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Abstract

Computed Tomography (CT) has been a fundamental pillar in medical imaging for
over five decades. This modality enabled the viewing of internal structures of the
body, revolutionizing the diagnosis and treatment of various diseases. CT images
are generated using rotating x-ray tube and x-ray detector bank and can made
available through mathematical algorithms and signal processing techniques. The x-
ray tube serves as the source of radiation and emits x-ray beam made of poly-
energetic photons. While this beam nature can allow for image generation of body
structures and has been essential for medical diagnostics, it has several limitations,

including poor tissue contrast and limited information about chemical composition.

In recent years, the introduction of the Spectral CT has overcome most of these
limitations by enabling more exact and detailed characterization of tissues. This
innovation is based on the measurement of the energy spectrum of x-ray photons
and the detection of changes in their attenuation as they interact with several types
of tissues. By supplying more precise information about tissue composition, spectral
CT has the potential to improve clinical outcomes and facilitate earlier diagnosis of
various conditions, including cancer, cardiovascular disease, and neurological

disorders.

This thesis aims to review and supply deeper understandings of the fundamentals
principles and imaging requirements including potential artifacts and image quality
assessment of Spectral CT. The work will also include the potential clinical
applications in the diagnostic and therapeutic fields, adoption insights, and future

strategies.
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IODINE MAP IMAGE DISPLAYS COLOR-CODED IODINE CONTENT. (C) |ODINE OVERLAY IMAGE
SUPERIMPOSES COLOR-CODED IODINE MAP ON GRAY-SCALE VIRTUAL NONENHANCED IMAGE. |ODINE

CONTENT IN STOMACH IS RELATED TO USE OF ORAL CONTRAST MATERIAL THAT HAD IODINE MATERIAL.

FIGURE 31:IMAGES SHOW AUTOMATED BONE SUBTRACTION IN A 6-MONTH-OLD BOY WITH HYPERTENSION.

(LEFT) CORONAL ANGIOGRAM BEFORE BONE SUBTRACTION. (RIGHT) CORONAL ANGIOGRAM AFTER
AUTOMATED BONE REMOVAL IMPROVES VISUALIZATION OF ABDOMINAL AORTA AND ITS BRANCHES.
TAPERING OF ABDOMINAL AORTA (ARROWS) DISTAL TO ORIGIN OF SUPERIOR MESENTERIC ARTERY
WITH ASSOCIATED DECREASED CALIBER OF ILIAC ARTERIES IS CONSISTENT WITH MID-AORTIC

SYNDROME. [B9]... .ttt tttttte ittt ettt ettt ettt sttt e e sttt e e e st et e e e sabb e e e anbe e e e e aabbe e e e anbb e e e e anbaeeeeanbneeeean 80

FIGURE 32: IMAGES SHOW NORMAL LUNG PERFUSION AND VESSEL ANALYSIS IN A 15-YEAR-OLD GIRL. (LEFT)

NORMAL LUNG PERFUSION IS COLOR CODED ORANGE AND HAS HOMOGENEOUS COLOR DISTRIBUTION.
IODINE CONTENT IS LOW IN MIDDLE MEDIASTINUM AND LEFT HILUM (ARROWS) DUE TO FIBROSING
MEDIASTINITIS. (RIGHT) NORMAL LUNG VESSEL IMAGE IN THE SAME PATIENT. PULMONARY ARTERIES
THAT HAVE RELATIVELY HIGH IODINE CONTENT ARE COLOR CODED IN BLUE AND PULMONARY VEINS
THAT HAVE RELATIVELY LOW IODINE CONTENT ARE COLOR CODED RED. [69].......ccvvviiiieeeiiiiiiieeeennn. 81

FIGURE 33: IMAGES SHOW TECHNICAL ARTIFACTS DUE TO INCORRECT CT ALGORITHM THRESHOLD IN A 4-

MONTH-OLD BOY WITH TETRALOGY OF FALLOT. (LEFT) |ODINE DEFECTS (ARROWS) ARE SEEN WHEN
MAXIMUM CT NUMBER IS SET AT 2600 HU. (RIGHT) LUNG PARENCHYMA IS NEARLY NORMAL WHEN CT
THRESHOLD VALUE IS SET AT 2300 HU EXCEPT FOR ANTERIOR AND LATERAL PARTS OF LEFT UPPER
LOBE, WHICH SHOW SMALL PERFUSION DEFECTS. IN YOUNG CHILDREN, HIGHER MAXIMUM HOUNSFIELD
UNITS ARE NEEDED TO COMPENSATE FOR HIGHER LUNG DENSITY IN THIS POPULATION. |ODINE
ENHANCEMENT IN DEPENDENT POSTERIOR PORTIONS OF LUNGS IS SLIGHTLY HIGHER THAN THAT OF
ANTERIOR REGIONS, WHICH IS CONSIDERED NORMAL GRAVITY-RELATED PERFUSION GRADIENT. [69].81

FIGURE 34: 74-YEAR-OLD WOMAN WITH STAGE IIIC MUCINOUS OVARIAN CANCER. A AND B, AXIAL

CONTRAST-ENHANCED DUAL-ENERGY CT MONOCHROMATIC IMAGES OBTAINED AT 50 KEV (A) AND 140
KEV (B). INTERNAL ARCHITECTURE OF TUMOR IS BETTER SEEN ON 50-KEV IMAGE (A). NOTE THAT
MULTIPLE SEPTATIONS (ARROW, A AND B) ARE BETTER SEEN ON LOWER ENERGY IMAGE (A). IMPROVED
CONSPICUITY ON LOWER—KILOELECTRON VOLT IMAGES MAY HELP ASSESS ADNEXAL LESIONS AND

DIFFERENTIATE SIMPLE CYSTS FROM MORE COMPLEX CYSTS. [70] -.vuveeetiaiiiiiiiiiieieae e eeiiiieeee e e e 84

FIGURE 35: 52-YEAR-OLD WOMAN WITH HIGH-GRADE OVARIAN CANCER. (LEFT), MONOCHROMATIC CORONAL

REFORMATTED CONTRAST-ENHANCED DUAL-ENERGY CT (DECT) IMAGE OBTAINED AT 70 KEV (SIMILAR
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TO IMAGE OBTAINED AT 120 KVP) SHOWS HYPO-ATTENUATED MASS IN LEFT OVARY AND BLADDER. TWO
ROIs HAVE BEEN DRAWN ON THIS CT IMAGE, WITH ONE ROI (BLUE CIRCLE) IN MASS IN RIGHT OVARY
AND OTHER ROI IN BLADDER (PINK OVAL). (RIGHT), GRAPH SHOWS DECT SPECTRAL ATTENUATION
CURVES FOR HYPO-ATTENUATED MASS (CORRESPONDING TO ROI [BLUE CIRCLE] IN A) IN RIGHT OVARY
AND BLADDER (CORRESPONDING TO ROI [PINK OVAL] IN LEFT IMAGE). SIGNIFICANT DIFFERENCE IS
NOTED BETWEEN CURVE FOR HYPO-ATTENUATED MASS (BLUE CURVE) IN RIGHT OVARY AND BLADDER
(PINK CURVE), SUGGESTING THAT MASS AND BLADDER HAVE DIFFERENT SPECTRAL ATTENUATION
CURVES AND, HENCE, HAVE DIFFERENT MATERIALS. NOTE THAT CURVES DIVERGE AT LOWER—
KILOELECTRON VOLT VALUES, SUGGESTING THAT THEY MAY BE BETTER DIFFERENTIATED AT LOWER
ENERGIES. HORIZONTAL LINES WITHIN BOXES DENOTE MEAN VALUES, AND VERTICAL LINES AND
WHISKERS DENOTE 9590 CIS. [70]uutttteiitiiee ittt ettt ettt st e e e e e e 84
FIGURE 36: 45-YEAR-OLD WOMAN WITH HIGH-GRADE SEROUS OVARIAN CANCER. (LEFT IMAGE),
MONOCHROMATIC CORONAL REFORMATTED CONTRAST-ENHANCED DUAL-ENERGY CT (DECT) IMAGE
OBTAINED AT 70 KEV (SIMILAR TO IMAGE OBTAINED AT 120 KVP) SHOWS PATIENT WITH MULTIPLE SOLID
IMPLANTS FROM OVARIAN CANCER. ROIS WERE DRAWN ON CYSTIC IMPLANT (PINK OVAL), SOLID
IMPLANT (BLUE OVAL), AND LIVER (RED OVAL). (RIGHT IMAGE), GEMSTONE SPECTRAL IMAGING
SCATTERPLOT WAS GENERATED. ATTENUATION VALUE THRESHOLD WAS APPLIED TO SEPARATE
ASCITES FROM IMPLANTS. ASCITES (PURPLE DOTS) ON GRAPH WERE SELECTED, AND MAP WAS
REGENERATED AND SUPERIMPOSED ON 70-KEV IMAGES (BLUE COLOR WAS USED BECAUSE IT IS MORE
EASILY VISIBLE ON SUPERIMPOSED IMAGES). GRAY BANDS REPRESENT THRESHOLD USED TO COLOR
CODE IMPLANTS. (UPPER GRAPH), MONOCHROMATIC CORONAL DECT IMAGE OBTAINED AT 70 KEV
(SIMILAR TO IMAGE OBTAINED AT 120 KVP) SHOWS PATIENT WITH MULTIPLE CYSTIC AND SOLID
IMPLANTS FROM OVARIAN CANCER. ROIS WERE DRAWN ON IMPLANT (ORANGE OVAL), LIVER (LIGHT
BLUE OVAL), AND ASCITES (DARK BLUE OVAL). (LOWER GRAPH), GEMSTONE SPECTRAL IMAGING
SCATTERPLOT WAS GENERATED. ATTENUATION VALUE THRESHOLD WAS APPLIED TO COLOR THAT
REPRESENTED SOLID IMPLANTS, AND MAP THAT WAS SUPERIMPOSED ON 70-KEV IMAGES (PINK DOTS)
WAS GENERATED. GRAY BANDS REPRESENT THRESHOLD USED TO COLOR CODE IMPLANTS. [70]....... 85
FIGURE 37: LIVER LACERATION AND HEMATOMA IN A 20-YEAR-OLD MAN WHO SUSTAINED BLUNT TRAUMA. (A)
AXIAL DE CT “MIXED” IMAGE IS A COMBINATION OF LOW— AND HIGH—KILOVOLT PEAK IMAGES AND
SIMULATES A TRADITIONAL 120-KVP IMAGE. THIS CAN BE DECOMPOSED INTO A VNC IMAGE WITH
IODINE SUBTRACTION (B) AND AN IODINE OVERLAY IMAGE (C) WITH THE IODINE CONTENT COLOR CODED
(ORANGE IN C) AND SUPERIMPOSED ON THE VNC IMAGE. [71] ..eiiviiiiiiiiie et 88
FIGURE 38: NONDISPLACED INTERTROCHANTER FRACTURE IN A 66-YEAR-OLD WOMAN. (A) CORONAL MIXED
IMAGE SHOWS SUBTLE SIGNS OF FRACTURE (ARROW). (B) CORONAL VIRTUAL NON-CALCIUM IMAGE
WITH CALCIFIED TRABECULAE REMOVED SHOWS UNDERLYING BONE MARROW EDEMA COLOR CODED IN
GREEN AND FRACTURE EXTENSION INTO THE INTERTROCHANTERIC REGION (ARROW). (C) CORONAL
SHORT INVERSION TIME INVERSION-RECOVERY MAGNETIC RESONANCE (MR) IMAGE SHOWS THE SAME
BONE MARROW EDEMA AS IN B (ARROW). [71] .eeeeiiiiiiiiiiiiiiei ettt e et e e e e e e 88
FIGURE 39: ADRENAL HEMATOMA IN A 53-YEAR-OLD MAN WHO FELL DOWN MULTIPLE STAIRS. (A) DE CT

MIXED IMAGE SHOWS HETEROGENEOUS HIGH ATTENUATION SURROUNDING THE RIGHT ADRENAL GLAND
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(ARROW). (B) VNC IMAGE SHOWS THAT THIS MATERIAL IS ALL INTRINSICALLY HYPERATTENUATING
(ARROW). (C) IODINE OVERLAY IMAGE SHOWS NO IODINE CONTENT (ARROW), CONSISTENT WITH AN
ADRENAL HEMATOMA WITHOUT ACTIVE EXTRAVASATION OF CONTRAST MATERIAL. [71] ..ovevviiiiennee 88
FIGURE 40: INJURY IN A 25-YEAR-OLD WOMAN AFTER A MOTOR VEHICLE COLLISION. (A) AXIAL DE CT MIXED
IMAGE SHOWS AN AREA OF INJURY WITH AN INTERNAL FOCUS OF HIGH ATTENUATION IN THE RIGHT LOBE
OF THE LIVER (ARROW IN A—C) THAT COULD REPRESENT ACTIVE EXTRAVASATION OR PARENCHYMAL
HEMATOMA. (B, C) THIS AREA IS HYPERATTENUATING ON AN AXIAL VNC IMAGE (B) AND CONTAINS NO
IODINE CONTENT ON AN IODINE OVERLAY IMAGE (C), WHICH CONFIRMS THAT IT REPRESENTS A
HEMATOMA. [7 1]ttt ettt ettt e e et e e e e a bt e e e ea ket e e e a b et e e e sbr e e e e anbe e e e e nnbneeeanees 89
FIGURE 41: ACTIVE EXTRAVASATION IN A 55-YEAR-OLD WOMAN AFTER A MOTOR VEHICLE COLLISION WHO
LATER UNDERWENT EMERGENCY LAPAROTOMY. (A) DE CT MIXED IMAGE SHOWS STRANDING AND
HEMATOMA IN THE OMENTAL FAT ADJACENT TO THE STOMACH, WITH A FOCUS OF HIGH ATTENUATION
(ARROW). (B) VNC IMAGE DOES NOT SHOW THE FOCUS THAT APPEARS IN A. (C) IODINE OVERLAY

IMAGE SHOWS IODINE CONTENT (ARROW), CONFIRMING THAT IT REPRESENTS ACTIVE EXTRAVASATION.

