at edges. CT Number Uniformity assesses the consistency of HU across a
homogenous region of interest (ROI). Ideally, a uniform phantom or tissue should show minimal variation in HU
values, typically within £5 HU for soft tissues. Non-uniformity, caused by detector defects, electronic noise, or
reconstruction artifacts, can lead to inaccurate measurements and obscure subtle lesions. Uniformity is particularly
important in longitudinal studies, quantitative perfusion imaging, and multi-phase CT scans where reproducibility
is essential (281,

Clinical Significance: Accurate and uniform CT numbers are indispensable for quantitative imaging, tissue
characterization, and treatment planning. For example, in radiotherapy, accurate HU values are converted to
electron density maps for precise dose calculations. In bone densitometry, HU variations directly influence
osteoporosis assessment. Routine quality assurance (QA) involves scanning standardized phantoms, measuring
CT numbers across multiple ROIs, and comparing values to established reference standards. Deviations beyond
accepted tolerances necessitate recalibration or maintenance. Advances in technology, such as iterative
reconstruction (IR) and photon-counting CT, enhance both CT number accuracy and uniformity. IR reduces noise
and corrects for beam-hardening effects, while photon-counting detectors provide higher signal-to-noise ratio
(SNR) and energy-resolved measurements, minimizing artifacts and improving quantitative fidelity. Maintaining
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optimal CT number accuracy and uniformity is therefore central to high-quality CT imaging, ensuring reliable
diagnostics and reproducible quantitative assessments.

Table: 9.1. Typical CT Numbers (Hounsfield Units) for Various Human Tissues
Tissue / Material | CT Number = Comments/ Notes

(Hounsfield
Units, HU)
Air —1000 Represents complete absence of tissue; very low attenuation
Lung (inhaled) —800 to =700 | Dependent on inspiration; lower density than soft tissue
Fat —120to —90 Lower attenuation than water; appears hypodense
(subcutaneous)
Water / Fluid 0 Reference standard for HU scale
Blood (non- 30-45 Slightly higher attenuation than water
contrast)
Muscle 35-55 Varies with fat content; denser than blood
Liver 50-70 Soft tissue density; varies slightly with contrast enhancement
Spleen 40-60 Slightly less dense than liver on non-contrast scan
Kidney 30-50 Cortical density; medulla slightly lower
Brain White 20-30 Less dense than gray matter
Matter
Brain Gray Matter | 35-45 Denser than white matter
Bone (Cortical) 700-3000 Very high attenuation; depends on density and scanner calibration
Bone (Cancellous | 150-300 Less dense than cortical bone
/ Spongy)
lodinated 100-300+ Highly variable depending on concentration and timing of scan

Contrast Media

Notes for Practical Use:
v These values are approximate; CT numbers can vary slightly depending on scanner type, kVp, calibration,
and reconstruction algorithms.
v Water (0 HU) serves as the calibration reference; all other tissues are measured relative to this baseline.
v Fat and air have negative HU values because their attenuation is lower than water.
v’ Cortical bone can reach very high HU (>2000) depending on scanner and windowing.

9.2.6. CT Artifacts and Their Effects

Computed Tomography (CT) is a highly advanced imaging modality that provides cross-sectional visualization
of internal anatomical structures with exceptional detail. While CT imaging is invaluable for diagnosis, treatment
planning, and monitoring, it is not immune to imperfections. Artifacts—defined as distortions, errors, or anomalies
in the reconstructed image that do not correspond to true anatomical structures—are an inherent challenge in CT
imaging. These artifacts can arise from multiple sources, including patient-related factors, physical interactions
of X-rays with tissues, and limitations or errors in the imaging system itself. Artifacts in CT can compromise
image quality by obscuring critical structures, mimicking pathology, or introducing inaccuracies in quantitative
measurements such as Hounsfield Units (HU). Common patient-related causes include involuntary movements,
respiratory motion, and the presence of high-density objects such as metallic implants, all of which can generate
streaking, blurring, or partial volume effects. Physics-related artifacts, such as beam hardening, photon starvation,
and noise-induced distortions, result from the fundamental interactions of X-rays with matter, while system-
related factors involve limitations in detector performance, gantry mechanics, or reconstruction algorithms. The
effects of CT artifacts extend beyond mere image degradation. They can reduce diagnostic confidence, interfere
with the accurate assessment of tissue density or lesion characterization, and in some cases, necessitate repeat
scans, thereby increasing radiation exposure to patients. Consequently, understanding the origin, characteristics,
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and impact of artifacts is essential for radiologists, medical physicists, and technologists. Strategies such as
optimized acquisition protocols, advanced reconstruction techniques, metal artifact reduction algorithms, and
rigorous quality assurance programs are employed to minimize the occurrence and impact of artifacts. In essence,
while CT artifacts are unavoidable to some degree, their recognition and mitigation are crucial for maintaining
high image quality, ensuring accurate diagnosis, and safeguarding patient safety. The study of artifacts not only
informs technical improvements in CT systems but also enhances clinical decision-making by allowing
practitioners to differentiate true pathology from imaging artifacts.

9.2.7. Patient-Related Factors

Patient-specific characteristics play a significant role in determining the quality of CT images, and they must be
carefully considered during protocol planning and image acquisition. Body habitus is a key factor: larger or obese
patients attenuate more X-ray photons, which increases image noise and scatter, potentially degrading contrast
resolution. In such cases, adjustments in tube current, voltage, or the use of iterative reconstruction techniques
may be necessary to maintain diagnostic image quality. Motion—whether voluntary, such as breathing or
movement, or involuntary, such as cardiac pulsation or peristalsis—can blur anatomical structures, reduce spatial
resolution, and generate motion artifacts, particularly in thin-slice imaging or high-resolution scans. Effective
strategies to minimize motion artifacts include patient instruction, immobilization devices, breath-hold
techniques, and faster gantry rotation times. Positioning is another critical determinant: misalignment of the
patient within the gantry can lead to nonuniform Hounsfield Unit (HU) distribution, asymmetric reconstruction
artifacts, and partial volume effects, which may obscure small lesions or mimic pathology. Careful patient
positioning, use of positioning lasers, and alignment with reference planes ensure uniform coverage and
reproducible image quality. By understanding and mitigating these patient-related factors, radiologic
technologists can optimize both the clarity and diagnostic utility of CT images while minimizing the need for
repeat scans and additional radiation exposure

