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Abstract 

Spectral computed tomography (CT) has become a sophisticated imaging technique that allows for both quantitative material 

characterisation and anatomical visualization by capturing data across several X-ray energy levels. The idea of "virtual 

pathology"—a non-invasive method of evaluating tissue composition and disease characteristics that previously needed 

biopsy—was born out of spectral CT, which, in contrast to standard CT, takes advantage of energy-dependent attenuation 

differences to discriminate tissue types. Spectral CT produces quantitative biomarkers, such as effective atomic number, 

electron density, and iodine concentration, that correlate with underlying disease alterations through methods like material 

decomposition, iodine mapping, and virtual non-contrast imaging. This capacity is based on dual-energy and photon-counting 

CT systems, which provide better material separation and spatial resolution than conventional detectors. Spectral CT has 

proven useful in clinical settings for oncology, cardiovascular illness, neurology, musculoskeletal imaging, and hepatobiliary 

assessment. It improves lesion detection and characterisation while lowering the need for additional imaging. Artificial 

intelligence and radiomics work together to support predictive, tailored therapy and improve automated tissue classification. 

Spectral CT is positioned as a possible supplement or substitute for histopathology biopsy in precision diagnostics despite 

technical and financial obstacles like cost, data requirements, and training needs, as well as ongoing validation studies and 

standardization initiatives. 
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Introduction 

In obtaining images at various X-ray energy levels, spectral 

computed tomography (Spectral CT) is a cutting-edge 

imaging technique that offers both quantitative and 

anatomical information. Spectral CT distinguishes materials 

according to their energy-dependent attenuation 

characteristics, in contrast to standard CT, allowing precise 

tissue characterisation and functional evaluation. The notion 

of virtual pathology,  

which uses imaging biomarkers to non-invasively identify 

tissue composition, disease features, and pathological 

alterations that often need biopsy or histological inspection, 

was born out of this capability. 

Through iodine mapping, virtual non-contrast imaging, and 

material decomposition, spectral CT improves diagnostic 

accuracy and offers substantial promise for individualized 

patient care, treatment planning, and precise diagnosis 

across a range of clinical applications [1]  

 

 
 

Fig 1: Eight combinations were evaluated using various levels of iDose and IMR reconstruction techniques at 70 keV and 120 keV. [2]  
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▪ The same liver-level axial slice is rebuilt using several 

methods and energy settings in this comparison grid 

from a spectral/dual-energy CT investigation. The 

columns contrast IMR (Iterative Model Reconstruction) 

at levels 1 and 3 with Dose (iterative reconstruction) at 

levels 2 and 4. Both techniques reduce noise, with 

higher levels using more robust denoising.  

 

▪ The rows contrast virtual monoenergetic pictures at 120 

keV (smoother look, closer to conventional CT) with 

those at 70 keV (lower energy, higher contrast, more 

noise). Small hypodense liver lesions are evident across 

all panels for comparison in this type of layout, which 

is commonly employed in radiology research to assess 

which reconstruction technique and energy combination 

best balances picture noise, sharpness, and lesion 

conspicuity. 

 

Concept of Virtual Pathology  

1. Evolution and Definition of Virtual Pathology: 

Virtual pathology is a step away from conventional 

invasive tissue examination and toward sophisticated 

non-invasive imaging-based assessment. It is described 

as characterizing tissue composition, biological 

behaviour, and pathological alterations using 

contemporary imaging tools without physically 

removing tissue [1].  

 

2. Principles of Imaging-Based Tissue 

Characterization: Using sophisticated imaging 

methods to detect variations in tissue composition and 

physiological characteristics forms the basis of virtual 

pathology. By taking pictures at various energy levels 

and examining the distinct X-ray attenuation patterns of 

various materials, spectral CT makes tissue 

characterisation possible [1].  

 

3. Role of Spectral CT in Virtual Pathology: Using 

sophisticated imaging methods to detect variations in 

tissue composition and physiological characteristics 

forms the basis of virtual pathology. By taking pictures 

at various energy levels and examining the distinct X-

ray attenuation patterns of various materials, spectral 

CT makes tissue characterisation possible [1].  