FIGURE 42: SCHEMATIC DIAGRAM OF THE STRUCTURE AND TECHNICAL PRINCIPLES OF ENERGY-INTEGRATING
DETECTOR (A) AND PHOTON-COUNTING DETECTOR (B). [74]..ueeeeiiiiieeiiiiie ettt 90
FIGURE 43: GRAYSCALE PCD IMAGE RECONSTRUCTED FROM ALL DETECTED PHOTONS (25-140 KEV) AT THE
LEVEL OF THE PROXIMAL CERVICAL ICA C1 IN A 73-YEAR-OLD FEMALE (WINDOW CENTER: 145;
WINDOW WIDTH: 800). (B) ZOOMED-IN IMAGE OF THE ICA C1 WITH CORRESPONDING LOW (C) AND HIGH
(D) ENERGY BIN IMAGES. [74] et et e e e ettt ettt 91
FIGURE 44: PCCT (A, C, E, G) AND EID-CT (B, D, F, H) ANGIOGRAPHY OF THE CORONARY ARTERIES. (A)
SEPTAL BRANCHES (ARROWHEADS), (C) A NONCALCIFIED PLAQUE WITH POSITIVE REMODELING (WHITE
ARROWHEAD) AND A SMALL MARGINAL BRANCH (BLACK ARROWHEAD), (E) A STENT (BLACK
ARROWHEAD) AND AN OUTSIDE CALCIFICATION (WHITE ARROWHEAD) WITH FOCAL DISRUPTION OF THE
STRUTS AND (G) A MIXED PLAQUE (WHITE ARROWHEAD) WITH A SMALL CALCIFICATION (BLACK
ARROWHEAD) ARE BETTER DEPICTED WITH PCCT THAN WITH EID-CT (B, D, F, H). EID-CT WAS
PERFORMED ON A CLINICAL DUAL-LAYER DETECTOR SYSTEM EQUIPPED WITH TWO LAYERS OF EIDS
(IQON CT, PHILIPS HEALTHCARE) AT 64%0.625MM COLLIMATION AND 120KV. IMAGES WERE
RECONSTRUCTED WITH 512x512 MATRIX SIZE AND XCB KERNEL AT 0.67-MM SLICE THICKNESS. PCCT
WAS PERFORMED AT 64%0.275MM COLLIMATION AND 120KV, AND IMAGES WERE RECONSTRUCTED
WITH 1024%1024 MATRIX SIZE AND DETAILED-2 KERNEL AT 0.25-MM SLICE THICKNESS. IMAGE
REPRODUCED FROM REF. (64). CT, COMPUTED TOMOGRAPHY; EID, ENERGY-INTEGRATING DETECTOR;
PCCT, PHOTON-COUNTING COMPUTED TOMOGRAPHY. [74] ...oiiiiiiiiiiiiiie ettt 92
FIGURE 45: PCCT (A) AND EID-CT (B) OF THE LIVER OF A 65-YEAR-OLD WOMAN, IMAGE QUALITY RATED
HIGHER FOR PCCT. LIVER VEINS (WHITE ARROWS). EID-CT WAS PERFORMED ON 128-sLICE MDCT
SCANNERS (SOMATOM DEFINITION FLASH, SIEMENS HEALTHCARE) AT 64x0.6MM COLLIMATION AND
120KV, AND IMAGES WERE RECONSTRUCTED WITH 512x512 MATRIX SIZE AND I30F KERNEL AT 3-MM
SLICE THICKNESS. PCCT WAS PERFORMED ON NAEOTOM ALPHA (SIEMENS HEALTHINEERS) AT
144x0.4 MM COLLIMATION AND 120KV, AND IMAGES WERE RECONSTRUCTED WITH QIR 2-3 AND
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BR40F KERNEL AT 3-MM SLICE THICKNESS. IMAGE REPRODUCED FROM REF. (94). CT, COMPUTED
TOMOGRAPHY; EID, ENERGY-INTEGRATING DETECTOR; PCCT, PHOTON-COUNTING COMPUTED
TOMOGRAPHY; QIR, QUANTUM ITERATIVE RECONSTRUCTION. [74].....tiiiiiiiiiie i 92
FIGURE 46: PCCT OF THE HIP JOINT WITH A DEDICATED ULTRA-HIGH-RESOLUTION CONVOLUTION KERNEL
AND THE DIFFERENT ITERATIVE RECONSTRUCTION LEVELS (WINDOW CENTER: 450; WINDOW WIDTH:
1500). EXAMINATIONS WERE PERFORMED WITH NAEOTOM ALPHA (SIEMENS HEALTHCARE GMBH) AT
120 KV, AND 120 x 0.2 MM COLLIMATION. IMAGES WERE RECONSTRUCTED WITH 1-MM SECTION
THICKNESS, BR76 KERNEL, AND QIR 0-4. IMAGE REPRODUCED FROM REF. (116). PCCT, PHOTON-
COUNTING COMPUTED TOMOGRAPHY; QIR, QUANTUM ITERATIVE RECONSTRUCTION. [74] ....ccccvvveenne 93
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CHAPTER 1: Introduction and Aim of the Study

Computed Tomography revolutionized medical imaging by providing detailed cross-
sectional images of the human body. It is a non-invasive imaging technique that
combines X-ray technology with computer processing to generate high-resolution
images. This introduction aims to explore the invention of CT, its value in clinical
practice, the increased number of CT procedures with statistics, and its limitations in

image quality and diagnosis.

The invention of computed tomography is attributed to the work of British engineer
Godfrey Hounsfield and South African physicist Allan Cormack. In the early 1970s,
Hounsfield developed the first CT scanner while working at Electric and Musical
Industries (EMI) Laboratories. His work earned him the Nobel Prize in Physiology or
Medicine in 1979. Cormack, on the other hand, contributed to the development of
the mathematical algorithms needed to reconstruct images from the X-ray data
obtained through CT scanning.

Computed Tomography involves the use of X-rays and detectors to measure the
attenuation of X-ray beams as they pass through the body. The collected data is
processed by a computer, which generates detailed cross-sectional images.
Hounsfield's invention was a significant milestone in medical imaging, as it allowed
physicians to visualize internal structures in a way that was not possible with

conventional X-rays.

CT imaging has become an essential tool in clinical practice due to its potential
advantages. It provides detailed anatomical information and allows for the
visualization of structures that are difficult to assess with other imaging modalities.
CT is used in various medical specialties, including radiology, oncology, neurology,
cardiology, and trauma care. It aids in the detection, diagnosis, and monitoring of a
wide range of diseases and conditions, such as cancer, cardiovascular disorders,

neurological disorders, and musculoskeletal injuries.

In the field of oncology, CT plays a crucial role in the staging of tumors, assessing
treatment response, and guiding biopsies. In emergency medicine, CT is valuable
for evaluating trauma patients and finding internal injuries. In cardiology, CT

angiography supplies detailed images of the coronary arteries, aiding in the
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diagnosis of coronary artery disease. CT also plays a crucial role in the planning of
surgical interventions and radiation therapy, allowing for precise targeting of tumors

while minimizing damage to surrounding healthy tissues.

Over the years, there has been a significant increase in the number of CT
procedures performed worldwide. This surge can be attributed to several factors,
including technological advancements, increased availability of CT scanners, and
the growing demand for correct and prompt diagnostic information. According to
statistics from the World Health Organization (WHO), the number of CT
examinations has been rising steadily, with an estimated 7 billion CT scans

performed globally each year.

The widespread adoption of CT imaging can be attributed to its ability to supply fast
and correct diagnosis, which leads to improved patient outcomes. The
advancements in CT technology, such as faster scanning times, higher spatial
resolution, and the development of multi-detector CT scanners, have contributed to
the increased use of CT in clinical practice. The accessibility of CT scanners in
hospitals and imaging centers has also played a significant role in the rise of CT

procedures.

While CT imaging offers exceptional diagnostic capabilities, it does have certain
limitations in terms of image quality. One major limitation is the presence of
artifacts, which can degrade the clarity and accuracy of the images. Artifacts can
arise from various sources, including patient motion, metallic implants, and image
reconstruction errors. These artifacts may lead to misinterpretation of the images

and potentially affect the accuracy of the diagnosis.

Although CT is a powerful imaging modality, it has limitations when it comes to
certain diagnostic challenges. One such limitation is its lower sensitivity in detecting
early-stage cancers compared to other imaging techniques such as magnetic
resonance imaging (MRI) or positron emission tomography (PET). While CT can
supply detailed anatomical information, it may not always reveal the functional or
molecular characteristics of tumors, which can be important for exact staging and

treatment planning.

Another limitation of CT is its use of ionizing radiation. CT scans involve exposure to
X-rays, which carry a small but potential risk of causing radiation-induced cancers,
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particularly in patients who undergo repeated scans or are more sensitive to
radiation, such as children and young adults. To mitigate this risk, efforts are being
made to optimize CT protocols and minimize radiation doses without compromising
image quality. Techniques such as automatic exposure control, iterative
reconstruction algorithms, and low-dose protocols are being employed to reduce

radiation exposure while supporting diagnostic accuracy.

Additionally, CT imaging may face challenges in imaging certain types of tissues or
structures. For example, imaging structures with high calcium content, such as
bones or calcified plaques, may lead to beam hardening artifacts, which can affect
the accuracy of the image interpretation. Similarly, distinguishing between several
types of soft tissues with similar densities, such as differentiating between liver
lesions or characterizing small nodules in the lungs, can be challenging due to
limited tissue contrast in CT imaging.

Furthermore, CT scans may require the use of contrast agents to enhance the
visualization of specific structures or abnormalities. While contrast-enhanced CT
scans can provide valuable information, the use of contrast agents carries risks,
such as allergic reactions or adverse effects on renal function, especially in patients
with pre-existing kidney disease. Precautions and proper patient selection are

necessary to minimize these risks.

In recent years, efforts have been made to overcome these limitations and enhance
the diagnostic capabilities of CT. Dual-energy CT, for example, combines data from
different X-ray energy levels to improve tissue characterization and reduce artifacts.
Advanced image reconstruction technigues, such as iterative reconstruction
algorithms, are being developed to improve image quality, reduce noise, and

enhance spatial resolution.

In conclusion, Computed Tomography has revolutionized medical imaging,
providing clinicians with detailed and precise cross-sectional images of the human
body. It has proven invaluable in diagnosing and monitoring various diseases and
conditions across multiple medical specialties. However, it is important to recognize
the limitations of CT, including artifacts, radiation exposure, challenges in
diagnosing certain conditions, and the need for contrast agents. Ongoing

advancements in technology and imaging techniques aim to address these
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limitations, further improving the utility and diagnostic accuracy of CT in clinical

practice.

Dual-energy spectral computed tomography (DECT) is an advanced imaging
technique that has gained significant attention in recent years. This introduction
aims to explore the invention of dual-energy spectral CT, its status, and its potential
clinical value. By using multiple energy levels, dual-energy spectral CT provides
enhanced tissue characterization and improved diagnostic capabilities, opening new

avenues in medical imaging.

The invention of dual-energy spectral CT can be traced back to the pioneering work
of Dr. Jorgen H. J. Jorgensen in the late 1970s. Dr. Jorgensen proposed the
concept of using different energy levels in CT imaging to overcome the limitations of
conventional CT, particularly in terms of tissue characterization. His first work laid
the foundation for the development of dual-energy spectral CT technology.

Dual-energy spectral CT involves the simultaneous acquisition of two or more CT
datasets at different energy levels. This is achieved by using either two X-ray
sources with different voltage potentials or a single X-ray source with rapid
switching of tube voltage. The acquired datasets are then processed to generate
composite images that highlight different tissue properties based on their energy-

dependent attenuation characteristics.

Dual-energy spectral CT has rapidly evolved over the past few decades, with
significant advancements in both hardware and software. Modern CT scanners are
equipped with dual-energy capabilities, allowing clinicians to acquire and analyze
data at multiple energy levels. Various algorithms and reconstruction techniques
have been developed to extract tissue-specific information and generate material-

specific images, improving diagnostic accuracy.

In terms of hardware, dual-energy spectral CT scanners employ advanced
detectors capable of discriminating between different energy levels, as well as X-ray
sources capable of rapidly switching energy levels or running at multiple energy
settings. Additionally, iterative reconstruction algorithms and post-processing
techniques have been refined to reduce image artifacts and improve image quality.

Dual-energy spectral CT offers several potential clinical benefits across a wide
range of medical specialties. Its ability to differentiate materials based on their
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energy-dependent attenuation characteristics provides valuable information for
tissue characterization, identification of specific substances, and improved lesion

detection. Potential clinical applications of dual-energy spectral CT include:
Oncology:

Dual-energy spectral CT scan aid in the characterization of lesions, differentiation
between benign and malignant tissues, and assessment of tumor vascularity. It may
also play a role in evaluating treatment response and detecting early signs of

recurrence.
Cardiovascular Imaging:

Dual-energy spectral CT enables correct assessment of coronary artery
calcifications, characterization of plaque composition, and identification of perfusion
defects. It can also supply valuable information for pre-procedural planning in
Transcatheter Aortic Valve Replacement (TAVR) and other interventions.

Musculoskeletal Imaging:

Dual-energy spectral CT can aid in the evaluation of gout by distinguishing uric acid
crystals from other types of crystal deposits. It also shows promise in assessing
bone mineral density and detecting subtle fractures.

Abdominal Imaging:

Dual-energy spectral CT can improve the detection and characterization of liver
lesions, particularly in patients with fatty liver disease. It can also aid in the
evaluation of renal stones and identification of iodine-enhancing lesions in the

kidneys.
Pulmonary Imaging:

Dual-energy spectral CT has potential applications in pulmonary imaging, such as
the assessment of pulmonary embolism, characterization of lung nodules, and

differentiation of ground-glass opacities.
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CHAPTER 2: Literature Search

2.1 All Clinical Applications

Table 1: Description of the method of research in the literature (All
applications)

Item

Date of Search 20-Sep-2023

Sources PubMed, Cochrane
(Spectral CT OR dual energy CT OR dual-energy CT OR dual-
Search Items energy computed tomography OR dual-energy computed
tomography OR DECT)

Period No restrictions

Inclusion Criteria  Articles published in English

Results:

Published Articles-Spectral CT

1400
1200
1000

800

600

No. of Articles

400
200
0

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030
Publication Year
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2.2 Abdomen

Table 2: Description of the method of research in the literature (Abdomen)

Item

Date of Search

Sources

Search Items

Period

Inclusion Criteria

20-Sep-2023

PubMed, Cochrane

(Spectral CT OR dual energy CT OR dual-energy CT OR dual-
energy computed tomography OR dual-energy computed
tomography OR DECT AND Abdomen)

No restrictions

Articles published in English

Results:

No. of Articles

60

50

40

30

20

10

0
1980

1985

Published Articles-Spectral CT

1990 1995 2000 2005 2010 2015 2020
Year

2025

21




2.3 Chest

Table 3: Description of the method of research in the literature (Chest)

Item

Date of Search 20-Sep-2023

Sources PubMed, Cochrane

(Spectral CT OR Dual energy CT OR dual-energy CT OR dual-
energy computed tomography OR dual-energy computed

Search Items tomography OR DECT) and (pleura OR lung OR breast OR
mediastinum OR thymus OR embolism OR bone metastasis OR
esophagus OR esophageal cancer)

Period No restrictions

Inclusion Criteria  Articles published in English

Results:

Published Articles-Spectral CT
160
140
120

100

No. of Articles
(o)) 0]
o o

N
o

N
o

0
1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030

Year
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2.4 Heart

Table 4: Description of the method of research in the literature (Heart)

Item

Date of Search

Sources

Search Items

Period

20-Sep-2023

PubMed, Cochrane
(Spectral CT OR dual energy CT OR dual-energy CT OR dual-

energy computed tomography OR dual-energy computed

tomography OR DECT) and (Heart OR cardiac OR ventricles OR
coronary)

Inclusion Criteria

No restrictions

Articles published in English

Results:
Published Articles-Spectral CT

120

100

ﬁ 80
2
€

< 60
k]
S

2 40

20

0

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

23




2.5 Neurology

Table 5: Description of the method of research in the literature (Neurology)

Item

Date of Search

Sources

Search Items

Period

Inclusion Criteria

20-Sep-2023

PubMed, Cochrane

(Spectral CT OR dual energy CT OR dual-energy CT OR dual-
energy computed tomography OR dual-energy computed
tomography OR DECT) and (neuro OR brain OR stroke OR brain

infarction)

No restrictions

Articles published in English

Results:
Published Articles-Spectral CT
100
90
80
70
(7]
9
S 60
=
< 50
(T
o
2 40
30
20
10
0
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030
Year

24




CHAPTER 3: Principles of Conventional Computed Tomography

3.1 Basic CT Components
The X-ray Tube

The X-ray tube handles generating the X-ray beam used in CT imaging, while the
detector arrays detect and measure the transmitted X-rays. The X-ray tube typically
consists of a rotating anode and a cathode that emits electrons, which are
accelerated towards the anode. Detector arrays, made up of scintillation crystals or
solid-state detectors, convert the X-rays into electrical signals for image

reconstruction.
The Patient Table

The patient table is designed to move the patient smoothly through the CT gantry
during image acquisition. It allows for precise positioning and controlled motion,
enabling scanning of specific anatomical regions. The table is equipped with
features such as motorized movement, indexing, and tilt, ensuring correct alignment

and patient comfort.
The Gantry

The gantry is the circular structure through which the X-ray tube and detector arrays
rotate around the patient. It supplies mechanical stability and houses various
components of the CT system. The rotational movement allows for data acquisition
from multiple angles, which is essential for producing cross-sectional images.
Modern CT systems offer fast rotation times, enabling rapid image acquisition.

The Data Acquisition System

The data acquisition system consists of electronic components that receive and
process signals from the detector arrays. It digitizes the analog signals, performs
calibration and corrections, and transfers the data to the image reconstruction
system. Advanced data acquisition systems can manage high-speed data transfer,

enabling the acquisition of volumetric data in multi-slice and helical CT.

The Image Reconstruction System:
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The image reconstruction system processes the acquired projection data and
generates cross-sectional images of the patient's anatomy. It employs mathematical
algorithms, such as filtered back projection (FBP) or iterative reconstruction
techniques, to reconstruct the images. The reconstruction system accounts for
factors like beam hardening, scatter, and detector response to produce accurate

and high-quality images.
CT Image Acquisition

CT image acquisition involves obtaining a series of projection images by measuring
the transmitted X-ray intensities from different angles around the patient. These
projection images capture the attenuation characteristics of the tissues within the
body.