9.2.8. Physical Factors

Physical factors in CT imaging are primarily determined by the fundamental physics of X-ray generation, beam
interaction with tissues, and photon detection. X-ray tube and generator characteristics are critical determinants:
the tube voltage (kVp) sets the energy of X-ray photons, influencing tissue penetration and contrast. Higher kVp
produces more penetrating X-rays, which can reduce image contrast between tissues of similar density, whereas
lower kVp enhances contrast but may increase image noise in larger patients. Tube current (mA) controls the
number of photons emitted per unit time; higher mA increases photon flux, reducing quantum noise and improving
signal-to-noise ratio (SNR), but at the cost of higher patient dose. Detector performance also plays a significant
role: the type of detector (e.g., solid-state, scintillation, or photon-counting), its efficiency, and detector element
size directly affect the accuracy of photon detection and image quality. High-efficiency detectors improve SNR
and reduce noise, whereas larger detector elements may compromise spatial resolution. Beam quality and filtration
are additional critical factors: properly selected filtration removes low-energy photons that would otherwise
increase patient dose without contributing to image formation, thereby improving contrast and reducing beam-
hardening artifacts. Finally, slice thickness influences both spatial resolution and image noise. Thinner slices
provide finer detail and better visualization of small structures but result in higher noise, whereas thicker slices
reduce noise and improve SNR but may obscure subtle anatomical features due to partial volume effects.
Optimizing these physical parameters requires careful balancing of image quality with radiation dose
considerations, tailored to the clinical indication and patient characteristics.

9.2.9. Technical Factors

Technical factors in CT imaging refer to scanner settings, acquisition protocols, and reconstruction methods that
can be adjusted to optimize image quality while managing radiation dose. Pitch and table speed are fundamental
parameters: pitch is defined as the ratio of table movement per rotation to the slice thickness. A higher pitch
reduces scan time and overall radiation exposure, which is advantageous for patient comfort and throughput, but
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may decrease spatial resolution and image detail. Reconstruction algorithms play a crucial role in image quality:
traditional filtered back projection (FBP) is computationally efficient but may produce higher image noise,
whereas advanced iterative reconstruction techniques can significantly suppress noise, improve low-contrast
detectability, and allow for dose reduction without compromising spatial resolution. Matrix size and field of view
(FOV) influence the level of detail captured: a larger matrix combined with a smaller FOV increases spatial
resolution and the ability to visualize fine anatomical structures, whereas a larger FOV may reduce image detail
due to pixel averaging. Window width and level settings are important for optimizing tissue contrast; adjusting
windowing parameters enhances the visualization of specific tissues, such as bone, lung, or soft tissue, and helps
differentiate subtle density differences. Finally, slice overlap and spacing affect volumetric reconstruction quality:
overlapping slices improve three-dimensional image quality and multiplanar reconstructions, whereas wide
spacing can lead to missed small lesions or artifacts. Careful selection and optimization of these technical
parameters, in conjunction with physical and patient-related considerations, are essential to achieve high-quality
CT images tailored to clinical indications.

9.3. CT ARTIFACTS AND THEIR CORRECTIVE MEASURES

Computed tomography (CT) artifacts are distortions or errors in the reconstructed images that do not correspond
to the true anatomy, and they can significantly compromise diagnostic accuracy. These artifacts arise due to
limitations in image acquisition, patient-related factors, physical interactions of X-rays with matter, or errors in
data processing and reconstruction. Common sources include beam hardening, patient motion, partial volume
effects, metal implants, and detector or calibration errors, each of which can produce streaks, shadows, rings, or
blurring on CT images. Understanding the origin of these artifacts is essential because they can mimic or obscure
pathological findings, leading to misdiagnosis. Over the years, several corrective measures have been developed,
such as patient immobilization to reduce motion, use of beam-hardening correction algorithms, optimizing slice
thickness to minimize partial volume effects, employing iterative reconstruction techniques, and applying metal
artifact reduction software. These strategies aim to enhance image fidelity, maintain accurate Hounsfield Unit
measurements, and ensure reliable tissue characterization while preserving diagnostic confidence. A systematic
understanding of CT artifacts and their correction is therefore crucial for radiologists and technologists to produce
high-quality, clinically useful images. CT artifacts can be broadly categorized based on their origin or underlying
cause:

Physics Based

Types of CT Atrtifacts Patient Based

System Based

9.3.1. Physics-Based Artifacts

Physics-based artifacts in computed tomography (CT) arise from the fundamental interactions between X-rays
and tissues or materials, reflecting the inherent limitations of the imaging physics. One common example is beam
hardening, which occurs when low-energy X-rays are preferentially absorbed as the beam passes through dense
structures such as bone or metal. This selective absorption alters the X-ray spectrum, producing streaks or dark
bands in the image, particularly near the base of the skull or around metallic implants, and can obscure lesions
while reducing the accuracy of CT numbers. Another important physics-based artifact is photon starvation, which
arises when highly attenuating structures block most X-rays from reaching the detectors, resulting in insufficient
photon counts. This leads to streak artifacts and increased image noise, especially in large patients or areas with
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dense anatomy. The partial volume effect also significantly impacts image quality, occurring when a single voxel
contains multiple tissue types. In such cases, the CT number represents an average of these tissues, which can blur
fine anatomical structures, diminish contrast resolution, and mask small lesions. Noise-induced artifacts stem
from the statistical variations in X-ray photon detection, commonly referred to as quantum noise. This type of
artifact manifests as graininess or mottling in the image and is particularly noticeable in low-dose scans,
potentially affecting the detection of subtle abnormalities. Collectively, these physics-based artifacts can
compromise image clarity and diagnostic accuracy, highlighting the importance of optimization strategies in CT
acquisition and reconstruction.