 

4. Role of Spectral CT in Virtual Pathology: Spectral 

CT is essential to virtual pathology because it offers 

comprehensive molecular and anatomical data from a 

single imaging test. By producing certain images that 

aid in assessing lesion composition and vascular 

properties, such as iodine maps, virtual non-contrast 

images, and material-specific images, it functions as a 

virtual biopsy tool.  

 

5. Clinical Importance and Future Potential of Virtual 

Pathology: Due to its capacity to offer quick, non-

invasive, and quantitative disease assessment, virtual 

pathology has substantial clinical significance. It 

encourages early diagnosis, individualized treatment 

plans, and therapy outcome monitoring [1].  

 

Principles of Spectral CT Imaging 

1. Physics of Spectral CT: Spectral CT's physics is based 

on how X-ray photons interact with various materials at 

different energies. Energy-dependent attenuation, which 

results from variations in atomic number and density, 

causes distinct attenuation patterns in various tissues. 

Materials can be separated based on their unique 

attenuation characteristics thanks to spectral CT 

systems, which gather data utilizing dual-energy or 

multi-energy X-ray sources. Advanced reconstruction 

methods are used to handle the gathered energy-

dependent data in order to produce images of material 

degradation. These consist of virtual non-contrast 

images, effective atomic number maps, and maps of 

iodine distribution. Beyond standard CT imaging, this 

physical principle enables enhanced tissue distinction, 

quantitative analysis, and functional characterization [3].  

 

2. Dual-Energy and Photon-Counting CT  

a. Dual-Energy CT (DECT): Principle and 

Applications: Dual-energy CT is a spectral CT method 

that distinguishes materials according to their energy-

dependent attenuation characteristics by using two 

distinct X-ray energy spectra. Dual-source CT, rapid 

tube voltage switching, and dual-layer detector systems 

can all be used to accomplish this [4].  

 

b. Photon-Counting CT (PCCT): Next-Generation 

Spectral Imaging: Photon-counting CT is a 

sophisticated spectral imaging technique that directly 

measures the energy levels of individual X-ray photons 

using photon-counting detectors. Compared to 

traditional CT detectors, this method offers better 

material separation, lower electrical noise, and 

increased spatial resolution [4].  

 

c. Material Decomposition: The most important 

procedure in spectral CT is material breakdown, which 

distinguishes various tissue components according to 

their distinct X-ray attenuation properties at various 

energy levels. Advanced reconstruction algorithms 

recognize and measure certain materials like iodine, 

calcium, water, and soft tissues using dual-energy or 

multi-energy CT data [3, 4].  

 



13 

  
 

 Fig 2: Conventional CT detector scheme [5].    Fig 3: The photon-counting CT detector scheme [5]. 

 
 

Virtual Pathology Using Spectral CT 

1. Tissue Characterization: Spectral CT imaging's 

ability to distinguish between normal and diseased 

tissues based on their physical and chemical 

characteristics is a key benefit of tissue characterisation. 

spectrum CT produces quantifiable biomarkers 

including electron density, effective atomic number (Z-

effective), and iodine content through spectrum data 

analysis [4].  

 

▪ Quantitative Evaluation of Tissue Composition: 

Through monitoring material-specific characteristics 

including iodine concentration, effective atomic 

number, and electron density, spectral CT offers a 

quantitative assessment of tissue composition that 

enables precise tissue characterisation and evaluation of 

pathological changes [4].  

 

▪ Role of Spectral CT in Virtual Pathology: Through 

providing quantitative tissue information, spectral CT 

functions as a virtual biopsy technique that permits 

non-invasive assessment of pathological alterations, 

lesion characterisation, and association of imaging 

biomarkers with histological findings [4].  

 

2. Quantitative Imaging Biomarkers: Quantitative 

imaging biomarkers derived from Spectral CT offer 

quantifiable insights into biological traits, vascularity, 

and tissue composition. Iodine concentration, effective 

atomic number, and electron density are examples of 

parameters that help with lesion characterization, illness 

evaluation, therapy tracking, and the creation of virtual 

pathology techniques [4].  

 

3. Virtual Non-Contrast and Iodine Mapping: While 

iodine mapping measures contrast distribution and 

provides useful information for tissue characterization, 

lesion evaluation, and virtual pathology applications, 

virtual non-contrast imaging eliminates iodine signals 

from spectral CT datasets [4].  

