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Abstract

CT images display anatomic structures across 3 dimensions and are highly quantitative; they 

are the reference standard for 3-dimensional geometric measurements and are used for 3-D 

printing of anatomic models and custom implants, as well as for radiation therapy treatment 

planning. The pixel intensity in CT images represents the linear x-ray attenuation coefficient of 

the imaged materials after linearly scaling the coefficients into a quantity known as CT numbers 

that is conveyed in Hounsfield Units. When measured with the same scanner model, acquisition, 

and reconstruction parameters, the mean CT number of a material is highly reproducible and 

quantitative applications of CT scanning that rely on the measured CT number, such as for 

assessing bone mineral density or coronary artery calcification, are well established. However, 

the strong dependence of CT numbers on x-ray beam spectra limits quantitative applications 

and standardization from robust widespread success. This paper reviews several quantitative 

applications of CT and the challenges they face, and describes the benefits brought by photon 

counting detector (PCD) CT technology. The discussed benefits of PCD-CT include that it 

is inherently multi-energy, expands material decomposition capabilities, and improves spatial 

resolution and geometric quantification. Further, the utility of virtual monoenergetic images to 

standardize CT numbers is discussed, as VMIs can be the default image type in PCD-CT due to 

the full-time spectral nature of the technology.
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Introduction

The first patient CT exam occurred on October 1, 1971 (1), forever changing the face of 

medicine. Since then, ongoing technical advances have made possible clinical applications 

originally only imagined by Godfrey Hounsfield, who with Alan Cormack, was awarded 

the Nobel Prize in Physiology and Medicine for their invention in 1979. In his first 

paper on CT imaging, Hounsfield foresaw the use of multiple energy spectra to perform 
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dual-energy CT, noting that “tests carried out to date have shown that iodine (Z=53) can 
be readily distinguished from calcium (Z=20)” (2). In this paper, Hounsfield also described 

the quantitative nature of CT numbers, “The picture is built up in the form of an 80 × 80 
matrix of picture points to each of which a numerical value is ascribed. Each of these points 
indicates the value of the absorption coefficient of the corresponding volume of material in 
the slice. …, the absolute values of absorption coefficient of various tissues are calculated to 
an accuracy of 1/2 percent” (2). Subsequent to this paper, in which a scaling factor of 500 

was used, a standard scaling factor of 1000 was adopted by the CT community, and the unit 

of measure for CT numbers (Hounsfield Units) named in honor of Hounsfield.

CT  Number = μmaterial − μwater
μwater

× 1000

where μ is the linear X-ray attenuation coefficient.

In the early years of CT, many studies explored the use of CT numbers to quantify tissue 

type and disease status (3–5). Rules were adopted to define tissue types according to CT 

numbers, such as to discern if a renal mass was or was not enhancing (6, 7). However, 

variations in CT numbers for the same tissue type or material have been repeatedly 

documented, requiring calibration procedures, which in the case of bone mineral density 

measurements, required the use of a reference phantom within the scan field of view (8–13). 

Even then, issues such as position in the field of view caused variations in CT numbers 

due to beam hardening effects (14). Quantitative applications, such as the assessment of 

coronary artery calcification, were most successful when limited to a specific scanner 

technology, such as electron beam CT, which operated at a single tube potential setting (15–

17). As CT technology advanced and generator power increased, the use of tube potential 

values other than the 120 or 130 kV became commonplace, particularly for the purposes 

of dose reduction (e.g., using lower tube potential such as 80 kV) or scanning in morbidly 

obese patients (e.g., using higher tube potential such as 140 kV). The “standardization” 

achieved with use of 120 kV, even with its dependencies on beam filtration, was lost. To 

address this, parameters such as the Agatston score, were prescribed to be performed at 

120 kV on multi-detector-row CT systems (16). Alternatively, phantom calibration was 

performed to allow assessment of calcium mass or density (16). However, with the large 

variety of scanner models in existence, and the even larger range of scan and reconstruction 

parameters, very few quantitative applications of CT imaging have been pursued.

In approximately 2006, dual-energy CT became clinically available for a second time, 

the first being a short window in the mid-1980s when Siemens sold a scanner capable 

of separating tissue, calcium, and iodine (18). Reintroduced first by Siemens using its 

dual-source scanner geometry (19–21), dual-energy CT eventually came to be offered by all 

major scanner manufacturers and clinical applications that exploit the ability to solve for 

effective atomic number and mass density have been adopted by many practices (22). One 

manner by which dual-energy or multi-energy data can be generated is the use of photon-

counting detector (PCD) technology, which is the topic of this special issue. The remaining 

sections describe the improved abilities of PCD-CT to differentiate and/or identify specific 

tissue compositions and the impact of PCD-CT’s improved spatial resolution on geometric 
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quantification. Further, a case is made for CT number standardization using virtual 

monoenergetic images (VMI) (23), which are images synthesized from dual- or multi-energy 

data that yield a standard CT number for a given density of material, completely independent 

of the scanner make, model, tube potential, or beam filtration.