A. Beam Hardening Artifacts

Beam hardening is a physical phenomenon that occurs when a polychromatic X-ray beam passes through an
object, resulting in the preferential attenuation of lower-energy photons. This selective absorption leaves behind
higher-energy photons, effectively “hardening” the beam and increasing its mean energy. In clinical practice, this
principle is exploited through the use of metal filters in both radiography and CT to pre-harden the X-ray spectrum,
thereby minimizing the contribution of low-energy photons and reducing patient dose without compromising
image quality. In computed tomography, beam hardening from dense structures such as bone or iodinated contrast
media can produce characteristic artifacts, primarily streaking and cupping.
= Streaking artifacts manifest as multiple dark bands between or
along dense objects—for instance, in the posterior fossa or
along a single high-attenuation structure. These occur because
the X-ray beam is hardened at different rates depending on the
rotational position of the tube and detector, leading to
inconsistencies in measured attenuation.
= Cupping artifacts, on the other hand, appear when the central
region of a homogeneous object (e.g., a water phantom or brain
tissue) appears less dense than its periphery. This effect arises
because lower-energy photons are preferentially absorbed along
longer path lengths, increasing the mean photon energy and
reducing the CT number (Hounsfield unit) centrally. While
simple beam hardening corrections are integrated into modern
CT reconstruction algorithms, cupping artifacts are most
prominently observed during phantom scans or dual-energy CT
head examinations.
Reduction strategies for beam hardening artifacts involve both hardware and software approaches. Pre-filtration
using metallic filters can harden the X-ray beam before it enters the patient, reducing the generation of artifacts.
Calibration with vendor-specific phantoms helps account for unavoidable beam hardening effects and ensures
accurate CT number representation. Streaking artifacts can be mitigated by increasing tube voltage to enhance
photon penetration through dense structures or by employing dual-energy imaging techniques. Additionally, many
modern CT systems incorporate metal artifact reduction (MAR) algorithms combined with iterative
reconstruction, which model and correct beam hardening effects during image reconstruction. These approaches
collectively improve image uniformity, maintain diagnostic accuracy, and minimize misinterpretation due to beam
hardening.

B. Photon Starvation Artifact

Photon starvation is a type of CT artifact that occurs when insufficient X-ray photons reach the detector due to
excessive attenuation by dense anatomical structures, such as the shoulders, pelvis, or metallic implants. In these
cases, the X-ray beam is heavily absorbed before passing through the patient, leaving very few photons to
contribute to image formation. This lack of adequate signal leads to increased image noise and streak artifacts,
typically appearing as dark streaks across regions with high attenuation. These artifacts are most pronounced in
obese patients, in areas of the body with high bone density, or when metallic prostheses are present. Photon
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starvation artifacts compromise diagnostic confidence by obscuring anatomical details, particularly in regions
adjacent to dense structures. For example, in chest CT, streaks from photon starvation around the shoulder girdle
may mask subtle pulmonary lesions. Similarly, in abdominal CT, streaks around the pelvis can obscure bowel
pathology or vascular structures. The increased image noise also reduces low-contrast detectability, making it
more difficult to identify small or faint abnormalities.

Remedial Measures for Photon Starvation Artifacts: A variety of practical strategies can be implemented to
minimize photon starvation artifacts and restore diagnostic image quality. One of the most direct methods involves
adjustment of exposure parameters. Increasing the tube current (mA) enhances the total number of photons
produced, thereby improving the signal-to-noise ratio (SNR) and reducing
image noise. Similarly, raising the tube voltage (kVp) generates more
penetrating X-rays capable of traversing dense anatomical structures, which
helps reduce streak artifacts. However, this adjustment must be carefully
balanced against the potential trade-offs, such as reduced tissue contrast and
increased patient radiation dose. Another important approach involves the use
of advanced reconstruction techniques. Iterative reconstruction algorithms,
widely available in modern CT systems, play a pivotal role in addressing
photon starvation. These algorithms simulate the physics of X-ray transmission

and correct inconsistencies in projection data, allowing noise and streaks to be k
reduced without proportionally increasing the radiation dose. This makes them  Fig: 9.2. Photon Starvation
particularly effective in high-density regions where conventional filtered back Artefact

projection (FBP) reconstructions are inadequate. Patient-specific adjustments

also contribute significantly to artifact reduction. Automatic exposure control (AEC) systems automatically adapt
tube current according to patient size, anatomy, and region of interest, ensuring adequate photon flux in areas
prone to starvation. Proper patient positioning is equally important; for instance, elevating the arms above the
head during chest or upper abdominal scans reduces the path length through the shoulders, thereby minimizing
streak artifacts caused by dense bone structures. Finally, advanced imaging technologies provide further solutions.
Dual-energy CT and spectral CT employ two different energy spectra to differentiate between tissues and improve
contrast-to-noise ratios in challenging regions. By utilizing higher-energy photon data, these techniques reduce
the impact of photon starvation while simultaneously providing additional diagnostic information, such as
material characterization and improved tissue differentiation.

4

C. Partial Volume Artifacts

Partial volume artifacts are a frequent source of image distortion in computed tomography (CT) and are directly
related to the finite size of voxels used for image reconstruction. In CT imaging, each voxel represents the average
attenuation of all tissues contained within its volume. When a single voxel includes tissues of markedly different
attenuation values—for example, bone adjacent to soft tissue, or soft tissue abutting air—the CT system assigns
a single Hounsfield Unit (HU) based on the weighted average of those attenuations. This averaging effect results
in blurred or indistinct boundaries, misrepresentation of tissue density, and the potential obscuring of small or
low-contrast lesions.

- g,\
the Partial VVolume Effect

-
Fig: 9.3. Demonstration of
Using Varying Detector Apertures
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Clinically, partial volume artifacts are particularly evident in regions of high anatomical complexity, where
structures of differing densities are closely intermingled. For instance, in the posterior fossa, the dense petrous
temporal bones lie adjacent to cerebrospinal fluid and soft tissue, creating averaging effects that degrade lesion
detectability. In the lung bases, where small vessels, air, and soft tissue coexist within thin slices, partial volume
averaging can lead to underestimation of nodule density or missed detection of tiny calcifications. Similarly, in
vascular imaging, small plaques or thrombi may be masked when averaged with surrounding blood. These
distortions not only reduce image clarity but also compromise diagnostic

confidence by either obscuring subtle pathology or simulating disease.