Single-Slice vs. Multi-Slice CT

Single-slice CT systems acquire one slice of data per rotation, while multi-slice CT
systems can simultaneously acquire multiple slices. Multi-slice CT has significantly
improved imaging speed, allowing for faster scanning of larger volumes and
enabling advanced imaging techniques such as cardiac CT and dynamic perfusion

imaging.
Helical CT

Helical CT, also known as spiral CT, involves continuous rotation of the X-ray tube
and simultaneous patient table movement. This technique allows for the acquisition
of volumetric data and eases faster scanning. Helical CT is particularly useful for

studies requiring three-dimensional reconstruction or dynamic imaging.
Cone-Beam CT

Cone-beam CT uses a cone-shaped X-ray beam and a two-dimensional detector
array. It is commonly used in dental and maxillofacial imaging, providing high-
resolution volumetric data with a single rotation. Cone-beam CT is helpful for

imaging smaller regions of interest with reduced radiation dose.

These components and techniques collectively contribute to the image acquisition
process in CT, enabling the generation of detailed cross-sectional images of the

patient's anatomy.
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3.2 Image Reconstruction in CT
Filtered Back Projection

Filtered back projection (FBP) is a widely used image reconstruction algorithm in
CT. It involves back projecting the acquired projection data after applying a filtering
process to compensate for the non-uniform distribution of X-ray attenuation. FBP is
efficient but may result in image artifacts and reduced image quality, particularly in

the presence of noise. A common formula of FBP can be expressed as follows:

g(x,y) = [[0,m] P(s,0) *W(x,y,s,0)dO ... (D

where g(x, y) represents the reconstructed image, w(x, y, s, 0) is the
weighting function that accounts for the geometry of the CT system, and the

integral is taken over all projection angles from 0 to 1.

Iterative Reconstruction Algorithms

Iterative reconstruction algorithms iteratively refine a first image estimate to improve
image quality. These algorithms model the physics of X-ray interactions and
incorporate statistical models to optimize image reconstruction. Iterative techniques
have shown promising results in reducing noise, improving image quality, and
allowing for dose reduction. However, they are computationally intensive and
require longer processing times. A common formula of FBP can be expressed as

follows:
X (k+1)=xk+A"T*(p—A*xxk) e (2)

where x_k stands for the image estimate at iteration k, A is the system

matrix that describes the imaging geometry and accounts for the physical

properties of the CT system, p represents the measured projection data.
The IR algorithm iteratively updates the image estimate by incorporating the
discrepancy between the measured projection data and the forward projection of
the current image estimate. The process involves performing forward projection
using the system matrix A to simulate the expected projection data, followed by a
backprojection of the difference between the measured and estimated projection

data.
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Advanced Reconstruction Techniques

Advanced reconstruction techniques, such as model-based iterative reconstruction
(MBIR) and deep learning-based algorithms, have gained attention in recent years.
MBIR incorporates a prior model of the imaged object to iteratively refine the
reconstruction, leading to improved image quality and reduced noise. Deep learning
algorithms use neural networks trained on large datasets to directly reconstruct
high-quality images from raw projection data, bypassing the need for explicit
mathematical models. These techniques show potential for further enhancing image

guality and reducing radiation dose. Following is an example of MBIR formula:
X (k+1)=xk+y*D"T*(p—A*xx_k)+A*R"T xR (x_k—5s) ... 3)

where x_k represents the image estimate at iteration k, y is a regularization parameter that
controls the trade-off between data fidelity and regularization, D is the data fidelity module,
which represents the discrepancy between the measured projection data (p) and the forward
projection of the current image estimate (A * x_k), A is a regularization parameter that
controls the strength of regularization, R is the regularization module, which enforces certain
constraints or penalties on the image estimate, and s represents the prior knowledge or initial
guess for the image.

The MBIR framework incorporates both data fidelity and regularization components.

The data fidelity module ensures that the estimated image matches the acquired

projection data, while the regularization module imposes constraints on the image to

promote desirable characteristics like smoothness or sparsity.

The specific implementation details of MBIR, including the design of the data fidelity
and regularization modules, can vary among different CT systems and research
approaches. Various mathematical techniques, such as total variation
regularization, compressed sensing, or statistical models, can be utilized within the

modules to achieve the desired image reconstruction quality and properties.
3.3 Image Quality and Optimization
Spatial Resolution

Spatial resolution in CT refers to the ability to distinguish small structures or details
within an image. It is influenced by factors such as detector pixel size, focal spot
size, and reconstruction algorithm. Higher spatial resolution enables better

visualization of anatomical structures and improved diagnostic accuracy.
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Spatial resolution is influenced by several key factors. These factors include the
size of the X-ray focal spot, detector pixel size, geometric magnification, and patient
motion. Each of these factors contributes to the overall spatial resolution of the CT

system.

The X-ray focal spot size is a fundamental factor that affects spatial resolution. A
smaller focal spot size leads to better spatial resolution as it produces a narrower X-
ray beam and reduces blurring. The spatial resolution can be calculated using the
formula:

2(FFS * DPS)

SID . (4)

Spatial Resolution =

Where FFS is Focal Spot Size, DPS is the Detector Pixel Size, and SID is the Source-to-
Image Distance.
Geometric magnification is another factor that affects spatial resolution. It refers to
the increase in object size at the detector plane compared to its actual size due to
the geometry of the imaging setup. The formula for calculating geometric

magnification is:

SOD

Geometric Magnification = SID (5)

Where SOD is Source-to-Object Distance

A higher geometric magnification results in improved spatial resolution as it
effectively magnifies the object, making smaller details more discernible. The
detector pixel size also plays a significant role in spatial resolution. Smaller detector
pixels can capture finer details, leading to better spatial resolution. The

mathematical formula for calculating the detector spatial resolution is:

..(6)

Detector Spatial Resoluti =
etector Spatial Resolution 2(DPS)

Where DPS is the Detector Pixel Size

This formula highlights the inverse relationship between detector pixel size and

spatial resolution.

Minimizing patient motion is essential for keeping spatial resolution. Patient

movement during image acquisition can introduce blurring and degrade the image
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quality. Techniques such as breath-holding instructions or using fast scanning

protocols can help mitigate motion artifacts and preserve spatial resolution.

In addition to these factors, other aspects like reconstruction algorithms, slice
thickness, and image post-processing techniques can influence the final spatial
resolution in CT. Advanced iterative reconstruction algorithms and high-resolution
image reconstruction kernels can enhance spatial resolution by reducing image

noise and optimizing image reconstruction processes.
Contrast Resolution

Contrast resolution refers to the ability of CT to distinguish between tissues with
different X-ray attenuation properties. It depends on factors such as X-ray tube
voltage, beam filtration, and image reconstruction algorithms. Enhancing contrast
resolution enables better differentiation between tissues with similar attenuation

coefficients, aiding in the detection of subtle pathologies.

Contrast resolution is influenced by several key factors, including X-ray tube
voltage, image noise, patient size, and reconstruction algorithms. Each of these
factors contributes to the overall contrast resolution of the CT system.

X-ray tube voltage is a significant factor affecting contrast resolution. The
attenuation of X-rays by different tissues varies with tube voltage. Higher tube
voltages result in greater penetration of X-rays, leading to reduced attenuation and
decreased contrast resolution. The relationship between tube voltage (kVp),
attenuation coefficient (u), and contrast resolution (CR) can be expressed using the

formula:

kVp

This formula illustrates that increasing the tube voltage enhances contrast

resolution by increasing the attenuation differences between tissues.

Image noise has a direct impact on contrast resolution. Higher levels of noise can
obscure subtle differences in tissue attenuation and degrade contrast resolution.
The relationship between image noise (N), contrast resolution (CR), and pixel value

standard deviation (o) can be described by the formula:
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1

CR«a N*0)

(7

Reducing image noise through techniques such as dose optimization, advanced
noise reduction algorithms, and right image reconstruction parameters improves

contrast resolution.

Patient size also affects contrast resolution. Larger patients tend to show increased
X-ray attenuation, which can reduce the contrast differences between tissues. To
account for this, it is common to adjust acquisition parameters such as tube current

(mA) or tube voltage (kVp) based on patient size to optimize contrast resolution.

Reconstruction algorithms play a crucial role in optimizing contrast resolution.
Advanced iterative reconstruction techniqgues and noise reduction algorithms can
enhance contrast resolution by suppressing image noise while preserving image
details. These algorithms use mathematical formulations and optimization

algorithms to iteratively refine the reconstructed image.

It's important to note that contrast resolution can also be influenced by factors like
image display settings, slice thickness, and post-processing techniques.
Appropriate windowing, image enhancement, and advanced visualization tools can

further enhance the perception of contrast differences in CT images.

In conclusion, contrast resolution is a fundamental parameter in CT imaging that
enables differentiation between tissues with slight attenuation differences. It is
influenced by factors such as X-ray tube voltage, image noise, patient size, and
reconstruction algorithms. Mathematical formulas supply insights into the
relationships between these factors and contrast resolution. Optimizing contrast
resolution enhances the visualization of subtle tissue variations, aids in accurate

diagnosis, and improves the overall clinical utility of computed tomography.
Noise

Noise in computed tomography (CT) images is an inherent and undesirable element
that can affect image quality and diagnostic accuracy. It manifests as random
fluctuations or variations in pixel values, obscuring minute details and reducing
image clarity. In this essay, we will explore the concept of noise in CT images, its

sources, characteristics, and mathematical formulas used to quantify and mitigate it.
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Noise in CT images can arise from several sources, including X-ray photon
statistics, electronic noise, patient motion, and system imperfections. These sources

contribute to the overall noise characteristics in CT images.

The primary source of noise in CT images is the statistical nature of X-ray photon
interactions. X-ray photons follow a Poisson distribution, resulting in inherent
statistical variations in the number of detected photons. This statistical fluctuation
translates into image noise. The relationship between the mean number of detected
photons (N) and the standard deviation of image noise (o) can be expressed by the

square root relationship:

6=VN.ocooes oo (8)

This formula indicates that the standard deviation of image noise increases with the
square root of the mean number of detected photons. Hence, reducing image noise
can be achieved by increasing the number of detected photons, either by optimizing

acquisition parameters or by using advanced image reconstruction algorithms.

Electronic noise is another source of noise in CT images. It originates from
electronic components within the CT system, such as the detectors and analog-to-
digital converters. Electronic noise can introduce a baseline noise level that adds to
the overall image noise. The standard deviation of electronic noise is represented

by the parameter ce.

The total noise in a CT image is a combination of the statistical noise (o) and the

electronic noise (oe). The total noise (ototal) can be calculated using the formula:

ototal = /(0% + 0€?) e i vev cv e e .. (9)

System imperfections, such as detector artifacts, calibration errors, or electronic
instabilities, can also contribute to image noise. These imperfections can introduce
structured noise patterns or uneven noise distributions in CT images, which can be
challenging to quantify using simple mathematical formulas. However, they can be
mitigated through calibration procedures and advanced image processing

techniques.

To mitigate noise and improve image quality, various techniques are employed in
CT imaging. These include dose optimization, iterative reconstruction algorithms,

and noise reduction filters. Iterative reconstruction algorithms use mathematical
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optimization techniques to refine the image estimate iteratively, suppressing noise
while preserving image details. Noise reduction filters, such as Gaussian filters or
adaptive smoothing algorithms, selectively reduce noise while keeping edge

sharpness.

In conclusion, noise is an inherent aspect of CT images arising from the statistical
nature of X-ray photon interactions and various system-related factors.
Mathematical formulas help quantify and analyze the characteristics of noise in CT
images. Mitigating noise through optimization of acquisition parameters, advanced
image reconstruction algorithms, and noise reduction filters contributes to improved
image quality, enhanced diagnostic accuracy, and better patient care in computed

tomography.
Artifacts

Image artifacts in computed tomography (CT) can significantly affect the quality and
diagnostic accuracy of the images. There are several types of artifacts commonly
met in CT scans. Motion artifacts occur due to patient movement during image
acquisition, respiratory and cardiac motion, or equipment-related issues. These
artifacts can lead to blurring, ghosting, and reduced image sharpness, resulting in

decreased diagnostic confidence and potential misinterpretation of findings.

Another type of artifact is beam-hardening artifacts, which arise from variations in X-
ray beam attenuation. These artifacts cause streaking and shading in the images,
particularly in high-density structures. They can obscure anatomical structures,
result in inaccurate Hounsfield unit measurements, and affect density calculations,
leading to potential diagnostic inaccuracies. Beam Hardening Correction: Beam
hardening artifacts can be mitigated using correction algorithms, such as the water
correction algorithm. This algorithm is based on the Beer-Lambert law:

[(x) = L(x) * eCHED ... (10)

where I(x) is the attenuated intensity at position X, ly(x) is the incident intensity, p(x) is the
linear attenuation coefficient, and t is the thickness of the object being imaged.
Metal artifacts are another common issue in CT imaging, caused by metallic objects
within the patient's body. These artifacts produce streaks, shadows, and signal
dropout, often interfering with the visibility and alignment of structures. Implants,

dental fillings, and surgical clips are common sources of metal artifacts. These
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artifacts can alter the image appearance, obscure anatomy, and potentially lead to

false-positive findings.

The partial volume effect is another type of artifact that occurs when a voxel holds
multiple tissue types. It results in blurring and loss of minute details, particularly at
boundaries between structures. The limited spatial resolution and voxel size
contribute to this artifact, potentially leading to reduced image clarity and inaccurate

tissue characterization.

To mitigate these artifacts, various strategies and technological advancements are
employed in CT imaging. Motion artifacts can be addressed through patient
education and cooperation, respiratory gating, cardiac synchronization techniques,
and advanced motion correction algorithms. Beam hardening artifacts can be
reduced by using spectral CT techniques to account for beam hardening effects, as
well as employing metal artifact reduction algorithms and optimizing scan protocols

and parameters.

Metal artifacts can be mitigated through advanced metal artifact reduction
techniques, dual-energy CT imaging, and iterative reconstruction algorithms.
Addressing the partial volume effect involves improving spatial resolution,
employing smaller voxel sizes, utilizing advanced reconstruction algorithms, and

implementing multi-slice CT and thin-section acquisitions.

In conclusion, image artifacts in computed tomography can have significant
implications for image quality and diagnostic accuracy. Understanding the diverse
types of artifacts, their causes, and effects is crucial for radiologists and
technologists to make accurate interpretations. By employing mitigation strategies
and using advancements in CT technology, healthcare professionals can minimize
the impact of artifacts and enhance the diagnostic capabilities of CT imaging.
Ongoing research and technological advancements continue to improve image

quality, pushing the boundaries of CT as a valuable tool in medical imaging.
3.4 Radiation Dose Considerations
Dose Metrics and Measurement

Various dose metrics are used to quantify and assess radiation dose in CT. These
include the CT dose index (CTDI), dose-length product (DLP), and size-specific
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dose estimates (SSDE). CTDI is the dose profile along the central axis of the CT
beam, while DLP accounts for the length of the scanned region. SSDE adjusts the
dose estimate based on patient size to ease dose comparisons across different-
sized patients. Accurate dose measurement and monitoring are crucial for

optimizing radiation dose in CT.
Dose Modulation Techniques

(1) Automatic Tube Current Modulation (ATCM):

Automatic Tube Current Modulation adjusts the tube current during CT scanning
based on the patient's anatomy and attenuation characteristics. It aims to reduce
radiation dose in areas with lower attenuation, while keeping proper image quality in

regions of higher attenuation. ATCM techniques include:

a- Localizer-Based Modulation: This technique uses pre-scan radiographs to
assess patient attenuation and adjusts the tube current, accordingly,
optimizing dose distribution.

b- z-Axis Modulation: z-Axis modulation modulates the tube current along the
patient's longitudinal axis, adapting it to variations in patient size and
anatomy. It ensures that the radiation dose is appropriately tailored to each

section of the patient's body.

(2) Tube Voltage Modulation:

Tube voltage modulation, also known as automatic tube potential selection, varies
the tube voltage based on patient size and desired image quality. Lower tube
voltages reduce radiation dose while preserving image quality, particularly in
patients with lower body mass or for specific imaging tasks. The relationship

between radiation dose and tube voltage can be expressed by the equation:

Dose a kVp™ ... e ces cev e .. (1)

where Dose stands for radiation dose, kVp is the tube voltage, and n is an exponent

reflecting the relationship between tube voltage and dose reduction.