PCD-CT is inherently multi-energy

In 2014, the first high-flux whole-body PCD-CT system was installed at the Mayo Clinic 

(24, 25), and in 2021, the first commercially available dual-source PCD-CT system was 

introduced for clinical use (26, 27). The technology is inherently spectral in nature, 

measuring temporally and spatially synchronous multi-energy data. As described in (28), 

PCDs measure very narrow (10–20 ns) electronic pulses that are compared to prescribed 

threshold, which have been calibrated in terms of photon energy. Those pulses exceeding 

a given threshold are counted and the number of counts above each threshold provides 

information about the energy-dependent attenuation of the imaged material. This energy-

dependent information is used to perform material decomposition and synthesize material-

specific density maps (Figure 1), VMIs, or images where materials of a specific atomic 

number are color coded to indicate their composition. Materials can also be subtracted from 

the data to form virtual non-contrast or virtual non-calcium images (22, 29), and its clinical 

utility has been demonstrated in multiple studies (30–38).

Material maps are CT images representing the mass density of the material of interest 

(Figure 2). The pixel values are provided in terms of mg/cc or mg/mL, or in some scenarios, 

the values are given in CT numbers and a scale factor must be applied to determine the 

physical mass density. The complementary image to an iodine map is a virtual non-contrast 

image, in which the iodinated signal has been removed, leaving behind soft tissue or water 

maps. The complementary material types are established during the material decomposition 

process where the basis materials are defined. Common 2-material decomposition image 

types include iodine maps (with non-iodine-like materials removed) and virtual non-iodine 

images (with iodine-like materials removed). Common 3-material decomposition image 

types include iodine, water, and calcium maps or iodine, soft tissue, and fat maps. Since only 

two unique spectral measurements are made in dual-energy CT, the third material map is 

created by use of an additional assumption, typically that the volumes of the 3 materials are 

conserved during the decomposition process.

It is essential to recognize that material maps are quantitative only for the basis materials 

specified in the decomposition algorithm. For example, in iodine (no water) and water (no 

iodine) images, a portion of bone signal – which contains predominantly calcium signal – 

will appear in both the iodine and water images because calcium is neither iodine or water, 

but rather is represented as a linear combination of iodine and water. It is thus incorrect to 

measure a region-of-interest over bone and assert that the numerical value represents the 

bone mineral (i.e., calcium) density in an iodine (no water) image. To measure calcium mass 

density, one must make measurements on a calcium map that is obtained using calcium as a 

basis material.
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PCD-CT expands material decomposition capabilities

With dual-energy CT, the photoelectric and Compton interaction processes are used to 

describe the attenuation of materials to perform material decomposition. All materials can 

be described as a combination of these two processes, and thus no matter the number of 

energy measurements made, only two materials can be conveyed in the resulting material 

maps. The exception to this is in the presence of k-edges – energies at which the attenuation 

of a material markedly increases. The k-edges of most naturally occurring elements in the 

body, such as calcium (4 keV) and iron (7 keV), are too low to be directly measurable in 

diagnostic CT data, since there are few photons transmitted through a patient at energies 

below 30 keV. However, extrinsic contrast agents, such as iodine (k-edge at 33 keV), barium 

(k-edge at 37 keV), and gadolinium (k-edge at 50 keV) can be detected in measured CT 

data, providing an additional mechanism by which to decompose the CT signal. Thus, in 

additional to the photoelectric and Compton processes, k-edge materials can be decomposed 

with PCD-CT by setting energy thresholds adjacent to the k-edge values (39–43). This 

expands the type of imaging that can be performed.

Ren et al. studied the use of multi-contrast agents (i.e., iodine and gadolinium) to create 

distinct maps of the arteries and veins (Figure 3) from a single PCD-CT scan (44). The 

contrast agents were injected at two different times and the single scan was performed when 

the first injected material had reached the veins but the 2nd injected material remained in the 

arteries. Other work using PCD-CT to quantify the concentration of more than one contrast 

agent in abdominal and cardiovascular applications has been reported (45–49).