Remedial Actions for Partial Volume Artifacts: Partial volume artifacts can be minimized by using several
practical strategies. One of the most effective methods is to acquire thinner slices, which reduces the chance that
a single voxel contains different types of tissues, improving edge sharpness and making small lesions, such as
tiny lung nodules, easier to see. Overlapping slice acquisition and reconstruction also help, as scanning the same
area in slightly offset slices enhances resolution at tissue boundaries and reduces blurring. Advanced
reconstruction algorithms, such as iterative or model-based methods, further improve accuracy by taking tissue
boundaries into account, producing sharper images with more reliable CT numbers. In addition, reviewing images
in multiple planes (axial, coronal, sagittal) or as 3D reconstructions can help determine whether an apparent
finding is an artifact or a true structure. Finally, proper patient positioning ensures that important structures lie
entirely within a single slice, reducing the risk of averaging across slices—for instance, careful alignment of the
brain or centering of the lungs improves visualization of subtle lesions and anatomical details.

D. Noise-Induced Artifacts in CT

Noise-induced artifacts occur when random variations in detected X-ray photons create fluctuations in pixel
intensity, resulting in a grainy or speckled appearance on CT images. Unlike structured artifacts such as beam
hardening or partial volume effects, noise does not follow a specific pattern—it reduces overall image clarity,
makes tissue boundaries less distinct, and can obscure subtle lesions. Noise is particularly problematic in low-
dose CT protocols, scans of large patients, or studies involving low-contrast tissues such as the liver or pancreas.

Causes of Noise in CT

= Photon Statistics (Quantum Noise): Noise is strongly influenced by the number of X-ray photons reaching
the detector. Low photon flux—due to low tube current (mA), low tube voltage (kVp), or short exposure
time—Ileads to insufficient signal and increased noise.

= Patient Size and Attenuation: Larger patients attenuate more photons, reducing the signal-to-noise ratio
(SNR) and increasing the likelihood of streaks or patchy graininess in the image.

= Detector Efficiency: Variations in detector performance, reduced sensitivity, or electronic noise in
detector circuits can also add to image degradation.

= Reconstruction Technique: Conventional filtered back projection (FBP) is more sensitive to noise
compared to iterative reconstruction (IR) techniques, which model noise more effectively.

Clinical Impact: Noise-induced artifacts can reduce diagnostic accuracy by obscuring small lesions or subtle
differences in tissue density. For example, low-contrast liver metastases, early lung nodules, or faint brain lesions
may be missed due to the grainy background. High noise also makes quantitative assessment—such as measuring
CT numbers (HU) or lesion margins—Iess reliable.

Practical Strategies to Reduce Noise-Induced Artifacts
= Optimization of Exposure Parameters:
o Increase Tube Current (mA): Higher mA increases photon flux, improving SNR.
o Increase Tube Voltage (kVp): Produces more penetrating photons, reducing attenuation-related
noise, though at the cost of reduced soft tissue contrast.
o Automatic Exposure Control (AEC): Adjusts tube output dynamically based on patient anatomy,
optimizing dose and minimizing noise.
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= Use of Thicker Slices: Thicker reconstruction slices increase photon counts per voxel, reducing noise.
However, this must be balanced against loss of spatial resolution.

= |terative Reconstruction Techniques: Advanced reconstruction methods model statistical noise and can
suppress artifacts while preserving image detail. These are especially valuable in low-dose CT protocols.

= Patient-Specific Adjustments: Proper patient positioning (e.g., arms above the head in chest CT) reduces
beam path length through dense tissue, minimizing photon starvation and noise.

= Hardware and Detector Optimization: Ensuring detector calibration, high quantum efficiency, and regular
system maintenance reduces electronic noise and enhances uniformity.

E. Truncation Artifacts in CT Imaging

Truncation artifacts, also referred to as edge or boundary artifacts, occur when the patient or scanned object
extends beyond the reconstructed field of view (FOV) of the CT scanner. In such cases, the X-ray projections at
the periphery of the scan are incomplete because parts of the anatomy fall outside the detector array. During image
reconstruction, the mathematical algorithms assume that the detected projections represent the entire object. When
the data are truncated, this assumption is violated, resulting in bright or dark streaks, shading, or abrupt intensity
discontinuities along the edges of the image. These artifacts are particularly noticeable in body regions with
complex anatomy or when large patients are scanned with a small FOV.
= Clinical Impact: Truncation artifacts can mimic pathology, obscure anatomical details, or interfere with
quantitative measurements, such as Hounsfield unit calculations in the periphery. For example, in
abdominal CT, they may create artificial high-attenuation areas near the edges of the scan, while in
neuroimaging, they can produce peripheral shading that may be misinterpreted as subdural collections or
cortical abnormalities.
= Remedial Measures: Truncation artifacts can be minimized through several practical strategies.
Expanding the reconstructed FOV to include the entire patient cross-section ensures that all anatomy is
captured. Proper patient positioning, centering within the gantry, and using appropriately sized
reconstruction algorithms reduce the likelihood of data truncation. Advanced CT systems also incorporate
software-based extrapolation and correction techniques that estimate missing peripheral data to
reconstruct a uniform image. For multi-slice or wide-detector scanners, ensuring full coverage with
overlapping helical acquisitions can further prevent truncation artifacts.

9.3.2. Patient-Related Artifacts

Patient-related artifacts in computed tomography (CT) arise primarily from movements or the presence of high-
density foreign materials within or on the patient. Motion artifacts occur due to voluntary or involuntary
movements, including breathing, cardiac pulsation, or general patient restlessness during the scan. Such
movements lead to image blurring, streaks, or ghosting, which can obscure small lesions or fine anatomical details,
thereby compromising diagnostic accuracy. Metal artifacts are produced when high-density materials, such as
dental fillings, orthopedic implants, or surgical clips, are present in the scan field. These materials cause severe
streaking, shading, or dark bands that can obscure adjacent tissues, complicating interpretation in areas near
prosthetics or vascular stents. Additionally, respiratory and cardiac artifacts are common in thoracic or cardiac
CT imaging, where improper breath-holding or irregular heart rates can result in motion-related blurring or
misregistration. Such artifacts reduce temporal resolution and can hinder the accurate assessment of structures
like coronary arteries, lung parenchyma, or mediastinal tissues. Effective patient preparation, immobilization, and
gating techniques are essential to minimize these artifacts and ensure high-quality diagnostic images.