(3) lterative Reconstruction:

Iterative reconstruction algorithms optimize image quality while reducing noise,
enabling dose reduction without compromising diagnostic accuracy. These
algorithms employ statistical models and iterative calculations to improve image
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quality and reduce artifacts. The reconstruction process can be represented by the

equation:
Minimize |[Ax —=b|| + R(x) «ce v cev ce v e (12)

where A represents the system matrix, x is the unknown image to be reconstructed, b is the
measured projection data, and R(X) represents regularization terms that promote noise

reduction.

Benefits of Dose Modulation Techniques

(1) Radiation Dose Reduction:

Dose modulation techniques minimize radiation exposure during CT scans. ATCM
and tube voltage modulation adapt the radiation dose to the patient's specific
anatomy and imaging requirements, reducing unnecessary exposure. lterative
reconstruction algorithms further contribute to dose reduction by improving image
quality at lower radiation doses. The reduction in radiation dose can be quantified
by comparing the dose-length product (DLP) values before and after implementing

dose modulation techniques.

(2) Image Quality Enhancement:

Dose modulation techniques aim to support or improve image quality while reducing
radiation dose. ATCM ensures consistent image quality across different anatomical
regions, preventing overexposure in areas with higher attenuation and keeping
adequate image quality in regions with lower attenuation. Tube voltage modulation
optimizes the balance between image noise and contrast, improving image quality
in specific patient populations. Iterative reconstruction algorithms enhance image

quality by reducing noise and artifacts, compensating for the lower radiation dose.
Impact on Clinical Practice and Patient Care:

(1) Diagnostic Accuracy:

Dose modulation techniques preserve diagnostic accuracy in CT imaging. By
optimizing the radiation dose according to patient-specific factors, these techniques
ensure that relevant anatomical details are captured while minimizing potential
artifacts and noise. This improves the accuracy of diagnostic interpretations and

reduces the likelihood of false-positive or false-negative findings.

36



(2) Radiation Risks Reduction:

Dose modulation techniques mitigate the potential risks associated with radiation
exposure, particularly in vulnerable patient populations such as children and
pregnant women. By reducing unnecessary radiation dose, these techniques help
minimize the long-term risks of radiation-induced malignancies. The effective
radiation dose can be quantified using dose indices such as the Computed
Tomography Dose Index (CTDI) and the Size-Specific Dose Estimate (SSDE).

(3) Workflow Efficiency:

Dose modulation techniques improve workflow efficiency in radiology departments.
With optimized protocols and reduced radiation dose, patient throughput can be
increased without compromising image quality or patient safety. This results in

improved resource utilization and reduced waiting times for patients.
Pediatric CT Imaging

Pediatric computed tomography plays a vital role in diagnosing and managing
various medical conditions in children. However, the increased radiosensitivity of
pediatric patients raises concerns about radiation-induced risks. This essay
discusses the unique challenges associated with pediatric CT imaging, the
mathematical formulas used to estimate radiation dose, and strategies for

optimizing dose while maintaining diagnostic image quality.

(1) Radiosensitivity and Radiation Dose Estimation:

Children are more radiosensitive than adults due to their rapidly dividing cells and
longer life expectancy. Estimating the radiation dose received during a pediatric CT
scan is crucial for risk assessment and dose optimization. The following

mathematical formulas are commonly used in pediatric CT:

CTDI (Computed Tomography Dose Index) is a measure of the radiation dose

delivered per unit scan length. It is calculated using the equation:

CTDI = CTDI,p; % Pitch ... vvecee eee e o (13)

where CTDlva represents the volume weighted CTDI value, and pitch is the ratio of table

feed per rotation to the beam collimation width.

SSDE (Size-Specific Dose Estimate) considers the child's size and provides a more

accurate estimate of the effective radiation dose. It is calculated using the equation:
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CTDI,,; * DLP
SSDE = v e e e e e e (14)
axb*c

where DLP is the dose-length product, “a” is the scan length, “b” is an age correction factor,

and “c” is a size correction factor adjust for pediatric patient characteristics.

(2) Strateqies for Dose Optimization in Pediatric CT:

Tailoring CT protocols to the specific clinical indication and patient age is crucial for
dose optimization. The choice of proper scan parameters, such as tube current,

tube voltage, and slice thickness, can significantly influence the radiation dose.

AEC (Automatic Exposure Control) systems automatically adjust tube current based
on patient size and attenuation. They help achieve consistent image quality while
minimizing unnecessary radiation dose. AEC systems use mathematical algorithms

to optimize tube current modulation.

Iterative reconstruction algorithms improve image quality and reduce noise,
enabling dose reduction in pediatric CT. These algorithms use statistical models
and iterative calculations to enhance image quality without compromising diagnostic

accuracy.

(3) Pediatric Imaqging Guidelines:

Professional societies and regulatory bodies provide guidelines specific to pediatric
imaging. These guidelines emphasize the use of alternative imaging modalities
when proper and the justification of CT scans in pediatric patients. They also
encourage the adoption of dose reference levels and regular audit programs to

ensure dose optimization.

(4) Balancing Image Quality and Radiation Dose:

Achieving a balance between image quality and radiation dose is essential in
pediatric CT imaging. Dose reduction measures should not compromise diagnostic
accuracy. Quality assurance programs, ongoing education, and collaboration
between radiologists, technologists, and medical physicists are crucial for

maintaining image quality while minimizing radiation dose.
Conclusion:

Pediatric CT imaging requires special consideration due to the increased

radiosensitivity of children. Estimating radiation dose using mathematical formulas
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like CTDI and SSDE provides valuable information for risk assessment.
Implementing dose optimization strategies, such as protocol optimization, AEC,
iterative reconstruction, and adherence to pediatric imaging guidelines, helps
reduce radiation exposure while preserving diagnostic image quality. Continuous
advancements in technology, further research, and adherence to radiation safety
principles are vital in ensuring the safe and effective use of CT imaging in pediatric

patients.
Emerging Trends and Future Directions

(1) Dual-Energy CT:

Dual-energy CT utilizes two different X-ray energy spectra to provide more
information about tissue composition and material identification. It enables improved
tissue characterization, virtual non-contrast imaging, and enhanced visualization of

contrast agents.

(2) Photon-Counting CT:

Photon-counting CT detectors have the potential to revolutionize CT imaging by
providing higher spatial resolution, improved contrast resolution, and energy
discrimination capabilities. These detectors can enhance image quality while

potentially reducing radiation dose.

(3) Artificial Intelligence and Machine Learning in CT:

Artificial intelligence (Al) and machine learning techniques are being increasingly
applied to CT imaging for image reconstruction, noise reduction, artifact correction,
and automated image analysis. Al algorithms can aid in improving image quality,

optimizing protocols, and aiding in the detection and diagnosis of pathologies.

(4) Functional CT Imaging:

Functional CT techniques, such as perfusion imaging and CT angiography, provide
information about blood flow, tissue perfusion, and vascular dynamics. These
techniques enable the assessment of organ function and the characterization of

tumors and ischemic diseases.
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(5) Ultra-High-Resolution CT

Advancements in detector technology and image reconstruction algorithms are
driving the development of ultra-high-resolution CT, which offers superior spatial
resolution for detailed visualization of small structures and early detection of

abnormalities.

These emerging trends and future directions in CT technology hold significant
promise for further improving image quality, diagnostic accuracy, and patient care in
the field of medical imaging. Continued research and technological advancements

will shape the future of CT imaging.
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CHAPTER 4: Principles of Spectral Dual Energy CT

4.1 Rationale

CT uses a polychromatic X-ray tube with peak energy (kVp), kVp being the
kilovoltage applied between the cathode and anode of the X-ray tube. In 120 kVp
setting for example, the propagating electrons towards anode acquire a maximum
kinetic energy of 120 keV at this tube setting, before interacting with atomic
electrons in the anode. The interaction results in deceleration of electrons emitting
polychromatic X-ray spectrum, with a maximum X-ray energy equal to the voltage
difference between the cathode and the anode, superimposed by a broad
distribution of X-ray energy distribution below the maximum of 120 keV.
Conventional CT determines tissue attenuation that is measured in Hounsfield units
(HU) or CT numbers, the values obtained from a linear transformation of the
attenuation coefficient of the material in each voxel. It is difficult to differentiate
between different tissue types, as linear attenuation coefficient is not unique to any
given material, but depends on material composition, the interacting photon
energies, and the mass density of the material. Hence, materials with different
elemental composition can have identical CT numbers. However, dual energy CT
acquires data at 2 different energy spectra, to perform tissue characterization by
utilizing the differences in their attenuations at different energies. To achieve this
goal, the systems should use different spectral sources or a method of
discriminating the received spectra and record the data separately and this is

achieved in different ways by different vendors.

4.2 Vendor Offerings

Several leading medical imaging vendors have developed spectral DECT systems,
each with its unique features and capabilities. Following are the main 3 approaches:

(1) Systems that utilize two distinct X-ray sources with different energy spectra,
allowing for simultaneous acquisition of dual-energy data.
(2) Systems wilt detector technology that allows for the energy-sensitive

separation of the X-ray photons, providing material decomposition capabilities.
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(3) Systems that integrate a fast-switching X-ray tube, enabling rapid alternation
between high and low energy acquisitions. These vendor offerings highlight

the diversity and innovation within the spectral DECT field.

4.3 Spectral Image Generation

Spectral images are synthesized usually through material decomposition and

material separation using basis images or raw data.
4.3.1 Material Decomposition

Separation of two varied materials is not always possible with conventional CT
imaging. Specific concentrations of iodine and calcium for example will have same
HU values making them indistinguishable. However, differentiation of the materials
having different atomic numbers that look similar on conventional CT image can be
achieved by examining with two different energies. The fact that the X-ray
attenuation of any material is a linear combination of Compton scatter attenuation
and photoelectric attenuation helps Dual Energy (DE) CT in basis material
decomposition (BMD). It can be assumed that the energy dependence of these 2
effects is fixed across all materials, but their relative contribution to the overall
attenuation changes for different materials. Photoelectric attenuation has a strong
dependence on energy when compared to Compton scatter that has a weak
dependence. In materials with higher atomic number, where photoelectric effect is
the predominant factor, the attenuation of the X-ray photons is larger. DE CT uses
the variability of the K-edge of varied materials and therefore the difference in
attenuation of the X-ray photons.15 The most utilized high atomic number materials
for decomposition are iodine and calcium with their K-edge values of 33 keV and 4
keV respectively. These high atomic nhumber materials can be discriminated from
soft tissue that has a sufficiently different and lower K-edge of 0.01-0.53 keV due to
their lower atomic numbers. Brain parenchyma, brain hemorrhage, and CSF that
constitutes the soft tissues in neuroimaging, all have low atomic numbers.DE CT
scanners express different materials as basis pair. The most common basis pairs
utilized is a combination of iodine and water. Compton scatter dominates in the
attenuation of water with some contribution from photoelectric effect. In contrast,
photoelectric effect dominates in the attenuation of iodine and hence strongly
depends on X-ray photon energy. Using this base pair, every material in the body is
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represented as a linear combination of water and iodine. Even though the human
body does not physically consist entirely of water and iodine, the algorithm
presumes that each material specific X-ray attenuation as a combination of X-ray
attenuation of water and iodine. The image maps created based on base pairs are
useful for material decomposition. The concept can be shown by the coordinate
system with the CT numbers measured from two different energy spectra as the x-
and y-axis, with specific material plotted in a two-dimensional space. Following is

diagram (Figl) illustrating the methos of material decomposition:
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Figure 1: Diagram of basis material decomposition (BMD) postprocessing
algorithm. Computed tomography number measurements of different
concentrations of iodine and calcium. Dual-energy space with low kV data on the
y-axis and the high-kV data on the x-axis. Slope defines separation based on
difference in densities of two materials in Hounsfield units. [72].

4.3.2 Material Separation

Material separation algorithms define a slope between the density values at both
acquired spectra and differentiate materials based on the photoelectric effect within
a certain density range—that is, colors are assigned on both sides of the slope (Fig.
2). Examples for these algorithms include kidney stone differentiation (i.e.,
differentiation of uric acid from magnesium or calcium or the differentiation of iodine
and calcium. Another possibility is to drop certain substances from a dataset by
identifying the substance and then filling in, for example, air density for the
corresponding voxels (e.g., eliminate calcium for bone removal from angiographic

datasets.
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Figure 2: Diagrams of postprocessing algorithms. Algorithm is used to differentiate
two materials from one another. Slope defines separation based on difference in
densities of two materials in Hounsfield units. Two materials are color-coded in red
or blue. [73]

4.3.3 Spectral CT Image Examples

On the following page, clinical examples are included to illustrate the methods of

image generation:
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Figure 3: Clinical example dataset obtained on dual-source CT scanner using 0.4-mm stannum filter at 140 kVp
and 71 mAs and 100 kVp and 69 mAs with overall CT dose index of 5.7 mGy. Images were generated with
Syngo dual-energy software (version VE32B, Siemens Healthcare) of 72-year-old woman with liver metastasis
from colorectal cancer. [73]
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High energy base image

Low energy base image

140 keV monoenergetic image

Optimum energy monoenergetic image

Algorithm differentiates iodine (blue) from calcium (red)
Angiographic image after bone removal

Algorithm quantifies iodine by color-coding iodine in orange
Virtual unenhanced image after iodine subtraction

Fusion of color-coded iodine image and unenhanced image
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4.4 Technology Challenges

Spectral DECT faces various technological challenges that affect its widespread
implementation. One such challenge is the exact calibration of energy spectra to
ensure reliable material decomposition. Efficient data acquisition and processing
are crucial for achieving robust and artifact-free spectral images. Managing the
increased radiation dose associated with acquiring multiple energy scans is another
technical consideration. Overcoming these challenges requires advancements in
hardware design, image reconstruction algorithms, and dose optimization

techniques.

4.5 Adoption Challenges

The widespread adoption of spectral DECT faces several challenges that need to
be addressed. One significant challenge is the first cost of acquiring spectral DECT
systems. These systems are typically more expensive than conventional CT
scanners, making them less accessible to smaller healthcare facilities and clinics.
Efforts to reduce costs and make spectral DECT more economically practical will be

crucial for its broader adoption.

In addition to cost, the integration of spectral DECT into existing clinical workflows
presents logistical challenges. Radiologists and technologists need to be trained in
the acquisition, interpretation, and analysis of spectral DECT images. Standardized
protocols and reporting guidelines should be set up to ensure consistency and

facilitate data exchange between institutions.

Furthermore, collaboration between radiologists, physicists, and other healthcare
professionals is necessary to optimize imaging protocols, address quality control
issues, and establish clinical guidelines for the proper utilization of spectral DECT.
These efforts will ensure that spectral DECT is used effectively and safely in clinical

practice.

4.6 Clinical Value

Spectral DECT holds significant promise in various clinical domains. Its ability to
differentiate and quantify materials can aid in the characterization and classification
of pathological tissues, improving diagnostic accuracy. Applications include

oncology, cardiovascular imaging, musculoskeletal imaging, and renal imaging,
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among others. Spectral DECT may enhance the detection of subtle lesions, enable
more accurate tissue characterization, and provide valuable functional information,

potentially influencing treatment decisions and patient outcomes.

4.7 Image Quality Limitations

Despite its numerous advantages, spectral DECT has some image quality
limitations. Beam hardening artifacts can arise due to the different energy spectra
used, leading to streaks and inaccuracies in the reconstructed images. Noise
amplification is another challenge, especially in low-dose protocols. These
limitations can affect the reliability and interpretability of spectral DECT images and
require ongoing research and development efforts to mitigate their impact.

4.8 Future Directions and Research Opportunities

The field of spectral DECT continues to evolve, offering exciting avenues for future
research and development. Improving hardware designs, such as developing more
efficient X-ray sources and advanced detectors, can enhance image quality and
reduce radiation dose. Advancements in reconstruction algorithms and image
processing technigues can help address artifacts and noise amplification, improving

the accuracy and interpretability of spectral DECT images.

Research efforts can focus on expanding the clinical applications of spectral DECT.
Exploring its potential in areas such as neuroimaging, pulmonary imaging, and
interventional radiology can uncover new insights and further establish its clinical
value. Investigating the integration of spectral DECT with other imaging modalities,
such as magnetic resonance imaging (MRI) or positron emission tomography
(PET), may enable multimodal imaging approaches and comprehensive patient

assessments.