PCD-CT improves spatial resolution and geometric quantification at lower 

image noise

Conventional EIDs use a scintillating layer to convert the x-ray energy into light and then 

to convert the light into an electrical signal proportional to the total energy of the detected 

x-rays. In contrast, PCD technology directly converts each individual x-ray energy to an 

electrical signal whose amplitude is proportional to the energy of the detected x-ray (50–52). 

This use of direct conversion increases the active area of the PCD because reflector septa 

are not needed between detector elements. X-ray energy thresholding in PCDs enables 

suppression of electronic noise by setting a threshold above the electronic noise floor, a 

feature not possible in EIDs (50, 53). These factors and the fundamentally higher spatial 

resolution of the PCD-CT system enable higher dose-efficiency and reduction of noise 

compared to conventional EID-CT systems (50, 53).

The manner in which detector pixels are formed in PCDs enables markedly improved spatial 

resolution without loss of dose efficiency. The metallic anodes can be adhered onto the far 

side of the semi-conductor detector at extremely small spacings – 100 microns or smaller. 

No dicing of the detector is required and because no light is formed, optical reflectors 

are not needed between detector pixels. This allows creation of images with a limiting 

spatial resolution of 125 to 150 microns (54–60). To date, the improved visualization and 

geometric quantitation afforded by this improved resolution has been applied to imaging 

of the inner ears, temporal bones, sinuses, lungs, musculoskeletal anatomy, blood vessels, 
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and calcifications. In each case, geometric and attenuation measurements have become more 

accurate.

Inner ear, temporal bones, and sinuses

Neuroimaging tasks involving the inner ear, temporal bone, and sinus typically deal with 

delicate, sub-millimeter anatomic structures that are often challenging to image with 

conventional CT systems due to their limited spatial resolution. The use of attenuating 

comb or grid filters reduce the in-plane pixel aperture (61) to facilitate ultra-high-spatial 

resolution but comes at the cost of decreased geometric dose efficiency (55). Additionally, 

partial volume averaging in the longitudinal scan direction makes it challenging to image 

thin structures, including metallic prostheses in the inner ear (Figure 4). This occurs when 

the smallest CT image section thickness (e.g., 0.4 mm on 3rd generation DS-DECT system) 

is markedly larger than the dimension of the bone or metal implant surrounded by air. The 

resulting image voxel consists of an averaged attenuation of bone or metal and air leading to 

a blurry depiction of the bone or metal prosthesis.

Spatially accurate representations of anatomic and pathologic features in the inner ear are 

possible with the ultra-high-resolution feature of PCD-CT (62). A section thickness of 0.2 

mm on PCD-CT combined with a dedicated UHR kernel has led to reduced longitudinal 

partial volume averaging and superior depiction of stapes piston prosthesis (62). Since PCD-

CT achieves UHR capability without the use of attenuating comb or grid filters, substantial 

dose reduction (30 to 85%) relative to current clinical EID-CT temporal bone protocols have 

been achieved (63). For sinus imaging, increased in-plane spatial resolution and reduced 

partial volume averaging from PCD-CT will enable improved systematic and quantitative 

grading of bony and septal fractures. CT is currently a gold standard modality for sinonasal 

tumor staging and tumor mapping but is performed at higher radiation doses (64). PCD-CT 

with its high spatial resolution and low dose imaging capabilities could further improve 

sinonasal tumor imaging in clinical practice. Alternatively, doses could be maintained at 

current levels to instead decrease noise, which will increase the precision of quantitative 

measurements.

Lungs

Lung cancer CT screening is used to detect lung nodules and estimate of their volumes 

are used clinically to assess the need for follow up and/or to monitor nodule growth 

(65). Additionally, high-resolution CT has been used to measure the dimensions of small 

structures such as airways for the purpose of monitoring for chronic obstructive pulmonary 

disease and asthma (66, 67).

High-resolution PCD-CT has been shown to improve nodule volume quantification, shape 

characterization, and image quality compared to standard-resolution PCD-CT (54, 58, 68, 

69). PCD-CT has been applied to nodule volume, emphysema, and airway quantification 

(69–72). In the context of interstitial lung disease, PCD-CT technology maintained 

diagnostic performance at reduced dose compared to EID-CT (73, 74). Dunning et al. 

showed that PCD-CT improved nodule volume estimation (volume quantification error 

reduced from 11.4% to 3.1%) and airway wall thickness measurement (root mean-squared 
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error reduced from 0.42 mm to 0.23 mm) compared to EID-CT, particularly at lower doses 

(75). Clinically, the use of PCD-CT for lung cancer screening or management of airway 

diseases will allow more accurate monitoring of nodule growth and airway wall thickening 

(75).