A. Motion Artifacts in CT
Motion artifacts are a significant source of image degradation in computed tomography (CT), arising whenever a

patient moves during the acquisition of projection data. Because CT imaging relies on multiple angular projections
of the X-ray beam around the patient, any movement—whether voluntary or involuntary—causes inconsistencies
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between successive projections. These inconsistencies manifest as blurring, streaking, ghosting, or duplication of
anatomical structures, which can obscure pathology or mimic disease, reducing diagnostic confidence.

Fig: 9.5. Motion artefact in CT Scan Image

Causes of Motion Artifacts: Motion artifacts can be classified based on the type of movement:
= Voluntary Patient Movement: This includes restlessness, repositioning during scanning, or inability to
follow instructions. Patients who are anxious, claustrophobic, or paediatric often exhibit such movements.
The resulting artifact usually appears as generalized blurring or double contours in the reconstructed
image.
= Involuntary Physiological Motion: Normal physiological processes such as respiration, cardiac
pulsation, swallowing, peristalsis, and tremors can introduce localized streaks or ghost images. For
example:
o Breathing causes misalignment of lung structures, particularly near the lung bases, creating step-
like or streak artifacts.
o Cardiac motion produces blurring in coronary CT angiography or the heart chambers.
o Bowel peristalsis may degrade image clarity in abdominal scans.
= Prolonged Scan Duration: Longer acquisition times increase the chance that patient motion will occur,
especially in hemodynamically unstable, uncooperative, or pediatric patients.

Clinical Impact: Motion artifacts compromise spatial resolution, contrast resolution, and lesion detectability.
Small lesions in the lungs, liver, or kidneys may be obscured, and streaking artifacts can simulate pathology or
obscure anatomical boundaries. In cardiac imaging, uncorrected motion may render coronary artery segments
non-diagnostic, potentially leading to misinterpretation or the need for repeat scans, increasing patient radiation
dose. Similarly, motion in the upper abdomen can compromise the evaluation of small vascular structures or subtle
lesions in the pancreas, liver, or adrenal glands.

Practical Strategies to Minimize Motion Artifacts

= Patient Preparation and Instructions: Clear, concise pre-scan instructions regarding breath-holding,
swallowing, and remaining still are essential. Practicing breath-hold techniques prior to scanning
enhances compliance, particularly in thoracic or upper abdominal imaging.

= Immobilization Devices: For patients who cannot reliably remain still, such as children, trauma patients,
or elderly individuals, immobilization aids like straps, cushions, foam pads, and positioning supports help
reduce voluntary movement. In selected pediatric cases, mild sedation may be considered.

= Optimized Scan Protocols: Reducing acquisition time is crucial. This can be achieved by increasing
gantry rotation speed, optimizing pitch, or employing high-speed helical scans. Shorter acquisition times
decrease the opportunity for both voluntary and involuntary motion, improving image clarity.

= Cardiac and Respiratory Gating: For cardiac CT or dynamic studies, ECG gating (prospective or
retrospective) ensures data acquisition occurs at consistent points in the cardiac cycle, typically during
diastole, when motion is minimal. Similarly, respiratory gating or breath-hold synchronization can reduce
motion in thoracic and upper abdominal scans.

= Advanced Reconstruction Techniques: Modern CT scanners incorporate motion correction algorithms
and iterative reconstruction methods that detect and compensate for subtle motion artifacts. These
techniques improve image quality without additional radiation exposure and are particularly valuable in
high-motion regions like the heart, lungs, and liver.
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= Repeat Scans and Positioning Adjustments: When motion is unavoidable, repeating scans with better
patient compliance or slightly adjusting patient positioning can sometimes eliminate artifacts from critical
regions.

B. Metal Artifactsin CT

Metal artifacts occur when high-density materials such as dental fillings, orthopaedic implants, surgical clips, or
prosthetic devices are present within the scanned region. These objects strongly attenuate X-ray photons, causing
a combination of beam hardening, photon starvation, and scatter, which results in streaks, dark bands, or starburst
patterns radiating from the metal. These artifacts can severely degrade image quality, obscuring adjacent
anatomical structures and compromising diagnostic accuracy, particularly in areas like the oral cavity, spine,
pelvis, or joints.

Clinical Impact: Metal artifacts can mask lesions, distort tissue boundaries, and reduce contrast resolution,
making it difficult to evaluate structures adjacent to implants. For example, dental fillings can obscure evaluation
of the jaw or sinuses, spinal hardware may compromise visualization of vertebral bodies or intervertebral discs,
and hip prostheses can obscure pelvic organs or vascular structures. In oncologic imaging, metal artifacts may
prevent accurate assessment of tumour margins or recurrence. Several practical approaches are employed to
reduce the impact of metal artifacts:
= Metal Artifact Reduction (MAR) Algorithms: Most modern CT scanners include software-based MAR
techniques that identify metal regions in projection data and correct for their attenuation, thereby reducing
streaks and improving image uniformity. Iterative reconstruction methods often integrate MAR to further
enhance image quality.
= Dual-Energy or Spectral CT: Dual-energy CT acquires images at two different X-ray energies, allowing
differentiation between metal and surrounding tissues. By exploiting energy-dependent attenuation
properties, these scans can minimize beam-hardening effects and improve contrast-to-noise ratios around
metallic objects.
= Patient Positioning Adjustments: Strategically positioning the patient or implant to reduce the number of
dense objects in the direct path of the X-ray beam can reduce streaking. For instance, tilting or angling
extremities or scanning contralateral sides may help minimize artifact interference.
= Optimized Scan Parameters: Increasing tube voltage (kVp) and current (mA) produces more penetrating
photons that are less susceptible to complete absorption by metal, thereby reducing photon starvation.
Thin slice acquisition and overlapping reconstruction can also help to localize and reduce artifact spread.
= Post-Processing Techniques: Some advanced CT systems allow image post-processing, such as weighted
averaging or image subtraction methods, to further mitigate the visual impact of metal artifacts while
preserving diagnostic information.