Additionally, conducting rigorous clinical trials and outcome studies can provide
evidence of the clinical benefits and cost-effectiveness of spectral DECT.
Collaborations between academic institutions, industry partners, and regulatory
bodies can facilitate the validation and standardization of spectral DECT protocols,

leading to wider adoption and utilization in routine clinical practice.
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4.9 Regulatory and Safety Considerations

As with any advanced imaging technology, regulatory and safety considerations are
paramount. Regulatory bodies need to set up guidelines and standards for spectral
DECT systems, ensuring their safety and efficacy. Dose optimization strategies and
radiation protection protocols should be developed to minimize patient exposure
and keep the ALARA (As Low as Reasonably Achievable) principle.

Clinicians and radiologists should be aware of the potential risks and benefits
associated with spectral DECT. Understanding the proper clinical indications and
the limitation of the technology is crucial for its responsible and effective use.
Collaboration between radiology departments, medical physicists, and radiation
safety officers is essential to implement comprehensive quality assurance programs

and ensure adherence to best practices.

4.10 Economic and Workflow Considerations

The economic viability and integration of spectral DECT into clinical workflows are
important considerations for its successful adoption. Cost-effectiveness studies can
assess the impact of spectral DECT on patient outcomes, healthcare resource use,
and overall healthcare costs. Demonstrating its clinical value and potential cost

savings may facilitate reimbursement and increase accessibility for patients.

Integrating spectral DECT into existing clinical workflows requires careful planning
and optimization. Radiology departments need to streamline protocols, establish
dedicated reading and interpretation workflows, and provide adequate training to
radiologists and technologists. Collaboration with information technology specialists
can help in the seamless integration of spectral DECT data into picture archiving

and communication systems (PACS) and Electronic Medical Records (EMR).

4.11 Limitations and Considerations in Clinical Implementation

While spectral DECT holds immense promise, there are several considerations and
limitations that need to be acknowledged for its successful clinical implementation.
One such consideration is the increased complexity of image interpretation.
Radiologists and clinicians must undergo training to effectively analyze and interpret
spectral DECT images, as the material-specific information requires a nuanced

understanding of tissue characteristics and pathologies.
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Another limitation is the potential for increased radiation dose associated with
spectral DECT acquisitions. The use of multiple energy levels and more scans can
result in a higher cumulative radiation exposure for patients. Therefore, careful
optimization of protocols and dose reduction strategies, such as iterative
reconstruction algorithms and tailored acquisition techniques, are crucial to

minimize radiation dose while supporting diagnostic image quality.

Furthermore, the integration of spectral DECT into clinical practice causes the
establishment of standardized protocols and reference ranges for material-specific
measurements. Consistency in acquisition techniques, calibration, and data
analysis across different institutions and vendors is crucial for accurate and reliable
comparisons of spectral DECT findings and for enabling multicenter studies and

research collaborations.

4.12 Clinical Applications and Benefits

Spectral DECT has shown significant potential in various clinical applications. In
oncology, it offers improved tissue characterization, enabling the differentiation of
benign and malignant lesions, the assessment of tumor vascularity, and the
detection of small metastatic lesions. Spectral DECT can aid in the evaluation of
cardiovascular disease by providing accurate quantification of calcifications, plaque

composition, and myocardial perfusion.

Musculoskeletal imaging benefits from the ability to differentiate between diverse
types of tissue, such as bone, cartilage, and soft tissue, facilitating the detection of
fractures, osteoarthritis, and other musculoskeletal pathologies. In renal imaging,
spectral DECT can enhance the characterization of renal stones, enabling accurate

stone composition analysis and tailored treatment planning.

Moreover, spectral DECT has the potential to improve image-guided interventions,
such as guiding needle placements, evaluating tissue perfusion, and assessing
treatment response. By providing functional and metabolic information, spectral
DECT may aid in treatment planning and monitoring, leading to more personalized

and targeted therapies.
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4.13 Image Quality and Artifact Considerations

Beam hardening artifacts can occur due to differences in X-ray attenuation between
high and low energy acquisitions, leading to streaks and inaccuracies in the
reconstructed images. Advanced correction algorithms and hardware improvements

can mitigate these artifacts and enhance image quality.

Noise amplification is another challenge, particularly in low-dose protocols, as the
material decomposition algorithms may amplify the noise inherent in the data.
Advanced denoising techniques and iterative reconstruction algorithms can help
mitigate noise and improve image quality without compromising spatial resolution or

diagnostic accuracy.

Additionally, patient-specific factors, such as body habitus and metal implants, can
introduce image artifacts and affect the accuracy of material decomposition. Careful
patient positioning, tailored acquisition techniques, and artifact reduction algorithms
can minimize these effects and improve the reliability of spectral DECT images.

4.14 Future Directions and Emerging Technologies

The field of spectral DECT continues to evolve rapidly, with ongoing research and
development efforts aimed at overcoming existing challenges and expanding its
clinical applications. Emerging technologies, such as photon-counting detectors,
hold the potential to further enhance spectral DECT capabilities by providing

increased energy resolution and improved material decomposition accuracy.

Further advancements in artificial intelligence and machine learning algorithms can
aid in automated image analysis, quantification, and tissue classification, thereby
streamlining the interpretation workflow and reducing inter-observer variability.
Integration with other imaging modalities, such as PET or MRI, can enable

complementary information fusion and ease comprehensive imaging assessments.

Moreover, advancements in dose optimization techniques, such as model-based
iterative reconstruction and adaptive dose modulation, can help minimize radiation
dose while supporting diagnostic image quality. Continued research into optimizing
dose management and developing robust quality assurance programs will
contribute to the safe and effective implementation of spectral DECT in clinical

practice.
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4.15 Conclusion

Spectral Dual-Energy Computed Tomography (DECT) is a significant advancement
in CT imaging, providing material-specific information and expanding the diagnostic
capabilities of conventional CT. This introduction has discussed the vendor
offerings, technology challenges, adoption challenges, clinical value, and image
quality limitations associated with spectral DECT.

While challenges such as image interpretation complexity, radiation dose
management, and standardization need to be addressed, spectral DECT holds
great promise in various clinical applications. Its ability to differentiate tissues,
characterize lesions, and provide functional information has the potential to improve

diagnostic accuracy, guide treatment decisions, and enhance patient outcomes.

Future research should focus on overcoming existing limitations through
advancements in hardware design, reconstruction algorithms, and dose
optimization strategies. Collaboration between academia, industry, and regulatory
bodies is crucial for standardization, validation, and widespread adoption of spectral
DECT. With continued innovation and clinical validation, spectral DECT is poised to

revolutionize diagnostic imaging and contribute to advancements in healthcare.
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CHAPTER 5: Clinical Applications of Spectral CT

5.1 Clinical value in Oncology

Oncology, the branch of medicine dedicated to the study and treatment of cancer,
has seen transformative advancements in diagnostic imaging with the introduction
of Spectral Computed Tomography. This revolutionary imaging technique has
redefined the way oncologists diagnose and treat various forms of cancer,
enhancing both precision and patient outcomes.

One of the most significant applications of Spectral CT in oncology is its ability to
differentiate between different tumor types with remarkable accuracy. Traditional CT
scans often struggle to distinguish between tumors of similar densities. However,
Spectral CT's dual-energy or multi-energy capabilities enable the quantification of
tissue composition, making it possible to discriminate between tumor types based
on their elemental composition. This capability aids oncologists in tailoring treatment
plans specific to the cancer type, which can have a profound impact on patient

outcomes.

Another vital aspect of Spectral CT in oncology is its role in assessing tumor
perfusion. Accurate assessment of blood flow within tumors is crucial for
understanding their aggressiveness and response to treatment. Spectral CT can
provide dynamic contrast-enhanced images that reveal the perfusion characteristics
of tumors in real-time. This information aids oncologists in making informed
decisions about the choice and efficacy of therapies, such as targeted

chemotherapy or radiation therapy.

Furthermore, Spectral CT plays a pivotal role in monitoring a patient's response to
cancer therapy. Oncologists can use it to assess changes in tumor size, density,
and perfusion over time. This capability is particularly valuable when evaluating the
effectiveness of treatments, helping to find early signs of response or resistance.
Real-time monitoring of treatment response allows for prompt adjustments in

therapeutic regimens, optimizing patient care.

In addition to tumor characterization and treatment monitoring, Spectral CT aids in
precise localization for radiation therapy planning. By differentiating between tumor

and healthy tissues with greater accuracy, Spectral CT helps radiation oncologists
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design treatment plans that maximize tumor irradiation while sparing adjacent
healthy tissues. This results in more targeted and effective radiation therapy,

reducing side effects and improving the patient's quality of life.

In conclusion, Spectral CT has appeared as a notable change in the field of
oncology. Its ability to differentiate between tumor types, assess tumor perfusion,
monitor treatment response, and aid in radiation therapy planning has significantly
improved the diagnosis and treatment of cancer. As this technology continues to
evolve, its impact on oncology is expected to grow, ultimately leading to more
personalized and effective cancer care. With Spectral CT, oncologists have a
powerful tool at their disposal, offering new hope and improved outcomes to cancer

patients worldwide.

On the following page, clinical examples are included to illustrate the value of the
spectral CT:
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Figure 4: a Conventional CT image, b monochromatic image at 40 keV of a 73-year-old man (slice thickness
1.25 mm). a on the axial contrast-enhanced conventional CT image, no lesion is visible. b Axial contrast-
enhanced monochromatic image at 40 keV shows a hepatic lesion (arrow), which is more conspicuous. [53]

Figure 5: a Conventional CT image, b monochromatic image at 40 keV of a 66-year-old woman (slice thickness
1.25 mm). a On the axial contrast-enhanced conventional CT image, the lesion is less visible than that on the
contrast-enhanced monochromatic image at 40 keV (arrow) (b). [53]

Figure 6: Hyper-attenuating cyst. (left) TUE CT image shows a hyperattenuating exophytic lesion in the left
kidney (arrow). (middle) At contrast-enhanced CT, the lesion (arrow) demonstrates questionable enhancement
(attenuation difference of 14 HU). (right) Corresponding iodine CT image with a color overlay shows no
appreciable iodine within the lesion, a finding indicative of a hyperattenuating cyst. The lesion remained un-
changed 6 months later. [54]
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5.2 Clinical value in Cardiology

Cardiovascular diseases are still a leading cause of mortality worldwide,
emphasizing the critical need for accurate and advanced imaging techniques.
Spectral Computed Tomography has appeared as a powerful tool in the field of
cardiology, offering a range of applications that have revolutionized cardiovascular
imaging and patient care.

One of the primary applications of Spectral CT in cardiology is coronary artery
imaging. Coronary artery disease (CAD) is a prevalent cardiovascular condition,
and the ability to visualize coronary arteries with precision is vital for diagnosis and
treatment planning. Spectral CT's multi-energy capabilities provide enhanced
contrast and spatial resolution, enabling cardiologists to assess coronary artery
stenosis and plaque composition more accurately. This has led to improved
diagnostic accuracy and the ability to identify patients who may benefit from
interventions like percutaneous coronary intervention (PCI) or coronary artery
bypass grafting (CABG).

Myocardial perfusion imaging is another critical aspect of cardiology where Spectral
CT shines. By tracking the passage of contrast agents through the myocardium,
Spectral CT allows cardiologists to assess myocardial blood flow and detect regions
of ischemia or infarction. This information is invaluable for diagnosing conditions like
myocardial infarction and evaluating the extent of coronary artery disease. It guides

treatment decisions and helps predict patient outcomes.

Pulmonary embolism (PE) detection is yet another significant application of Spectral
CT in cardiology. PE is a life-threatening condition, and prompt and accurate
diagnosis is crucial. Spectral CT's ability to differentiate between clot material and
surrounding tissue aids in finding and characterizing pulmonary emboli. It provides
cardiologists with the information needed to assess the severity of PE and figure out
proper treatment strategies, such as anticoagulation therapy or catheter-directed

thrombolysis.

Furthermore, Spectral CT can contribute to cardiac risk assessment by quantifying
coronary artery calcium (CAC) scores. CAC scores are valuable predictors of
cardiovascular events. Spectral CT can accurately assess and quantify coronary

artery calcium deposits, allowing cardiologists to find patients at higher risk of future
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cardiac events. This information can guide preventive measures, such as lifestyle

modifications and statin therapy, to reduce the risk of heart disease.

In conclusion, Spectral CT has ushered in a new era in cardiology by providing
advanced imaging capabilities that significantly enhance cardiovascular diagnosis
and treatment. From precise coronary artery imaging and myocardial perfusion
assessment to pulmonary embolism detection and risk stratification through CAC
scoring, Spectral CT empowers cardiologists with the tools they need to make
informed decisions and improve patient outcomes. As this technology continues to
evolve, it holds promise for even further advancements in the field of cardiology,

offering hope for millions of individuals affected by cardiovascular diseases.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 7: Examples of arterial (a, c) and 5-minute (b, d) DECT images obtained in one
patient with CA (top row) and one patient with CH (bottom row). Myocardium iodine
concentration (MIC) measured on arterial acquisition within the inter-ventricular
septum (red line) was in the same range in the CA (2.76 mg/mL) and CH (3.28
mg/mL) patient. The CA patient showed a much higher MIC on delayed acquisition
(3.44 mg/mL) than the CH patient (1.86 mg/mL). [55]

Figure 8: Identical raw data of a Nitinol stent (“Radius”; diameter 3.0 mm, length 20 mm, strut
thickness 0.09 mm) reconstructed with different algorithms (CD images and monoenergetic
reconstructions at different keV-levels) showing reduced image noise in lower keV monoenergetic
reconstructions and reduced attenuation differences as well as increased visible lumen diameter in
higher keV monoenergetic reconstructions compared to the conventional reconstruction method.[56]

57



Figure 9: A, Volumetric 3D shaded surface display shows lack of opacification of the distal LAD. B, lodine
Density image shows lack of intraluminal contrast in the distal LAD segment from occlusion. There is a
downstream lower iodine density contrast from retrograde flow via collaterals. C, lodine Density color image
fused on virtual non-contrast image show lack of iodine in the distal antero-septal segment of myocardium
corresponding to distal LAD territory. D, Conventional coronary angiogram showing occlusion of the distal LAD
confirming culprit lesion. [61]
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5.3 Clinical value in Neurology

Neurology, the medical specialty dedicated to the study and treatment of
neurological disorders, has experienced remarkable progress with the introduction
of Spectral Computed Tomography. This innovative imaging technology is playing a
pivotal role in the diagnosis and treatment of various neurological conditions,

offering advantages that were previously unattainable.

One of the most notable applications of Spectral CT in neurology is its ability to aid
in stroke imaging. Stroke is a medical emergency, and prompt diagnosis is crucial
for effective treatment. Spectral CT's multi-energy capabilities enable the rapid
identification of ischemic regions within the brain. By differentiating between normal
and ischemic tissues, it helps neurologists figure out the extent of brain damage and
decide on the most proper therapeutic interventions, such as thrombolysis or
mechanical thrombectomy. This capability has revolutionized stroke care, leading to
better outcomes and reduced disability in stroke patients.

Brain tumor characterization is another area where Spectral CT is making a
significant impact. Differentiating between several types of brain tumors is
challenging due to their similar appearances on conventional CT scans. However,
Spectral CT's ability to quantify tissue composition based on elemental composition
provides neurologists with valuable information for precise tumor diagnosis. It aids
in distinguishing between benign and malignant tumors and guides treatment
planning, ensuring that patients receive the most proper therapies, such as surgery,
radiation, or chemotherapy.

Cerebral angiography, a vital diagnostic procedure in neurology, has also received
help from Spectral CT technology. Traditional angiography involves the injection of
contrast agents into blood vessels to visualize vascular abnormalities in the brain.
Spectral CT's real-time imaging capabilities allow neurologists to obtain dynamic
angiographic images non-invasively. This reduces the risks associated with invasive
procedures and enhances the diagnostic accuracy of cerebrovascular conditions,

such as aneurysms, arteriovenous malformations (AVMs), and stenosis.

Furthermore, Spectral CT has proven to be instrumental in the assessment of
intracranial hemorrhage. Hemorrhagic strokes and traumatic brain injuries often

require urgent intervention. Spectral CT's ability to distinguish between several
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types of hemorrhages, such as subarachnoid, subdural, or intraparenchymal
hemorrhages, enables neurologists to make rapid and precise diagnoses. This
information guides treatment decisions, including surgical interventions, if

necessary, and improves patient outcomes.

