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Abstract: Spectral computed tomography marks a revolutionary advancement in medical imaging, offering
significant improvements in tissue characterization and diagnostic accuracy. Using dual-energy X-ray technology,
this method distinguishes materials based on their atomic number and electron density. Spectral imaging acquires
data across multiple energy levels, delivering a more detailed depiction of tissue structures and enhancing the
identification and understanding of various pathological conditions. Unlike traditional imaging, which relies on a
single energy level, this approach generates images with varied contrast, allowing for the differentiation of tissues
that might appear similar in standard scans. This review explored a diverse collection of published research and
studies on spectral computed tomography, utilizing peer-reviewed journals and academic textbooks specializing in
dual-energy imaging systems, detector innovations, and clinical applications. The insights obtained were
consolidated to provide a comprehensive overview of the fundamental principles, technological progress, and
clinical utility of this imaging technique. Robust search strategies and clearly defined inclusion criteria ensured the
selection of high-quality, relevant sources to support the conclusions drawn in this review. This paper aims to
provide a comprehensive overview of spectral computed tomography's fundamental principles, technological
innovations, and clinical applications. This capability is particularly valuable in detecting and analyzing various
pathological issues, including tumors, vascular anomalies, and degenerative diseases. Recent advancements in
detector technology have significantly increased the sensitivity and resolution of spectral imaging systems. These
improvements result in clearer, more precise images with reduced noise. The incorporation of advanced image
reconstruction algorithms has further refined image quality, enabling better visualization of intricate anatomical
features crucial for accurate diagnoses and effective treatment planning. In addition, enhanced software capabilities
now allow for detailed quantitative analysis of tissue properties, such as attenuation coefficients, which aid in
assessing tissue composition and distinguishing between benign and malignant growths. Advances in spectral
computed tomography represent a key evolution in medical imaging, significantly improving the accuracy and detail
of diagnostic assessments. Utilizing dual-energy systems and innovative technologies, enables advanced tissue
characterization, facilitating informed clinical decision-making. Its wide range of clinical applications highlights its
importance across a variety of specialties, increasing the ability to effectively diagnose and manage a variety of
conditions. As research and technology continue to advance, it will play an increasingly important role in achieving
better health outcomes.
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1. INTRODUCTION

Since its debut as a non-invasive diagnostic method over fifty years ago, computed tomography (CT) has undergone
significant development. A key area of modern CT research is spectral imaging, which leverages energy information
from polychromatic X-rays to enhance tissue characterization. While spectral CT has its roots in earlier CT
technologies, its clinical adoption has grown substantially in the past decade due to technological improvements that
have made it more practically feasible (Krauss, B., 2015). CT numbers are determined by the attenuation of X-rays,
which is influenced by the material's mass density and effective atomic number. Spectral CT gathers data across
multiple energy levels, using mathematical techniques to separately calculate mass density and effective atomic
number. The advent of dual-energy computed tomography (DECT) has significantly advanced CT technology,
addressing previous limitations in tissue characterization, while new photon-counting detection systems offer the
potential for further improvements in multi-energy imaging (Gutjahr, R., 2016). The objective of this paper is to
present an in-depth exploration of the core principles, technological advancements, and clinical applications of
spectral computed tomography.

2. METHODS

This review examined a wide array of published research and studies on spectral computed tomography, drawing
from peer-reviewed journals and academic textbooks that focus on dual-energy CT systems, detector technologies,
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and their clinical uses. The gathered insights were synthesized to offer a thorough summary of the principles,
technological advancements, and clinical applications of this method. Rigorous search methods and well-defined
inclusion criteria were employed to select relevant, high-quality sources that underpin the findings presented.

3. RESULTS

Spectral CT operates on the principle of acquiring two sets of data at different kilovolt values from the same
anatomical region. This method allows for the analysis of material composition by examining variations in
attenuation at various energy levels. X-ray attenuation within the diagnostic energy range changes depending on the
composition of tissues and the energy of the X-rays, resulting in distinct CT values for different substances at
varying energies. Higher photon energy leads to a reduction in CT values for materials with low atomic numbers,
while it causes a significant decrease in Hounsfield units for materials with high atomic numbers (So, A., 2021). The
X-ray absorption coefficients, which are specific to each material, enable dual-energy CT to differentiate between
substances like bone and iodine-based on their distinct absorption characteristics at different energy levels (Fig. 1)
(Samei, E., 2019).

Fig 1. Comparison of X-ray absorption for iodine and bone at different energy levels
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Source: Samei, E., 2019.

Split-beam filtration in dual-energy CT utilizes a single X-ray source with filters made of two different materials
placed in front of the beam, requiring spiral data acquisition to align the spectral data spatially (Tivnan, M., 2021).
The gold (Au) filter lowers the effective energy at 120 kV, while the tin (Sn) filter raises it. Spectral data are
collected using one X-ray source and a conventional detector during the acquisition process (Fig. 2) (Samei, E.,
2019).