9.3.3. System-Related Artifacts

System-related artifacts in CT imaging originate from limitations or imperfections in the scanner hardware,
detector performance, or image reconstruction algorithms. Ring artifacts are a common example, caused by
miscalibrated or defective detector elements. They appear as concentric rings centered on the axis of rotation and
can distort otherwise uniform regions, adversely affecting density measurements and visual interpretation. Cone-
beam artifacts occur in multi-slice CT systems when the divergence of the X-ray beam is not fully accounted for
during reconstruction, leading to shading or geometric distortion at the periphery of images. Stair-step or Z-axis
artifacts are typically seen in helical CT scans with narrow detector coverage or improperly chosen reconstruction
intervals; misalignment between consecutive slices produces a stepped appearance, particularly noticeable in 3D
volume reconstructions. Finally, reconstruction artifacts arise from limitations or errors in reconstruction
algorithms, such as filtered back projection or iterative reconstruction, which can introduce streaks, shading, or
artificial edges, especially in regions with high contrast differences. Careful calibration, advanced reconstruction
techniques, and appropriate acquisition parameters are crucial to minimize these system-related artifacts and
preserve image quality.
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A. Ring Artifacts

Ring artifacts are a notable source of image degradation in computed tomography
(CT) that arise primarily due to imperfect detector calibration, malfunctioning
detector elements, or inconsistent detector responses. CT scanners acquire images
by rotating an X-ray tube and detector array around the patient, collecting multiple
projections that are reconstructed into cross-sectional images. Even minor
deviations in the sensitivity or calibration of individual detectors can introduce
systematic errors, which manifest as concentric circular bands, or “rings,” centered

on the axis of rotation. These rings are most apparent when imaging homogeneous
regions, such as water or uniform tissue phantoms, or in anatomical areas with

little intrinsic contrast, where they appear as distracting circular patterns Fig: 9.4. Ring Artefact
superimposed on the image.

Clinical Impact: While ring artifacts may sometimes be subtle, their presence reduces image uniformity and can
introduce distortions that mimic true anatomical or pathological features. For instance, low-contrast lesions may
be obscured, or normal tissue may appear heterogeneous due to the superimposed rings. This can lead to
misinterpretation of scans and reduced diagnostic confidence, particularly in areas requiring high sensitivity, such
as the brain, liver, or abdomen, where small differences in tissue attenuation are crucial for detecting pathology.
In quantitative CT applications, such as Hounsfield unit measurements or perfusion studies, ring artifacts can also
compromise accuracy, affecting clinical decisions.

Causes and Mechanisms: Ring artifacts generally result from detector-specific issues:
= Calibration Errors: Detectors that are not properly calibrated may respond inconsistently to the same X-
ray exposure, causing circular patterns in reconstructed images.
= Defective or Aging Detector Elements: Damaged or malfunctioning detectors may under- or over-respond
to incident photons, creating localized discrepancies that propagate as rings.
= Electronic Noise or Signal Drift: Variations in detector electronics over time or temperature changes can
introduce small inconsistencies that become amplified during reconstruction.

Remedial Measures: Several practical strategies are used to minimize or correct ring artifacts:

= Regular Detector Calibration: Routine calibration of the CT detector array ensures that each detector
element responds uniformly to X-ray exposure. Daily quality control scans using uniform phantoms, such
as water or air phantoms, help detect early calibration drift before it affects patient imaging.

= Detector Maintenance and Replacement: Identifying faulty, unresponsive, or aging detectors is critical.
Repairing or replacing these elements restores proper function and prevents persistent ring artifacts.

= Advanced Reconstruction Algorithms: Modern CT scanners incorporate software-based corrections that
compensate for minor detector inconsistencies. These algorithms adjust projection data during image
reconstruction, effectively reducing or eliminating ring patterns without requiring hardware intervention.

= Consistent System Maintenance: Following manufacturer-recommended preventive maintenance
schedules, including detector checks, gantry alignment, and electronic calibration, helps maintain long-
term image quality and reduces artifact recurrence.

= Environmental and Operational Controls: Controlling factors such as temperature, humidity, and
electrical stability can reduce electronic drift in detectors, further minimizing the likelihood of ring
formation.

B. Helical and Multichannel Artifacts

Helical (spiral) and multichannel CT scanners acquire data continuously as the patient moves through the rotating
gantry. These scanners reconstruct images from data collected along a spiral trajectory using interpolation
algorithms. Helical artifacts arise when the interpolation process is imperfect, especially with wide pitch values,
high table speeds, or rapid anatomical changes along the z-axis. Similarly, multichannel (multi-slice) artifacts
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occur when detector rows with differing response characteristics introduce inconsistencies in the reconstructed
volume. These artifacts typically manifest as stair-step or shading distortions along the longitudinal axis, which
can obscure small lesions, distort anatomical boundaries, or affect quantitative measurements. Minimizing helical
and multichannel artifacts involves optimizing scan pitch, maintaining uniform detector calibration, and
employing advanced interpolation and iterative reconstruction algorithms. Overlapping helical acquisitions or
using thinner slice reconstruction can also reduce stair-step effects.

Windmill Artifacts in Multi-Slice CT: Windmill artifacts, also referred to as star or spoke artifacts, are
a type of image distortion predominantly observed in multi-slice CT scanners. They result from the
combined effect of gantry rotation and the helical trajectory of the X-ray beam, which interacts with the
multiple rows of detectors. These artifacts manifest as repetitive streaks or spoke-like patterns radiating
from high-contrast structures, such as small metallic implants, surgical clips, or dense bone edges. The
underlying mechanism involves partial volume averaging, where the moving X-ray fan beams
simultaneously interact with adjacent detector rows, creating inconsistencies in projection data. Windmill
artifacts are most pronounced along the direction of gantry rotation and are particularly noticeable when
imaging small, high-density objects that occupy only a portion of a detector row. Windmill artifacts can
degrade image quality by obscuring fine anatomical details, mimicking pathology, or complicating the
assessment of small lesions near high-density structures. They are commonly observed in the head, spine,
or extremities where metallic hardware is present.

Remedial Measures: Several practical strategies can reduce windmill artifacts. Reducing slice thickness
improves spatial resolution and minimizes partial volume averaging. Increasing gantry rotation speed and
optimizing table pitch reduce the likelihood of misregistration between consecutive projections.
Advanced iterative reconstruction algorithms, specifically designed to account for multi-slice detector
geometry, can further suppress streaks and enhance image uniformity. Additionally, careful patient
positioning and, when feasible, avoiding placing high-contrast objects directly in critical imaging planes
help minimize artifact severity. By combining these hardware, software, and procedural adjustments,
radiologists can significantly reduce the impact of windmill artifacts and preserve diagnostic accuracy.