In conclusion, Spectral CT has appeared as a momentous change in the field of
neurology. Its applications in stroke imaging, brain tumor characterization, cerebral
angiography, and intracranial hemorrhage assessment have significantly advanced
neurological diagnosis and treatment. By providing neurologists with enhanced
imaging capabilities and more precise information, Spectral CT is improving the
quality of care and outcomes for patients with neurological disorders. As technology
continues to evolve, it holds the promise of further advancements in neurology,

offering hope to individuals affected by neurological conditions.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 10: Because the signal intensity at the previous resection site is hyperintense on pre-contrast T1
image (A) due to hemorrhage (B; T2* gradient recalled echo), it is difficult to identify the tumoral
enhancement (C; postcontrast T1). However, dual energy CT iodine-overlay image (D) reveals the
previously undetectable enhancement along the periphery. Biopsy was consistent with glioblastoma
multiforme. [57]

Figure 11: A sample case of a 66-year-old male patient who presented with right-sided weakness and
numbness (NIHSS 7). His medical history included diabetes mellitus, hypertension, hyperlipidemia, prior
smoking, and prior ischemic stroke, for which the patient used dual-antiplatelet therapy. The time
between last seen well and CT was 14 hours. The time between CT and DWI was 12 hours.
Conventional NCCT (A) and virtual NCCT (B) show early ischemic changes in the left parietal lobe
(ASPECTS region M6). In the same region, DWI (C) shows hyperintensity, indicating diffusion restriction
compatible with ischemia. [58]
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Figure 12: DECTA of 50-year-old male after clipping left MCA aneurysm before (a) and after automated bone
removal (b, c—detail). The surgical clip was not removed by the automated bone removal. DECTA 80/Sn140 kVp,
310/155 mAs, CTDI 26.34 mGy, DLP 467 mGycm; 95 cc iodinated contrast 300 mg/ml; injection rate 5.5 cc/s; 40
cc saline flush 5.5 cc/s. DECTA of 51-year-old male after clipping of left carotid aneurysm before (d) and after
automated bone removal (e, f). The surgical clip is removed by the automated bone removal. DECTA 80/Sn140
kVp, 310/155 mAs, CTDI 26,34 mGy, DLP 366 mGycm; 95 cc iodinated contrast 300 mg/ml; injection rate 5.5
cc/s; 40 cc saline flush 5.5 cc/s. [59]

Figure 13: Detailed images of DECTA (a) at the cavernous part of the internal carotid artery (ICA), bone-removed
DECTA with calcifications (b) and bone-removed DECTA without calcifications (c). Volume rendered images of
carotid bifurcation with (d) and without (e) calcified plaques. DECTA 100/Sn140 kVp, 95/96 mAs, CTDI 5.9 mGy,
DLP 211 mGycm; 95 cc iodinated contrast 300 mg/ml; injection rate 5.5 cc/s; 40 cc saline flush 5.5 cc/s. [59]
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5.4 Clinical value in Abdominal Imaging

Abdominal imaging plays a critical role in diagnosing a wide range of medical
conditions, from liver diseases to gastrointestinal disorders. The advent of Spectral
Computed Tomography has brought about significant advancements in abdominal
imaging, offering improved diagnostic accuracy and treatment planning across
various abdominal pathologies.

One of the primary applications of Spectral CT in abdominal imaging is its role in
liver lesion characterization. Liver lesions, both benign and malignant, can be
challenging to differentiate on conventional CT scans. However, Spectral CT's dual-
energy or multi-energy capabilities allow for enhanced tissue characterization. By
analyzing the unique elemental composition of liver lesions, radiologists can
distinguish between cysts, hemangiomas, focal nodular hyperplasia (FNH),
hepatocellular carcinoma (HCC), and other lesions with greater confidence. This
precise characterization aids in the development of tailored treatment plans,

optimizing patient care.

Spectral CT has also proven to be invaluable in the detection and characterization
of renal stones. Kidney stones are a common cause of abdominal pain, and their
correct diagnosis and localization are crucial for effective treatment. Spectral CT's
ability to differentiate between various stone types, such as calcium oxalate, uric
acid, or struvite stones, aids urologists in selecting the most proper treatment
strategies. Additionally, Spectral CT offers improved sensitivity in detecting even
small urinary tract stones, minimizing the risk of missed diagnoses and recurrent

stone formation.

Gastrointestinal (Gl) imaging is another area where Spectral CT is making a
significant impact. Disorders of the Gl tract often require detailed imaging to assess
conditions like inflammatory bowel disease (IBD), diverticulitis, or bowel
obstructions. Spectral CT's enhanced contrast resolution and reduced beam
hardening artifacts contribute to clearer images of the Gl tract, improving diagnostic
accuracy. Furthermore, the technology enables virtual non-contrast imaging, cutting
the need for added scans while reducing radiation exposure for patients. This is
particularly important in patients who require serial imaging for chronic Gl

conditions.
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In the assessment of vascular pathologies within the abdomen, such as abdominal
aortic aneurysms (AAA) or mesenteric ischemia, Spectral CT offers superior
diagnostic capabilities. Its ability to supply accurate 3D reconstructions of vascular
structures aids vascular surgeons in preoperative planning. Additionally, Spectral
CT can quantify iodine uptake in vascular lesions, providing valuable information
about perfusion patterns. This is crucial for assessing the severity of vascular

diseases and guiding treatment decisions.

In conclusion, Spectral CT has ushered in a new era in abdominal imaging, offering
unprecedented precision and diagnostic capabilities. Whether it's characterizing
liver lesions, detecting renal stones, evaluating Gl disorders, or assessing vascular
pathologies, Spectral CT has revolutionized the field of abdominal imaging. By
providing clinicians with enhanced imaging tools and reducing the need for multiple
scans, it is improving the overall quality of care for patients with abdominal
conditions. As technology continues to evolve, the promise of further advancements
in abdominal imaging holds immense potential for patients and healthcare providers

alike.

On the following page, clinical examples are included to illustrate the value of the
spectral CT:
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Figure 14: (left) Conventional nonenhanced, (middle) contrast-enhanced, and (right) color-coded iodine overlay
images in a patient with a renal cyst. Although contrast enhancement may be ascertained by positioning a
region of interest on both (a) conventional nonenhanced and (b) contrast-enhanced images, (c) color-coded
iodine overlay image provides direct color-coded visualization of iodine content within the image. Note lack of
iodine signal intensity within the cyst, denoting absence of contrast enhancement. [60]

Figure 15: (left) Conventional nonenhanced, (middle) contrast-enhanced, and (right) color-coded iodine overlay
images in a patient with an enhancing renal neoplasm. Note presence of iodine signal intensity within the lesion,
consistent with lesion enhancement. [60]

Figure 16: (left) Conventional nonenhanced, (middle) contrast-enhanced, and (right) 80-keV virtual
monochromatic images in a patient with a small intraparenchymal renal cyst. A surreptitious increase in CT
number (pseudo enhancement) is seen on the contrast-enhanced image (b), due to failure of the reconstruction
algorithm to correct for beam-hardening. By reducing beam-hardening effects, the virtual monochromatic image
mitigates pseudo enhancement. [60]

Figure 17: Effectiveness of a metal artifacts reduction algorithm in clinical practice. Virtual monochromatic
images at 70 keV (left) without MARS and (right) with MARS. Note substantial correction of beam-hardening
and photon starvation artifacts with MARS, due to a metal clip (arrow). [60]

65



5.5 Clinical value in Orthopedics and Musculoskeletal System

Orthopedic medicine focuses on the diagnosis and treatment of musculoskeletal
conditions, which often involve bones, joints, and soft tissues. Spectral Computed
Tomography has appeared as a powerful tool in the field of orthopedics, providing
advanced imaging capabilities that have transformed the way orthopedic
practitioners diagnose and manage a wide range of musculoskeletal disorders.

One of the primary applications of Spectral CT in orthopedics is the evaluation of
bone density. Accurate assessment of bone density is crucial for diagnosing
osteoporosis and figuring out fracture risk. Spectral CT's ability to quantify bone
mineral density (BMD) with precision offers orthopedic specialists a valuable tool for
early detection and management of osteoporosis. This is especially important in the

aging population, where fractures and bone health are significant concerns.

Spectral CT also excels in soft tissue imaging, a vital aspect of orthopedic
diagnostics. Soft tissue injuries, such as ligament and tendon tears, are common in
orthopedic practice. Traditional CT scans often struggle to provide detailed soft
tissue contrast. However, Spectral CT's improved contrast resolution allows
orthopedic surgeons to visualize soft tissue injuries more clearly. This enhances the
accuracy of diagnosis and eases treatment planning, whether it involves surgical

repair or conservative management.

Cartilage assessment is another area where Spectral CT has proven invaluable in
orthopedics. Cartilage plays a crucial role in joint function, and its damage or
degeneration can lead to conditions like osteoarthritis. Spectral CT's ability to
provide high-resolution images of cartilage and detect early changes in its
composition enables orthopedic specialists to intervene promptly and implement
strategies to preserve joint function. This is particularly important in sports medicine,

where athletes often need precise assessments of cartilage health.

Furthermore, Spectral CT is increasingly being used in orthopedics to aid in the
planning of orthopedic surgeries, such as joint replacement procedures. By
supplying detailed 3D reconstructions of bones and joints, it allows orthopedic
surgeons to perform virtual surgical simulations. These simulations help optimize

implant positioning, select right implant sizes, and predict potential challenges
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during surgery. This level of preoperative planning contributes to improved surgical

outcomes and patient satisfaction.

In conclusion, Spectral CT has become an indispensable tool in the field of
orthopedics, offering advanced capabilities for bone density assessment, soft tissue
imaging, cartilage assessment, and surgical planning. Orthopedic practitioners can
use the technology to enhance diagnostic accuracy, provide prompt interventions,
and optimize surgical procedures. As Spectral CT technology continues to evolve,
its applications in orthopedics are expected to expand further, offering orthopedic

specialists new avenues for improving musculoskeletal care and patient outcomes.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 18: Circular ROIs were placed on a single slice that included the target lesion for image
evaluation. The mean Hounsfield unit value was plotted against the monochromatic energy
levels in the range of 40—200 keV (spectral plot). (a) ROIs with equal sizes are overlayed on the
target lesion (ROI 1), the soft tissue adjacent to the target lesion (ROI 2), the air space (ROI 3),
the location in which the contrast media solution filled the glenohumeral joint recess (ROI 4),
and the cortical bone of the glenoid (ROI 5). (b) Spectral plots of the target lesion, cortical bone,
and contrast media solution are shown. The target lesion shows a curve like that of the contrast
media solution, indicating that the target lesion is likely contrast medium. ROI, region of interest.

(62]
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CaSupp

Figure 19: Sagittal conventional CT image (A), sagittal CaSupp (CaSupp-I 90; B), sagittal T1-weightrf sequence
(C), and sagittal STIR sequence (D) show an acute fracture at L1 with extensive BME and loss of height. [63]

Figure 20: 49-year-old man with chondrocalcinosis. (Left), Conventional unenhanced coronal CT image of knee
shows extensive mineralization (arrow) in posterior horn of lateral meniscus and along popliteus tendon. (Right),
Dual-energy CT image postprocessed for gout shows that almost all this mineralization is related to calcium
deposition (purple) rather than urate crystal deposition, which should be green in color, consistent with
chondrocalcinosis. [64]
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Figure 21: 73-year-old woman with metastatic small cell carcinoma. A-C, FDG-avid lesion (arrows) is seen
in left iliac bone on axial fused PET/CT image (A), is not visible on conventional unenhanced axial CT image
(B) but is visible on dual-energy CT (DECT) image (C) postprocessed for bone marrow visualization. D,
Lesion visualization using DECT allowed targeted CT-guided biopsy, which confirmed metastatic small cell
carcinoma (arrow) from primary lung tumor. [64]

Figure 22: 37-year-old man with history of ankle injury and placement of plates and screws. A, Conventional
CT image in axial plane shows fibular screw (arrow), which is not well defined. There is metal artifact
(arrowhead) adjacent to screw. B, Virtual monoenergetic image obtained at 200 keV shows improved
definition of hardware (arrow) and decreased artifact (arrowhead). [64]
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5.6 Clinical value in Pulmonology

Pulmonology, the branch of medicine dedicated to the diagnosis and treatment of
respiratory disorders, has seen remarkable advancements with the introduction of
Spectral Computed Tomography. This innovative imaging technology has redefined
the way pulmonologists diagnose and manage a wide range of pulmonary
conditions, offering enhanced accuracy and improved patient care.

One of the primary applications of Spectral CT in pulmonology is in the staging and
diagnosis of lung cancer. Lung cancer is a leading cause of cancer-related mortality
worldwide, and correct staging is crucial for treatment planning. Spectral CT's multi-
energy capabilities enable pulmonologists to assess lesions with greater precision,
differentiating between benign and malignant pulmonary nodules. Furthermore, it
aids in the detection of lymph node involvement and distant metastases, which are
vital factors in finding the stage of the disease. This information guides treatment
decisions, whether it involves surgery, radiation therapy, chemotherapy, or targeted

therapies.

In the realm of chronic obstructive pulmonary disease (COPD), Spectral CT plays a
vital role in assessing disease severity and progression. COPD is a complex
condition that affects both the airways and lung parenchyma. Spectral CT provides
improved visualization of lung parenchyma, enabling pulmonologists to quantify
emphysema and assess lung density. This information aids in the characterization
of disease severity and guides treatment decisions, such as pulmonary
rehabilitation or surgical interventions like lung volume reduction surgery (LVRS).

Pulmonary embolism (PE) is another area where Spectral CT has made significant
strides in pulmonology. PE is a life-threatening condition that requires prompt and
accurate diagnosis. Spectral CT's ability to differentiate between clot material and
surrounding lung tissue is crucial for finding and characterizing pulmonary emboli.
Additionally, it provides information about the perfusion status of lung segments
affected by the embolism, which aid s in risk stratification and treatment decisions,

including anticoagulation therapy or catheter-directed thrombolysis.

Furthermore, Spectral CT enhances the evaluation of interstitial lung diseases
(ILDs), a group of disorders that affect the lung's interstitium. Conventional CT

scans may not provide sufficient detail for the correct diagnosis and classification of
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ILDs. Spectral CT's improved contrast resolution and tissue characterization
capabilities enable pulmonologists to visualize and differentiate various ILDs more
effectively. This leads to more exact diagnoses and enables targeted treatment

strategies, such as immunosuppressive therapy or anti-fibrotic medications.

In conclusion, Spectral CT has become an indispensable tool in pulmonology,
offering advanced capabilities for lung cancer staging, COPD assessment,
pulmonary embolism detection, and the evaluation of interstitial lung diseases.
Pulmonologists can use this technology to enhance diagnostic accuracy, provide
personalized treatment plans, and improve patient outcomes. As Spectral CT
technology continues to evolve, its applications in pulmonology are expected to
expand further, offering new possibilities for advancing respiratory care and patient

well-being.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 23: Exemplary assessment of iodine density-based lung segmentation in a patient with chronic
thromboembolic pulmonary hypertension. (A) lodine density image. (B-D) Color-coded images from the
automatic quantification based on iodine density. Color coding as follows: red, vessel; green, normal perfused
lung regions; brown, mal-perfused lung regions. [65]

Figure 24: Correlation of perfusion defect size with pulmonary embolism severity in a 55-year-old man who
presented with collapse. (left) Axial fused PBV image shows a saddle embolus with extensive bilateral perfusion
defects. (right) Axial mixed (100-kVp and Sn 140-kVp) DECT image shows an enlarged right-to-left ventricular
ratio and posterior deviation of the interventricular septum, findings consistent with a massive pulmonary
embolus. [66]
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5.7 Clinical value in Urology

Urology, the medical specialty dedicated to the diagnosis and treatment of disorders
of the urinary system and male reproductive organs, has undergone significant
transformations with the integration of Spectral Computed Tomography, This
cutting-edge imaging technology is reshaping the way urologists approach the
diagnosis and management of a diverse range of urological conditions, offering

enhanced precision and patient care.

One of the most prominent applications of Spectral CT in urology is its ability to
provide detailed and accurate imaging of the kidneys. Kidney diseases, including
renal masses and urolithiasis (kidney stones), are common urological concerns.
Spectral CT's dual-energy or multi-energy capabilities offer improved contrast
resolution, enabling urologists to differentiate between several types of renal
masses. Whether distinguishing between benign cysts and solid tumors or
characterizing distinct types of renal cell carcinomas, Spectral CT provides essential

information for diagnostic accuracy and treatment planning.