 

Clinical Applications 

1. Oncology: Spectral CT is crucial to oncology because 

it offers precise tumor characterisation using 

quantitative biomarkers like effective atomic number 

and iodine concentration. It enhances lesion detection, 

tumor heterogeneity assessment, benign and malignant 

mass differentiation, and therapy response monitoring 
[6].  

 

2. cardiovascular diseases: Spectral CT improves 

cardiovascular imaging by offering material 

decomposition and iodine maps for better evaluation of 

coronary arteries, vascular anomalies, and myocardial 

perfusion. By providing quantitative functional 

information, it helps identify ischemia, assess the 

composition of plaque, and improve the diagnosis of 

cardiovascular illnesses [6].  

 

3. Neurological Disorders: Spectral CT enhances 

neurological imaging by offering material-specific 

information, improved tissue characterisation, and 

iodine quantification. By enhancing lesion detection, 

perfusion evaluation, and pathological change 

distinction when compared to traditional CT, it helps 

diagnose brain tumors, stroke, bleeding, and vascular 

problems [6].  

 

4. Musculoskeletal Imaging: Spectral CT improves 

musculoskeletal imaging by better assessing the 

composition of soft tissues and bones. Through material 

breakdown, calcium analysis, and quantitative 

evaluation, it helps identify bone marrow anomalies, 

fractures, crystal deposition illnesses, and malignancies, 

enhancing diagnostic precision and treatment planning 
[6].  

 

5. Abdominal and Hepatic Imaging: By allowing for the 

quantitative evaluation of liver tissue, lesions, and 

vascularity, spectral CT enhances abdominal and 

hepatic imaging. Iodine mapping and material 

decomposition help identify liver tumors, describe focal 

lesions, assess fibrosis, and enhance the distinction 

between healthy and diseased tissues [6].  

 

Comparison with Conventional CT and Histopathology 

1. Diagnostic Performance: Spectral CT combines 

quantitative functional information with anatomical 

imaging to deliver better diagnostic performance. 

Advanced spectral methods that enhance lesion 

detection, tissue characterization, and disease 

assessment include material decomposition and iodine 

mapping. By offering imaging biomarkers that correlate 

with pathological traits, these capabilities improve 
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diagnostic precision, lower uncertainty, and aid in 

clinical decision-making [7].  

 

2. Advantages and Limitations 

a. Improved Tissue Characterization: Spectral CT 

analyzes material-specific attenuation characteristics at 

various energy levels to give improved tissue 

characterisation. Iodine concentration, effective atomic 

number, and electron density are examples of 

quantitative markers that enable the distinction between 

normal and aberrant tissues [7].  

 

b. Quantitative Imaging and Functional Assessment: 

The capacity of Spectral CT to produce quantitative 

imaging biomarkers is one of its main benefits. 

Functional information on tissue perfusion, vascularity, 

and pathological alterations can be obtained using 

iodine mapping, virtual non-contrast imaging, and 

material breakdown techniques [7].  

 

c. Reduction in Additional Imaging and Radiation 

Exposure: Separate non-contrast CT acquisitions can 

be avoided by using virtual non-contrast pictures 

created from spectral datasets. This method may 

preserve diagnostic data while reducing radiation 

exposure, cutting down on examination time, and 

enhancing patient workflow [7].  

 

d. Technical and Economic Limitations: Despite its 

benefits, Spectral CT has drawbacks such as expensive 

equipment, complicated reconstruction procedures, 

higher data storage needs, and the demand for specific 

training. These elements could restrict accessibility, 

especially in hospital settings with limited resources [7].  

 

Artificial Intelligence and Radiomics 

1. AI-Assisted Image Analysis: Medical image analysis 

is improved by artificial intelligence since it makes it 

possible to automatically identify, segment, and 

categorize anomalies. AI algorithms help radiologists 

uncover subtle imaging signals for better clinical 

decision-making and individualized patient care, as 

well as increase diagnosis accuracy and decrease 

interpretation time [8].  

a. Role of Artificial Intelligence in Spectral CT Data 

Processing: Spectral CT generates a lot of spectral 

data, which artificial intelligence (AI) is crucial for 

organizing and interpreting. Artificial intelligence (AI) 

systems are capable of processing intricate multi-energy 

information, seeing trends, and extracting quantitative 

imaging aspects that would be difficult to discern 

through traditional interpretation [8].  