Cone Beam Artifacts in CT: Cone beam artifacts represent a unique challenge in modern multi-slice
computed tomography (CT), particularly when wide X-ray beams are used to cover multiple detector
rows simultaneously. Unlike conventional single-slice CT, which employs a fan-shaped beam, multi-
detector CT relies on a cone-shaped beam that irradiates the patient across a larger z-axis range. While
this design allows for rapid volumetric coverage and shorter acquisition times, it introduces reconstruction
difficulties because traditional algorithms are optimized for fan-beam geometry. As a result, discrepancies
arise in the interpolation of projection data, and these errors manifest as streaks, shading, or distortions,
most prominently at the periphery of the scanned volume. The primary cause of cone beam artifacts lies
in the beam geometry itself. As the cone angle widens, peripheral detector rows receive projection data
that deviate significantly from those acquired at the center, making reconstruction less accurate. Standard
filtered back projection methods, which assume fan-beam geometry, are inadequate in this context,
leading to mismatches in the interpolated data. Patient-related factors such as off-center positioning can
further exacerbate the problem, since the distance between the beam path and the central axis increases,
amplifying geometric distortions.

From a clinical perspective, cone beam artifacts can significantly impact image quality and diagnostic
interpretation. They tend to appear as streaks or nonuniform shading along the edges of the scan volume,
reducing both spatial accuracy and tissue uniformity. This is particularly problematic in volumetric
studies of the chest, abdomen, or heart, where subtle anatomical details at the periphery may be obscured
or misrepresented. In these scenarios, diagnostic confidence may be compromised, and small pathologies
can be overlooked. To minimize the occurrence of cone beam artifacts, several technical and practical
strategies are applied. Modern CT scanners increasingly employ advanced reconstruction algorithms
specifically designed for cone-beam geometry, such as the Feldkamp-Davis-Kress (FDK) method or

227 |Page



Volume-2 | Medical Imaging Modalities Chapter: 9. CT Image Quality

iterative cone-beam algorithms, which mathematically correct for geometric divergence. Iterative
reconstruction is particularly effective, as it models both photon statistics and beam geometry, thereby
reducing artifacts while maintaining image quality. Additionally, optimization of detector configuration
can help by reducing z-axis coverage per rotation, thereby limiting cone angle. From a practical
standpoint, careful patient positioning plays an important role; ensuring that the patient is centered within
the gantry allows for more uniform data acquisition and reduces interpolation errors. Furthermore,
advances in scanner hardware—such as improved two-dimensional detector arrays and integrated
correction algorithms provided by manufacturers—have substantially reduced the prevalence of cone
beam artifacts in routine practice.

C. Aliasing Artifactsin CT

Aliasing artifacts in computed tomography (CT) arise when the sampling rate of the imaging system is insufficient
to accurately represent the spatial frequency of the scanned object. This occurs when fine anatomical details or
high-contrast structures contain variations that exceed the Nyquist sampling limit of the detector system. As a
result, the CT system misrepresents these structures, producing false patterns such as moiré effects, streaks, or
wavy lines across the reconstructed image. These artifacts are particularly noticeable when scanning structures
with fine repetitive patterns, such as bone trabeculae, dental implants, or grid-like objects, where undersampling
introduces misleading interference patterns. The root cause of aliasing is closely related to the interplay between
detector element size, reconstruction algorithm, and the intrinsic frequency of the object. If detector resolution is
too coarse to capture high-frequency details, the system incorrectly “maps” these details into lower frequencies,
generating visually disturbing streaks or repetitive distortions. Furthermore, insufficient angular sampling during
helical CT acquisitions or inappropriate pitch selection can amplify aliasing effects. These artifacts reduce spatial
resolution, obscure small lesions, and may mimic or conceal pathology, thereby compromising diagnostic
accuracy. Several strategies can be employed to mitigate aliasing artifacts. Increasing the detector resolution by
using smaller detector elements allows the system to capture higher spatial frequencies more accurately, reducing
undersampling errors. Optimization of acquisition parameters, such as lowering the pitch in helical CT to ensure
adequate angular sampling, also helps minimize aliasing. In addition, modern scanners incorporate advanced anti-
aliasing algorithms and iterative reconstruction techniques that correct for undersampling by modeling object
frequency distribution and noise statistics. From a practical perspective, selecting appropriate field of view (FOV)
and ensuring proper patient positioning can further enhance image fidelity and reduce the risk of introducing high-
frequency interference.

In clinical practice, aliasing artifacts remain a concern in high-resolution imaging applications, particularly in
musculoskeletal CT and dental CT, where fine structural details must be preserved. By integrating improved
hardware design, optimized acquisition protocols, and advanced reconstruction methods, the impact of aliasing
artifacts can be substantially minimized, ensuring clearer visualization of anatomical structures and greater
confidence in diagnostic interpretation.

D. Multiplane Reconstruction (MPR) artifacts

It occurs when reformatted CT images in planes other than the original acquisition plane—such as sagittal,
coronal, or obliqgue—exhibit blurring, stair-step effects, or edge distortion. These artifacts primarily result from
thick slice acquisition, which provides insufficient spatial sampling along the z-axis, causing each voxel to
represent an average of multiple tissue types over a larger volume. Consequently, reconstructed images in other
planes lose fine anatomical detail, leading to blurred edges and reduced diagnostic clarity. Clinically, MPR
artifacts can obscure small lesions, compromise the visualization of thin anatomical structures, and reduce
confidence in interpretation, particularly in neuroimaging, musculoskeletal, and vascular studies. To minimize
these artifacts, thin-slice acquisition (<1 mm) is recommended, along with overlapping slice reconstruction to
enhance z-axis resolution and reduce stair-step effects. Employing high-resolution reconstruction algorithms
optimized for multiplanar viewing further ensures that reformatted images retain maximum spatial detail, thereby
improving diagnostic accuracy and reliability.
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= Zebra Artifacts in CT: Zebra artifacts are a type of image distortion that appear as alternating light and
dark bands, usually in the peripheral regions of reconstructed CT images, giving them a striped or “zebra-
like” appearance. These artifacts are primarily caused by nonuniform detector response or inconsistencies
during image reconstruction. In multi-slice or helical CT scanners, the effect is often amplified by cone-
beam geometry, where the X-ray beam spreads over multiple detector rows, and any slight variation in
beam intensity or detector sensitivity produces uneven attenuation patterns. Zebra artifacts can reduce
image uniformity, obscure subtle lesions near the periphery, and mimic tissue heterogeneity, potentially
affecting diagnostic interpretation. They are particularly noticeable in uniform areas such as the periphery
of phantoms, soft tissue, or cerebrospinal fluid in brain scans. Minimizing zebra artifacts involves a
combination of hardware maintenance, software optimization, and acquisition strategies. Regular detector
calibration and preventive maintenance ensure uniform response across all detector elements. Updating
reconstruction algorithms to those that compensate for detector nonuniformity can correct peripheral
variations during image processing. Additionally, optimizing scanner parameters, such as beam
collimation, pitch, and slice overlap, helps maintain consistent photon distribution and reduces striped
patterns at the edges of images. By following these steps, technologists can maintain image quality,
improve diagnostic accuracy, and avoid misleading peripheral artifacts.