Fig. 2. X-ray spectrum before and after filtration
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An alternative approach for collecting dual-energy data involves the use of dual-layer detectors, where low-energy
photons are absorbed by the surface layer and high-energy photons by the deeper layer, allowing for continuous data
acquisition for dual-energy imaging (Ozguner, O., 2018). Photon-counting detectors (PCD), a new technology under
research, directly convert X-ray energy into charge, offering benefits like reduced electronic noise and energy
categorization for multi-energy CT processing (Rajendran, K., 2022). However, PCDs encounter challenges, such as
high material costs and image artifacts due to crystal defects. Slow tube potential switching enables data collection
at different energy levels, though it may cause motion registration issues. Fast tube potential switching allows for
rapid energy changes during rotation, but requires quick adjustments to maintain proper energy separation. Dual-
source geometry uses two X-ray tubes and two detector arrays placed 90 degrees apart, requiring post-processing to
align the dual-energy data (Taguchi, K. 2020). Post-processing algorithms, including subtraction methods, extract
spectral information and apply image reconstruction to differentiate materials or quantify substances. These
algorithms optimize, differentiate, or quantify materials based on spectral data, generating outputs such as images
with various color representations for material identification or quantification (Rotkopf, L. T., 2022).

The clinical applications of spectral CT are expanding quickly, particularly in oncology, cardiovascular imaging,
and musculoskeletal diagnostics, where enhanced tissue characterization and material differentiation offered by
spectral imaging can significantly enhance diagnostic accuracy and treatment planning. In neuroradiology, spectral
CT offers notable benefits with techniques such as virtual non-contrast (VNC) imaging and edema maps, which aid
in detecting ischemic lesions and distinguishing hemorrhage from contrast extravasation. These advancements
improve diagnostic precision and minimize the need for additional imaging (Jarunnarumol, N., 2023). In respiratory
imaging, iodine maps and volumetric measurements of perfusion defects highlight the practical value of dual-energy
CT, offering substantial improvements over conventional methods (Lysdahlgaard, S., 2020). In cardiovascular
imaging, virtual monoenergetic imaging (VMI) enhances vascular imaging by reducing artifacts and boosting
contrast resolution, especially at lower energy levels. This facilitates precise diagnoses with reduced contrast media
doses, demonstrating clinical effectiveness (Sandfort, V., 2021). Abdominal applications of spectral CT, such as
kidney stone characterization and gastrointestinal lesion detection, heavily rely on dual-layer detector technology
and advanced material decomposition algorithms. These capabilities provide reliable diagnostic insights while
minimizing radiation exposure using VNC imaging (Adam, S. Z., 2021). Spectral CT plays a critical role in
oncology, where iodine quantification and low-energy VMI contribute to detailed tumor characterization and
monitoring of treatments (Auer, T. A., 2021). Musculoskeletal imaging benefits from PCDs, which excel at
identifying bone marrow edema and gout deposits while overcoming the limitations of traditional CT (Schierenbeck,
M., 2023).

4. DISCUSSION

Spectral CT is seamlessly integrated into clinical workflows, providing exceptional diagnostic insights, particularly
through its ability to differentiate materials and enhance tissue characterization. Key technologies such as split-beam
filtration, dual-layer detectors, and photon-counting detectors are crucial to its diagnostic advantage. In
neuroradiology, spectral CT offers distinct benefits with methods like VNC imaging and edema maps, which
enhance the detection of ischemic lesions and differentiate hemorrhage from contrast extravasation (Jarunnarumol,
N., 2023). For respiratory imaging, iodine maps and volumetric measurements of perfusion defects highlight the
practical advantages of dual-energy CT, enabling non-invasive evaluations that surpass traditional techniques
(Lysdahlgaard, S., 2020). In cardiovascular imaging, VMI improves vascular imaging by minimizing artifacts and
enhancing contrast resolution, particularly at lower energy levels (Sandfort, V., 2021). This facilitates accurate
diagnoses with reduced contrast media use. Spectral CT also plays a significant role in abdominal applications, such
as kidney stone characterization and gastrointestinal lesion detection, relying on dual-layer detector technology and
advanced material decomposition algorithms. These features provide dependable diagnostic insights while lowering
radiation exposure through VNC imaging (Adam, S. Z., 2021). In oncology, spectral CT aids in the detailed
characterization of tumors and therapeutic monitoring through iodine quantification and low-energy VMI (Auer, T.
A., 2021). Musculoskeletal imaging also benefits from photon-counting detectors, which excel in identifying bone
marrow edema and gout deposits, overcoming common limitations of traditional CT (Schierenbeck, M., 2023).
However, challenges remain, such as high implementation costs and technical complexities. Overcoming these
barriers through further technological innovations and cost-reduction strategies will be essential for wider adoption.
Future advancements, including improved PCDs and optimized algorithms, are expected to expand the utility of
spectral CT and enhance diagnostic outcomes in various specialties.
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5. CONCLUSIONS

Advances in spectral computed tomography represent a key evolution in medical imaging, significantly improving
the accuracy and detail of diagnostic assessments. Utilizing dual-energy systems and innovative technologies,
enables advanced tissue characterization, facilitating informed clinical decision-making. Its wide range of clinical
applications highlights its importance across a variety of specialties, increasing the ability to effectively diagnose
and manage a variety of conditions. As research and technology continue to advance, it will play an increasingly
important role in achieving better health outcomes.
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