 

b. Deep Learning for Automated Tissue 

Characterization: Automated tissue characteristic 

recognition and classification from spectral CT scans is 

made possible by deep learning techniques, especially 

convolutional neural networks (CNNs). Deep learning 

algorithms may distinguish between healthy and 

diseased tissues by examining spectrum biomarkers 

including iodine content, effective atomic number, and 

electron density [8].  

 

c. AI-Based Lesion Detection and Segmentation: 

Lesion identification and segmentation are enhanced by 

AI-assisted analysis, which automatically detects 

aberrant regions and measures their spectral features. 

By supplying precise lesion boundaries and quantitative 

data, these algorithms improve the assessment of 

cancers, vascular lesions, and other pathological 

diseases [8].  

 

d. AI Integration in Virtual Pathology and Precision 

Diagnosis: In connecting imaging biomarkers with 

underlying biological and histological characteristics, 

AI and Spectral CT together enable virtual pathology. 

AI models can help classify diseases, forecast tissue 

behavior, and facilitate individualized therapy planning 
[8].  

 

2. Radiomics for Virtual Biopsy: Radiomics analyzes 

tissue properties by extracting quantitative data from 

spectral CT images, such as texture, intensity, and 

heterogeneity patterns. By locating imaging biomarkers 

associated with pathology, tumor behavior, and 

treatment response, it facilitates virtual biopsy. This 

method enhances precision diagnosis in clinical practice 

and permits non-invasive tissue examination [8].  

 

3. Predictive and Personalized Medicine: In offering 

quantifiable imaging biomarkers associated with tissue 

composition, vascularity, and biological behavior, 

spectral CT is crucial to predictive and customized 

treatment. It makes it possible to forecast the course of 

a disease, the effectiveness of a treatment, and patient-

specific therapeutic approaches when paired with 

radiomics. By encouraging early diagnosis, focused 

therapies, and customized patient care, this strategy 

enhances clinical decision-making and advances 

precision medicine [8].  

 

Challenges and Future Perspectives 

1. Technical Challenges: Large spectral data handling, 

complicated hardware requirements, and greater 

computing demands are some of the technological 

difficulties associated with spectral CT. Noise, motion 

artifacts, beam-hardening effects, and restrictions in 

material decomposition accuracy can all have an impact 

on image quality. To increase dependability and clinical 

use, acquisition techniques, reconstruction algorithms, 

and quantitative parameter standardization must be 

optimized [9].  

 

2. Clinical Validation: The accuracy, dependability, and 

connection of spectral imaging biomarkers with 

histopathological results are the main goals of clinical 

validation of spectral CT as a virtual pathology 

technique. Research has shown that factors like iodine 

content, effective atomic number, and material 

disintegration can provide important details about the 

composition of tissues and the features of diseases. By 

enhancing lesion characterization and treatment 

evaluation, spectral CT has demonstrated encouraging 

outcomes in cancer, cardiology, and abdominal imaging 
[9].  
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3. Future Research Directions: Future developments in 

artificial intelligence integration, radiomics-based tissue 

analysis, and quantitative biomarkers will be the main 

areas of study in Spectral CT-based virtual pathology. 

Large-scale clinical validation studies and the creation 

of standardized procedures will improve diagnosis 

accuracy and dependability. Spectral CT may be used 

in conjunction with molecular imaging and 

personalized medicine techniques to facilitate non-

invasive disease characterisation, better therapy 

prediction, and broader clinical acceptance as a 

substitute or supplementary tool to conventional biopsy 
[9].  

 

Conclusion 

Spectral CT is a revolutionary development in medical 

imaging that bridges the gap between quantitative tissue 

characterisation and anatomical visualization. It functions as 

a kind of "virtual biopsy," giving physicians imaging 

biomarkers that closely correlate with histological findings 

through the use of material decomposition, iodine mapping, 

and virtual non-contrast imaging. Its uses include neurology, 

musculoskeletal disorders, cardiovascular illness, cancer, 

and abdominal imaging. It provides better diagnostic 

precision while lowering radiation exposure and procedural 

burden. Continued advancements in artificial intelligence, 

radiomics, and clinical validation are anticipated to establish 

spectral CT as a crucial tool in precise, non-invasive 

diagnostics, even as technological complexity and cost 

continue to be obstacles to wider implementation [9].  
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