For urolithiasis, Spectral CT's ability to differentiate between different stone types,
such as calcium oxalate, uric acid, or struvite stones, is invaluable. Urologists can
tailor their treatment strategies based on stone composition, optimizing the choice
of interventions, including lithotripsy, ureteroscopy, or percutaneous
nephrolithotomy (PCNL). This targeted approach enhances the efficiency of stone

management, minimizes complications, and improves patient outcomes.

Spectral CT is also making significant contributions to prostate imaging, an area of
urology critical for the diagnosis and management of prostate cancer. Prostate
cancer is a leading cause of cancer-related mortality in men. Spectral CT's
enhanced imaging capabilities enable urologists to visualize the prostate gland with
improved clarity. It aids in the detection of prostate lesions, helps targeted prostate
biopsies, and assists in the staging of prostate cancer. Additionally, Spectral CT's
ability to provide functional imaging data, such as perfusion and vascular
parameters, enhances the assessment of tumor aggressiveness and guides

treatment decisions, including surgery, radiation therapy, or active surveillance.

In the assessment of bladder cancer, Spectral CT offers advantages in both

diagnosis and treatment planning. Accurate staging and localization of bladder
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tumors are crucial for determining therapies, such as transurethral resection
(TURBT), intravesical chemotherapy, or radical cystectomy. Spectral CT's ability to
provide detailed images of the urinary bladder and its contents aids urologists in

precisely defining the extent of the disease and planning surgical procedures.

Furthermore, Spectral CT contributes to urological interventions by aiding in the
localization of foreign bodies, such as ureteral stents or kept surgical instruments. In
cases of urological trauma or complications, Spectral CT's ability to reduce artifacts
and improve soft tissue contrast assists urologists in finding and managing these

challenges efficiently.

In conclusion, Spectral CT is a transformative technology in the field of urology,
offering advanced capabilities for kidney imaging, urolithiasis management, prostate
cancer diagnosis, bladder cancer staging, and urological interventions. Urologists
can use this technology to enhance diagnostic accuracy, tailor treatment strategies,
and improve patient outcomes. As Spectral CT technology continues to evolve, its
applications in urology are expected to expand further, offering new opportunities to

advance urological care and patient well-being.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 25: Axial CT images in 69-year-old man with urinary calculus (arrow) in the right kidney. (left) TNE image
shows the calculus (3 3 3 mm). (middle) Excretory phase dual-energy image of the corresponding section also
shows the calculus, but it cannot be distinguished reliably from contrast medium. (right) After optimal iodine
subtraction, the calculus can be detected on the corresponding VNE image (arrow). [67]
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Figure 26: Left kidney stone segmented. The composition was revealed to be uric acid (b). [68]

Figure 27: Stone composition analysis. (a) Intraurethral hyperdense stone; (b) automatic segmentation of the
stone; (c) in the graphic, the stone is placed next to the calcium oxide. [68]
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Figure 28: Example of a spectral attenuation curve of a small left renal cyst. (a) Monochromatic image at 40
keV; (b) monochromatic image at 80 keV; (c) iodine map showing no contrast enhancement within the cyst,
confirmed by the flat-curve-type of the cyst in blue (d), compared with the upward-curve-type of the aorta in
yellow that shows a rise in Hounsfield units for low energy levels. [68]
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Figure 29: (a) Left renal lesion with prevalent fat tissue density, but with inhomogeneous content; (b) the color-
coded overlay-iodine map demonstrates the absence of intralesional contrast enhancement, confirmed by the
iodine analysis (c). The lesion was characterized as an angiomyolipoma. The curve of angiomyolipoma (blue)
shows a reduction in the attenuation values at lower energies with attenuation values in line with that of the fat
tissue (green). [68]
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5.8 Clinical value in Pediatrics

Pediatrics is a specialized field of medicine that focuses on the unique healthcare
needs of infants, children, and adolescents. In recent years, Spectral Computed
Tomography has appeared as a revolutionary tool in pediatric imaging, offering

advantages that are particularly valuable when caring for young patients.

One of the key applications of Spectral CT in pediatrics is its role in improving
diagnostic accuracy in various clinical scenarios. Pediatric patients often present
with complex and diverse conditions, ranging from congenital anomalies to acquired
diseases. Spectral CT's multi-energy capabilities enable pediatric radiologists to
obtain detailed anatomical and functional information in a single scan. This is
especially beneficial when diagnosing conditions like congenital heart defects,

where precise anatomical assessments are crucial for treatment planning.

In pediatric cardiology, Spectral CT has been instrumental in supplying non-invasive
assessments of congenital heart diseases. By offering high-resolution images of the
heart and its structures, Spectral CT assists cardiologists in characterizing cardiac
abnormalities, such as ventricular septal defects or Tetralogy of Fallot. Additionally,
it aids in the assessment of coronary artery anomalies, guiding interventional

procedures or surgical corrections.

Another area where Spectral CT has made a significant impact in pediatrics is in the
evaluation of congenital abnormalities. Congenital anomalies can affect various
organ systems, including the brain, heart, spine, and kidneys. Spectral CT's
superior contrast resolution and reduced radiation dose are particularly helpful in
pediatric patients. For example, in pediatric neuroimaging, Spectral CT can provide
detailed images of the brain, enabling the early detection and management of

conditions like hydrocephalus or brain malformations.

Spectral CT is also transforming the way pediatric oncologists diagnose and monitor
childhood cancers. Pediatric cancers often require precise staging and follow-up
assessments. Spectral CT's ability to differentiate between tumor types and
evaluate treatment response is invaluable in pediatric oncology. It allows
oncologists to tailor treatment plans to the specific cancer type, monitor changes in

tumor characteristics over time, and make prompt adjustments to therapy.
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Moreover, Spectral CT is enhancing diagnostic confidence in pediatric
gastroenterology. Gastrointestinal disorders in children can be challenging to
diagnose, as they may present with nonspecific symptoms. Spectral CT's advanced
imaging capabilities provide pediatric gastroenterologists with clearer visualization
of the GI tract, enabling them to detect abnormalities such as malrotation,
intussusception, or inflammatory bowel disease more accurately. This leads to
prompt diagnosis and prompt intervention, ultimately improving the quality of care

for pediatric patients.

In conclusion, Spectral CT has appeared as a game-changer in pediatric imaging,
offering advanced capabilities for diagnosing congenital anomalies, evaluating heart
defects, monitoring cancer treatment, and assessing gastrointestinal disorders in
children. Its high-resolution images, reduced radiation exposure, and functional
assessments are transforming pediatric healthcare, enabling healthcare providers to
deliver precise and effective care to young patients. As Spectral CT technology
continues to evolve, its applications in pediatrics are expected to expand further,

offering new possibilities to enhance the well-being of children and adolescents.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 30: Representative postprocessed iodine specific images in a healthy 7-year-old boy. (a) Virtual
nonenhanced CT image is created by using subtraction of iodine content. (b) lodine map image displays color-
coded iodine content. (c) lodine overlay image superimposes color-coded iodine map on gray-scale virtual
nonenhanced image. lodine content in stomach is related to use of oral contrast material that had iodine
material. [69]

Figure 31:lmages show automated bone subtraction in a 6-month-old boy with hypertension. (left) Coronal
angiogram before bone subtraction. (right) Coronal angiogram after automated bone removal improves
visualization of abdominal aorta and its branches. Tapering of abdominal aorta (arrows) distal to origin of
superior mesenteric artery with associated decreased caliber of iliac arteries is consistent with mid-aortic
syndrome. [69]
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Figure 32: Images show normal lung perfusion and vessel analysis in a 15-year-old girl. (left) Normal lung
perfusion is color coded orange and has homogeneous color distribution. lodine content is low in middle
mediastinum and left hilum (arrows) due to fibrosing mediastinitis. (right) Normal lung vessel image in the same
patient. Pulmonary arteries that have relatively high iodine content are color coded in blue and pulmonary veins
that have relatively low iodine content are color coded red. [69]

Figure 33: Images show technical artifacts due to incorrect CT algorithm threshold in a 4-month-old boy with
tetralogy of Fallot. (left) lodine defects (arrows) are seen when maximum CT number is set at 2600 HU. (right)
Lung parenchyma is nearly normal when CT threshold value is set at 2300 HU except for anterior and lateral
parts of left upper lobe, which show small perfusion defects. In young children, higher maximum Hounsfield
units are needed to compensate for higher lung density in this population. lodine enhancement in dependent
posterior portions of lungs is slightly higher than that of anterior regions, which is considered normal gravity-
related perfusion gradient. [69]
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5.9 Gynecology

Gynecology is a medical specialty dedicated to the health of the female
reproductive system. In recent years, Spectral Computed Tomography (Spectral
CT) has appeared as a valuable tool in gynecological imaging, offering advanced
capabilities that enhance the diagnosis and management of various gynecological

conditions.

One of the primary applications of Spectral CT in gynecology is the evaluation of
pelvic masses and tumors. Ovarian cysts and tumors, uterine fibroids, and other
pelvic masses are common gynecological concerns. Spectral CT's multi-energy
capabilities provide detailed imaging of these masses, allowing gynecologists to
differentiate between benign and malignant lesions. This is essential for deciding on
the right course of action, whether it involves monitoring, surgical removal, or further

diagnostic tests.

In the assessment of endometriosis, a chronic condition characterized by the growth
of endometrial tissue outside the uterus, Spectral CT offers advantages in
visualization and diagnosis. Endometriosis often presents with pelvic pain and
infertility. Spectral CT's ability to supply enhanced contrast resolution helps
gynecologists identify endometrial implants and adhesions more accurately. This
contributes to early diagnosis and tailored treatment plans, which may include

medical management or surgical interventions.

Spectral CT also plays a vital role in gynecological oncology, particularly in the
staging and monitoring of gynecological cancers such as cervical, ovarian, and
uterine cancers. Accurate staging is crucial for deciding on the extent of the disease
and guiding treatment decisions, including surgery, radiation therapy, or
chemotherapy. Spectral CT's ability to provide detailed anatomical and functional
information aids gynecologists in staging gynecological cancers and monitoring the

response to treatment.

Furthermore, Spectral CT contributes to the evaluation of pelvic inflammatory
diseases (PID) and tubo-ovarian abscesses. PID is an infection of the female
reproductive organs, while tubo-ovarian abscesses are pus-filled pockets that can

form in the fallopian tubes or ovaries. Spectral CT's high-resolution imaging
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capabilities aid gynecologists in diagnosing these conditions accurately and guiding

right treatment strategies, which may include antibiotics or surgical drainage.

In conclusion, Spectral CT has become an asset in gynecological imaging, offering
advanced capabilities for diagnosing and managing pelvic masses, endometriosis,
gynecological cancers, and inflammatory conditions. Gynecologists can use this
technology to enhance diagnostic accuracy, provide personalized treatment plans,
and improve the overall quality of care for women's reproductive health. As Spectral
CT technology continues to evolve, its applications in gynecology are expected to
expand further, offering new possibilities for advancing women's health and well-

being.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 34: 74-year-old woman with stage 11IC mucinous ovarian cancer. A and B, Axial contrast-enhanced dual-
energy CT monochromatic images obtained at 50 keV (A) and 140 keV (B). Internal architecture of tumor is
better seen on 50-keV image (A). Note that multiple septations (arrow, A and B) are better seen on lower
energy image (A). Improved conspicuity on lower—kiloelectron volt images may help assess adnexal lesions and
differentiate simple cysts from more complex cysts. [70]
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Figure 35: 52-year-old woman with high-grade ovarian cancer. (left), Monochromatic coronal reformatted
contrast-enhanced dual-energy CT (DECT) image obtained at 70 keV (similar to image obtained at 120 kVp)
shows hypo-attenuated mass in left ovary and bladder. Two ROIs have been drawn on this CT image, with one
ROI (blue circle) in mass in right ovary and other ROI in bladder (pink oval). (right), Graph shows DECT spectral
attenuation curves for hypo-attenuated mass (corresponding to ROI [blue circle] in A) in right ovary and bladder
(corresponding to ROI [pink oval] in left image). Significant difference is noted between curve for hypo-
attenuated mass (blue curve) in right ovary and bladder (pink curve), suggesting that mass and bladder have
different spectral attenuation curves and, hence, have different materials. Note that curves diverge at lower—
kiloelectron volt values, suggesting that they may be better differentiated at lower energies. Horizontal lines
within boxes denote mean values, and vertical lines and whiskers denote 95% Cls. [70]
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Figure 36: 45-year-old woman with high-grade serous ovarian cancer. (Left Image),
Monochromatic coronal reformatted contrast-enhanced dual-energy CT (DECT) image
obtained at 70 keV (similar to image obtained at 120 kVp) shows patient with multiple solid
implants from ovarian cancer. ROIs were drawn on cystic implant (pink oval), solid implant
(blue oval), and liver (red oval). (Right Image), Gemstone spectral imaging scatterplot was
generated. Attenuation value threshold was applied to separate ascites from implants. Ascites
(purple dots) on graph were selected, and map was regenerated and superimposed on 70-keV
images (blue color was used because it is more easily visible on superimposed images). Gray
bands represent threshold used to color code implants. (Upper graph), Monochromatic
coronal DECT image obtained at 70 keV (similar to image obtained at 120 kVp) shows patient
with multiple cystic and solid implants from ovarian cancer. ROIs were drawn on implant
(orange oval), liver (light blue oval), and ascites (dark blue oval). (Lower Graph), Gemstone
spectral imaging scatterplot was generated. Attenuation value threshold was applied to color
that represented solid implants, and map that was superimposed on 70-keV images (pink dots)
was generated. Gray bands represent threshold used to color code implants. [70]



5.10 Clinical Value in Emergency Medicine

One of the primary applications of Spectral CT in emergency medicine is the
evaluation of trauma patients. Trauma cases often involve multiple injuries, making
it essential to obtain comprehensive imaging quickly. Spectral CT's ability to provide
detailed anatomical and functional information in a single scan is particularly helpful.
It aids in the identification of fractures, assesses the extent of soft tissue injuries,
and helps detect internal bleeding or organ damage. This rapid and correct
diagnosis is crucial for prioritizing treatment interventions and optimizing patient

outcomes in trauma situations.

Spectral CT also plays a vital role in the evaluation of acute abdominal pain, a
common reason for emergency department visits. Patients with abdominal pain may
have various underlying conditions, ranging from appendicitis to bowel obstructions.
Spectral CT's improved contrast resolution and reduced beam hardening artifacts
contribute to clearer images of the abdomen, easing the rapid identification of the
cause of pain. This leads to prompt treatment decisions, whether it involves surgery,

medical management, or further diagnostic tests.

In cases of suspected stroke, Spectral CT offers advanced imaging capabilities that
are critical for stroke assessment and treatment. Stroke is a medical emergency,
and prompt diagnosis is essential for administering thrombolytic therapy or
mechanical thrombectomy. Spectral CT's multi-energy capabilities enable rapid
differentiation between ischemic and hemorrhagic strokes. It also provides
information about perfusion deficits, helping emergency physicians assess the
extent of brain damage and make informed decisions about the most appropriate

stroke treatment.

Furthermore, Spectral CT contributes to the evaluation of pulmonary emergencies,
such as acute pulmonary embolism or pneumothorax. In cases of suspected
pulmonary embolism, Spectral CT's ability to differentiate between clot material and
lung tissue aids in the correct diagnosis and risk stratification. Similarly, in
pneumothorax cases, Spectral CT helps identify the presence and extent of lung
collapse, guiding the proper intervention, such as chest tube placement.

In conclusion, Spectral CT has become an invaluable tool in the field of emergency

medicine, offering rapid and right diagnostic capabilities for trauma, acute
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abdominal pain, stroke, and pulmonary emergencies. Its ability to provide detailed
anatomical and functional information in critical situations enables emergency
physicians to make prompt and informed decisions, ultimately improving patient
outcomes. As Spectral CT technology continues to evolve, its applications in
emergency medicine are expected to expand further, offering new opportunities to

enhance emergency care and save lives.