= Stair-Step Artifacts in CT: Stair-step artifacts occur when curved or oblique structures appear jagged or
stepped rather than smooth in reconstructed CT images, particularly in multiplanar or 3D reconstructions.
These artifacts arise when the slice thickness is relatively large and there is no overlap between adjacent
slices, causing the edges of structures to be represented by discrete steps instead of continuous contours.
The effect is most noticeable along curved anatomy, such as the spine, vascular structures, or joint
surfaces, and can reduce the clarity of reformatted images, potentially obscuring small lesions or fine
anatomical details. To minimize stair-step artifacts, CT scans should be acquired with thin slices, ideally
<1 mm when high-resolution multiplanar imaging is required. Using overlapping slices further improves
z-axis sampling, smoothing the representation of curved structures and reducing the step-like appearance.
Additionally, employing advanced reconstruction algorithms that optimize interpolation between slices
enhances the continuity of structures in reformatted planes. Proper slice selection, overlap, and
reconstruction technigues ensure more accurate 3D visualizations, improving both diagnostic confidence
and image quality.

9.4. QUALITY ASSURANCE, CALIBRATION, AND PROTOCOL OPTIMIZATION IN CT IMAGING

High-quality CT imaging relies not only on sophisticated scanner technology but also on rigorous quality
assurance (QA) practices to ensure consistent, safe, and reproducible imaging across different scanners and
clinical settings. Routine calibration is foundational, encompassing geometric alignment of the X-ray tube and
detectors, verification of dose output accuracy, and validation of reconstruction algorithms. These measures
guarantee that the system operates as intended and produces reliable quantitative data. Phantom-based
assessments are integral to QA, using standardized phantoms that mimic tissue characteristics to evaluate spatial
resolution, low-contrast detectability, noise levels, and image uniformity. Regular evaluations help detect
performance drifts early, enabling timely maintenance and recalibration. Additionally, standardizing scanning
protocols across institutions ensures reproducibility and minimizes variability in image quality and radiation dose.
Key parameters—such as tube voltage (kVp), tube current (mA), pitch, rotation time, and reconstruction kernel—
are carefully selected and monitored. Professional guidelines from organizations like the American College of
Radiology (ACR) and the International Electrotechnical Commission (IEC) provide evidence-based benchmarks
for these parameters. Compliance with regulatory standards, accreditation requirements, and periodic audits
fosters a culture of patient safety and continuous quality improvement. Dose tracking and performance
benchmarking are also critical components of maintaining clinical excellence.

Optimization Strategies for Enhanced Image Quality

Optimizing CT protocols requires balancing diagnostic image quality with radiation safety. Modern CT systems
incorporate adaptive dose modulation techniques such as automatic tube current modulation (ATCM) and angular
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dose optimization, tailoring radiation output to the patient’s size and anatomy to minimize exposure while
preserving image fidelity. Reconstruction filter selection is another crucial factor: high-frequency kernels enhance
edge definition for bony structures but may increase noise, while smooth kernels reduce noise for soft tissue
visualization at the cost of spatial detail. The choice of kernel therefore depends on the clinical application. Further
improvements are achieved through iterative reconstruction (IR) methods, where parameters such as iteration
number, noise suppression strength, and edge preservation can be fine-tuned. This allows radiologists to customize
image appearance for specific diagnostic needs, enhancing both soft tissue and bone visualization while
controlling image noise.

Clinical Implications and Future Directions

High-quality CT imaging is essential for accurate detection, characterization, and management of a wide range of
diseases. Improved image resolution and contrast enhance visualization of small or low-contrast lesions, directly
impacting clinical decision-making. In trauma care, high-resolution CT enables rapid assessment of fractures,
internal bleeding, and organ injury. In oncology, precise tumor delineation supports accurate staging, treatment
planning, and monitoring of therapeutic response. Enhanced contrast and spatial resolution further facilitate
segmentation and quantification of pathology, aiding interventional radiology and surgical navigation. Overall,
image quality directly influences diagnostic confidence and therapeutic efficacy.

The Role of Emerging Technologies: CT imaging continues to evolve with technologies that promise to improve
diagnostic performance and patient safety:

1. Artificial Intelligence (Al) and Machine Learning: Al is increasingly integrated into image reconstruction,
noise reduction, and lesion detection. It can automate protocol selection, optimize scan parameters in real
time, and provide diagnostic support, enhancing efficiency while reducing human error.

2. Photon-Counting CT (PCCT): PCCT uses detectors that count individual photons and measure their
energy, offering superior spatial resolution, reduced electronic noise, and multi-energy imaging in a single
scan. This technology improves contrast resolution and reduces radiation dose, representing a potential
next-generation standard in CT.

3. Advanced Spectral CT: Building on dual-energy CT, spectral CT expands photon energy detection and
resolution, allowing accurate tissue characterization. Applications include virtual non-contrast imaging,
iodine quantification, and plaque analysis.

4. Personalized Imaging Protocols: Future CT systems may employ Al-driven algorithms to tailor scan
parameters based on the patient’s anatomy, clinical history, and diagnostic requirements. This approach
aligns with precision medicine, maximizing diagnostic yield while minimizing radiation exposure.

> End of Chapter <
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