On the following page, clinical examples are included to illustrate the value of the

spectral CT:
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Figure 37: Liver laceration and hematoma in a 20-year-old man who sustained blunt trauma. (A) Axial DE CT
‘mixed” image is a combination of low— and high—kilovolt peak images and simulates a traditional 120-kVp
image. This can be decomposed into a VNC image with iodine subtraction (B) and an iodine overlay image (C)
with the iodine content color coded (orange in c) and superimposed on the VNC image. [71]

Figure 38: Nondisplaced intertrochanter fracture in a 66-year-old woman. (A) Coronal mixed image shows
subtle signs of fracture (arrow). (B) Coronal virtual non-calcium image with calcified trabeculae removed shows
underlying bone marrow edema color coded in green and fracture extension into the intertrochanteric region
(arrow). (C) Coronal short inversion time inversion-recovery magnetic resonance (MR) image shows the same
bone marrow edema as in b (arrow). [71]

Figure 39: Adrenal hematoma in a 53-year-old man who fell down multiple stairs. (A) DE CT mixed image
shows heterogeneous high attenuation surrounding the right adrenal gland (arrow). (B) VNC image shows that
this material is all intrinsically hyperattenuating (arrow). (C) lodine overlay image shows no iodine content
(arrow), consistent with an adrenal hematoma without active extravasation of contrast material. [71]
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Figure 40: Injury in a 25-year-old woman after a motor vehicle collision. (A) Axial DE CT mixed image shows an
area of injury with an internal focus of high attenuation in the right lobe of the liver (arrow in a—c) that could
represent active extravasation or parenchymal hematoma. (B, C) This area is hyperattenuating on an axial VNC
image (B) and contains no iodine content on an iodine overlay image (C), which confirms that it represents a
hematoma. [71]

Figure 41: Active extravasation in a 55-year-old woman after a motor vehicle collision who later underwent
emergency laparotomy. (A) DE CT mixed image shows stranding and hematoma in the omental fat adjacent to
the stomach, with a focus of high attenuation (arrow). (B) VNC image does not show the focus that appears in
A. (C) lodine overlay image shows iodine content (arrow), confirming that it represents active extravasation. [71]
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CHAPTER 6: Photon Counting CT

Photon-counting computed tomography (PCCT) is a new technique that uses
photon-counting detectors to convert individual X-ray photons directly into an
electrical signal, which can achieve higher spatial resolution, improved iodine signal,

radiation dose reduction, artifact reduction, and multi-energy imaging.

6.1 Technical Principles

In contrast to integration detectors used in CT scanner systems with convert
incoming x-ray photons to light and then absorbed by the photodiodes to generate
an electrical signal, PCCT detectors can directly convert X-ray photons into
electrical signals with high-speed semiconductor and count the number of individual
photons exceeding a predefined energy level. The semiconductor is typically made
of materials such as cadmium telluride or gallium arsenide, and the entire surface of
detector can be used to detect X-ray photons (Fig 42). The method of work can be

summarized as following:

X-ray photons interact with the detectors — electron-hole pairs are created
as charged clouds — electrons are pulled toward the anode — a proportional
electrical signal is created — signal is amplified and processed to determine
whether the photon energy exceeds the energy discrimination threshold —

info is derived for electronic noise reduction and tissue characterization.
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Figure 42: Schematic diagram of the structure and technical principles of energy-integrating detector (a) and
photon-counting detector (b). [74]
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6.2 Advantages and Clinical Applications

Table 6: Summary of the advantages, physical properties, and clinical
applications of Photon Counting CT [74]

Advantages Physical Proerties Clinical Applications

Directly measuring the X-ray absorption of a single photon

Small lesion detecti |
without adding electronic noise from the detectors malllesion detection in oncology

More accurate determination of photon path resulting in ] ; . ) h
Improved visualization of small vessels in neurcimaging

Higher Spatial Resolution higher spatial resolution
Using smaller pixels to improve resolution further Improved detection of bone micro-fractures
Improved visualization of small structures such as coronary
arteries, small lung nodules, and fine bony structures
Separating the K-edge signals of iodine from the Accurate and precise measurement of iodine concentration in

| ed lodine Signal . o )
mproved fodine Signa polychromatic spectrum of X-rays. organs, especially in the liver and pancreas

Measuring the energy of each X-ray photon to calculate the Improved detection of iodine-based contrast agents in CT
iodine concentration. angiography

Reduced radiation exposure for pediatric, young adult patients,

Radiation Dose Optimization  Using a lower tube current to reduce radiation dose ; .
and cancer patients with continuous follow-up

Using a higher energy threshold to avoid unnecessary low-

Enhanced monitoring of patient radiation exposure over time
energy photons

Improved safety for repeat imaging exams

Reducing beam hardening artifacts by separating the

Artifact Reducti
rac uetion polychromatic X-ray beam into different energy bins

Reduced metal artifacts in orthopedic implants and dental fillings

Reducing metal artifacts by separating photons based on  Improved visualization of complex anatomy in head and neck
energy and material composition imaging

Improved image quality in patients with high body mass index

Separating photons based on their energy to distinguish  Improved differentiation between contrast enhancement and

Muit-Energy Imaging between different tissue types. hemarrhage in acute stroke imaging

Allowing for the quantification of tissue composition and Improved detection and characterization of gout in
characterization musculoskeletal imaging

Improved treatment planning and monitoring for conditions such
as joint replacement, organ transplant, and dental implants

6.3 Clinical Examples

-~

All photons  Low energy bin High energy bin
(25-140 keV) (25-75 keV) (75-140 keV)

Figure 43: Grayscale PCD image reconstructed from all detected photons (25-140 keV) at the level of the
proximal cervical ICA C1 in a 73-year-old female (window center: 145; window width: 800). (b) Zoomed-in image
of the ICA C1 with corresponding low (c) and high (d) energy bin images. [74]
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Figure 44: PCCT (a, c, €, g) and EID-CT (b, d, f, h) angiography of the coronary arteries. (a) Septal branches
(arrowheads), (c) a noncalcified plaque with positive remodeling (white arrowhead) and a small marginal branch
(black arrowhead), (e) a stent (black arrowhead) and an outside calcification (white arrowhead) with focal
disruption of the struts and (g) a mixed plaque (white arrowhead) with a small calcification (black arrowhead)
are better depicted with PCCT than with EID-CT (b, d, f, h). EID-CT was performed on a clinical dual-layer
detector system equipped with two layers of EIDs (IQon CT, Philips Healthcare) at 64x0.625mm collimation and
120kV. Images were reconstructed with 512x512 matrix size and XCB kernel at 0.67-mm slice thickness. PCCT
was performed at 64x0.275mm collimation and 120kV, and images were reconstructed with 1024x1024 matrix
size and Detailed-2 kernel at 0.25-mm slice thickness. Image reproduced from Ref. (64). CT, computed
tomography; EID, energy-integrating detector; PCCT, photon-counting computed tomography. [74]

Figure 45: PCCT (a) and EID-CT (b) of the liver of a 65-year-old woman, image quality rated higher for PCCT.
Liver veins (white arrows). EID-CT was performed on 128-slice MDCT scanners (SOMATOM Definition Flash,
Siemens Healthcare) at 64x0.6mm collimation and 120kV, and images were reconstructed with 512x512 matrix
size and 130f kernel at 3-mm slice thickness. PCCT was performed on NAEOTOM Alpha (Siemens
Healthineers) at 144x0.4 mm collimation and 120kV, and images were reconstructed with QIR 2-3 and Br40f
kernel at 3-mm slice thickness. Image reproduced from Ref. (94). CT, computed tomography; EID, energy-
integrating detector; PCCT, photon-counting computed tomography; QIR, quantum iterative reconstruction. [74]
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Figure 46: PCCT of the hip joint with a dedicated ultra-high-resolution convolution kernel and the different
iterative reconstruction levels (window center: 450; window width: 1500). Examinations were performed with
NAEOTOM Alpha (Siemens Healthcare GmbH) at 120 kV, and 120 x 0.2 mm collimation. Images were
reconstructed with 1-mm section thickness, Br76 kernel, and QIR 0-4. Image reproduced from Ref. (116).
PCCT, photon-counting computed tomography; QIR, quantum iterative reconstruction. [74]

6.4 Limitations
Following are subjects that can be considered a limitation in PCCT:

Radiation Dose Variation: Despite its potential for lower radiation dose, PCCT may
not consistently achieve reduced exposure in all scenarios. The dose reduction
benefits are highly dependent on the specific imaging protocol, patient size, and
clinical application.

Hardware Challenges: Developing high-resolution photon counting detectors that
are robust, cost-effective, and suitable for routine clinical use stays a technological
challenge. Progress in hardware development is crucial for the widespread adoption
of PCCT.

Data Handling and Processing: PCCT generates vast amounts of data due to its
photon-by-photon counting approach. Efficient data handling and processing tools

must be developed to manage this data load and create clinically useful images.

6.5 Future Prospects

Photon Counting CT still suffer from challenges with regards to detector cell size,
detector cost, and reconstruction algorithms to further perfect image denoising
including artificial intelligence-based algorithms. Following are areas with potential

future development:
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Personalized Medicine: PCCT's precise material differentiation and low-dose
capabilities align with the principles of personalized medicine. Tailoring treatments
based on individual patient characteristics and disease profiles will be significantly

enhanced by PCCT's capabilities.

Al Integration: The fusion of PCCT with artificial intelligence (Al) promises to
streamline image reconstruction, analysis, and interpretation. Al algorithms can help
radiologists quickly find abnormalities, reducing reading time and improving

diagnostic accuracy.

Multimodal Imaging: Integrating PCCT with other imaging modalities, such as
positron emission tomography (PET) or magnetic resonance imaging (MRI), could
supply comprehensive, multi-dimensional insights into anatomical and functional

aspects of diseases.

6.6 Conclusion

In conclusion, Photon Counting Computed Tomography is a paradigm shift in
medical imaging. Its principles of photon counting, combined with its clinical
applications, offer a tantalizing glimpse into the future of healthcare. While
challenges such as radiation dose variation and hardware limitations exist, ongoing
research and technological advancements promise to overcome these obstacles,
opening a world of possibilities for improved diagnosis, treatment, and patient care.
As PCCT continues to evolve, it is poised to illuminate the future of medical

imaging.
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CHAPTER 7: Discussion and Conclusions

In this work, we engage in a comprehensive discussion of Spectral Dual Energy
Computed Tomography, underlying principles, the clinical applications, the

constraints/limitations it faces, and the prospects.

Spectral Dual Energy Computed Tomography runs at the intersection of advanced
X-ray physics and innovative detector technology. The key principles that underpin

this imaging modality are fundamental to understanding its clinical utility.

At its core, SDCT leverages the concept of energy discrimination. It harnesses the
unigue way in which dissimilar materials and tissues interact with X-ray photons of
varying energies. By employing dual-energy X-ray sources and detectors, SDCT
gets two sets of data—one at a higher energy level and another at a lower energy

level—simultaneously during a single scan.

The distinct energy levels enable SDCT to differentiate between materials based on
their energy-dependent attenuation properties. This differentiation forms the
foundation for material decomposition, allowing the creation of spectral images. In
these images, each pixel represents the relative composition of various materials
within the scanned object, offering insights into tissue types, contrast agents, and

more.

The integration of spectral detectors is a significant leap forward in CT imaging,
enabling the creation of material-specific images. This capability extends SDCT's

diagnostic reach, enhancing its value across numerous clinical scenarios.

Spectral Dual Energy Computed Tomography's clinical prowess is underscored by
its diverse range of applications, each marked by improved diagnostic accuracy and

expanded clinical utility.

In cardiovascular Imaging, the ability to distinguish between iodine and calcium in
arterial plaques has revolutionized cardiovascular imaging. SDCT offers precise
delineation of vulnerable plaques, easing prompt interventions and enhancing

patient outcomes.

In oncology and cancer staging, SDCT's ability for quantitative imaging has
profound implications in oncology. It empowers clinicians to characterize tumors

with greater precision, assess their response to therapy, and monitor disease
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progression. The material-specific images aid in distinguishing between contrast-

enhancing tumor regions and areas of hemorrhage or necrosis.

In bone and joint imaging, Orthopedic practitioners receive help from SDCT's
improved visualization of bone structures. It aids in the evaluation of fractures,
degenerative joint diseases, and bone mineral density assessments, guiding

treatment decisions and surgical planning.

In neuroimaging, Neurologists leverage SDCT's heightened contrast resolution to
name and characterize intracranial lesions. The ability to differentiate subtle tissue

variations enables more correct diagnosis and eases treatment decisions.

In abdominal and pelvic Imaging, the realm of abdominal and pelvic imaging,
SDCT's material decomposition capabilities shine. It enhances the differentiation of
soft tissues, organs, and lesions, offering valuable insights for diagnoses ranging
from liver lesions to renal stone detection to evaluation of inflammatory bowel

diseases.

Despite its considerable advantages, SDCT confronts several limitations and
challenges that call for attention. Dual-energy acquisitions, while invaluable for
image quality and material differentiation, may cause higher radiation doses than

conventional CT. Addressing this concern is pivotal to ensure patient safety.

The widespread adoption of SDCT can be hampered by technological and cost
barriers. Specialized equipment and software, though transformative, may pose
financial challenges for healthcare institutions. The development of more cost-

effective solutions is imperative for democratizing access to this technology.

The intricate algorithms required for material decomposition and image
reconstruction can be computationally demanding. Streamlining these processes
and optimizing software workflows are vital for seamless integration into clinical

practice.

The future of SDCT is imbued with promise, driven by ongoing innovations and
evolving healthcare paradigms. The constructive collaboration between SDCT and
artificial intelligence (Al) holds enormous potential. Al algorithms can speed up
image processing, automate organ segmentation, and enhance image
interpretation. The fusion of SDCT's quantitative data with Al-driven analytics

promises to usher in a new era of diagnostic precision.
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Research and development efforts continue to refine spectral detectors and material
decomposition algorithms. These advancements are poised to further elevate image

guality, reduce radiation exposure, and expand the clinical applications of SDCT.

The quantitative information generated by SDCT lends itself naturally to
personalized medicine. Tailoring treatment plans based on individual patient
characteristics and disease profiles is a tantalizing prospect. SDCT's role in

advancing precision medicine is on the horizon.

In conclusion, Spectral Dual Energy Computed Tomography embodies a
transformative force in modern medical imaging. Its principles, diverse clinical
applications, and potential to mitigate limitations underscore its significance. As
SDCT continues to evolve in tandem with technological innovations, it holds the
promise of enhancing patient care, guiding treatment decisions, and advancing the
boundaries of diagnostic precision.
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Glossary

3D Three Dimensional ILD Interstitial Lung Diseases

AAA Abdominal Aortic Aneurysm keV Kilo electron Volt

AEC Automatic Exposure Control kv kilo Volt

ALARA As Low as Reasonably Achievable kVp kilo Volt peak

ATCM  Automatic Tube Current Modulation LAD Left Anterior Descending artery

AVM Arteriovenous Malformations LVRS Lung Volume Reduction Surgery
BMD Basis Material Decomposition mA milli Ampere

BMD Bone Mineral Density MARS Metal Artifact Reduction

BME Bone Marrow Edema mAs milli Ampere second

CA Cardiac Amyloidosis MBIR  Model-Based lterative Reconstruction
CABG Coronary Artery Bypass Grafting mGy mile Grey

CAC Coronary artery Calcification MIC Myocardium lodine Concentration
CAD Computer Aided Diagnosis MRI Magnetic Resonance Imaging

CAD Coronary Artery Disease NCCT Non-Contrast CT

CaSupp Calcium Suppressed PACS Picture Archiving and Communication Systems
CH Cardiac Hypertrophy PBV Pulmonary Blood Volume

COPD Chronic Obstruction Lung Disease PCCT Photon Counting CT

CT Computed Tomography PCD Photon-Counting Detector

CTDI  CT Dose Index PCI Percutaneous Coronary Intervention
DE Dual Energy PCNL Percutaneous Nephrolithotomy
DECT Dual Energy CT PE Pulmonary Embolism

DECTA Dual Energy CT Angiography PET Positron Emission Tomography

DLP Dose Length Product ROI Region Of Interest

EID Energy Integrating Detectors SSDE Size-Specific Dose Estimates

EMR Electronic Medical Records TAVR Transcatheter Aortic Valve Replacement
FBP Filtered back projection TNE True Non-Enhanced

Gl Gastrointestinal Imaging TURBT Transurethral Resection of Bladder Tumor
HCC Hepatocellular Carcinoma VMI Virtual Monoenergetic Imaging

HU Hounsfield Unit VNC Virtual Non-Contrast

IBD Inflammatory Bowel Disease VNE Virtual Non-Enhanced

ICA Internal Carotid Artery WHO  World Health Organization
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