Musculoskeletal anatomy

In musculoskeletal imaging, PCD-CT has shown to improve the depiction of cortical 

and trabecular features (76), bone fractures and early callus formation (77), and improve 

detection of osteolytic lesions (78) at lower radiation doses and/or image noise levels. 

A study by Thomsen et al. (59) demonstrated that the effective spatial resolution of the 

clinical PCD-CT system for quantifying trabecular microstructures in excised spine are 

comparable to that of peripheral quantitative CT (pQCT). This approach enables quantitation 

of trabecular morphology such as trabecular thickness, spacing, number and bone volume 

fraction in central sites such as spine and large joints using PCD-CT, which were previously 

limited to extremities using pQCT. Bone CT numbers in PCD-CT are significantly higher 

than those obtained using EID-CT (76, 77), due to count weighting instead of energy 

weighting in PCDs. This increase in bone contrast, combined with decreased partial 

volume averaging from smaller detector pixels of PCD-CT leads to better depiction of fine 

trabecular structures and osseous pathology. PCD-CT also offers opportunistic bone mineral 

density (BMD) measurements using a single localizer (topogram) image. Typically, BMD 

is measured using a dual-energy absorptiometry (DEXA) technique where bone density is 

estimated using areal attenuation measured using two different x-ray energies. In PCD-CT, 

since the multi-energy data is acquired at the detector using a single tube potential, a DEXA-

like BMD measurement is available using the localizer scan for opportunistic osteoporosis 

screening (79, 80). For cartilage imaging, PCD-CT has shown to facilitate quantitative 

mapping of glycosaminoglycans in the extracellular cartilage matrix (81) and grading of 

cartilage integrity and articular cartilage loss at high spatial resolution (82).

Blood vessels and calcifications

Coronary artery calcification (CAC) is an important indicator of coronary artery disease, 

but accurate quantification of CAC volume is challenging using CT due to calcium 

blooming, which is a consequence of limited spatial resolution. PCDs do not require 

interpixel septae and can therefore offer smaller detector pixels without losing geometric 

dose efficiency, which allows PCD-CT to achieve dose-efficient high spatial resolution 

relative to conventional EID-CT technology (83). Sharper convolution kernels and thinner 

image sections are also needed for PCD-CT to take advantage of the higher resolution data 

(27, 54, 55, 63).

Koons et al. (84) demonstrated accurate quantification of luminal stenosis in the presence 

of heavy calcifications in a phantom model using the ultra-high-resolution mode of the 

clinical PCD-CT system. In cases of severe stenosis (50–75% occlusion in a ring-shaped 

calcification) investigated using a calcific stenosis phantom, PCD-CT images were able 

to indicate that the lumen was not completely occluded, whereas EID-CT images of the 

same phantom showed near-complete or complete occlusion of lumen. The improvement 

in stenosis quantification from PCD-CT is attributed to the improved spatial resolution and 
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reduced calcium blooming, resulting in better plaque-lumen delineation. In addition to the 

reduction of calcium blooming due to the high spatial resolution of PCDs, multi-energy 

imaging using dual-source PCD-CT can achieve 66-ms temporal resolution (27, 85), which 

is not possible with conventional dual-source CT systems without sacrificing the temporal 

resolution (DSCT offers single-tube-potential cardiac imaging at 66 ms temporal resolution 

without spectral capabilities, or dual-energy acquisitions with two different x-ray spectra at 

125 ms temporal resolution). The high temporal resolution offered by dual source PCD-CT, 

and high spatial resolution and multi-energy capabilities, are beneficial for imaging of 

coronary plaques and quantitative CAC scoring based on calcium mass density and volume. 

Similarly, Marsh et al. (86) demonstrated that ultra-high-resolution imaging of CAC using 

a clinical PCD-CT yielded reduction in calcium blooming artifacts and improvements in 

calcification volume quantification accuracy relative to a state-of-the-art EID-CT system. 

Sandstedt et al. (87) similarly showed improved CAC volume quantification accuracy 

using an investigational PCD-CT relative to state-of-the-art EID CT. Calcification volume 

measurements overestimated micro-CT volumes (95% CI) by 9 ± 12% for clinical PCD-CT 

data, 18 ± 12% for the investigational PCD-CT data, and 24 ± 18% for the EID-CT data 

(86, 87). Mergen et al. (57) further demonstrated the spatial resolution benefits for cardiac 

imaging in patients scanned with the clinical PCD-CT system in UHR mode. Subjective 

image quality assessment with 2 readers showed that the readers favored PCD-CT images 

reconstructed with ultra-sharp kernels (Bv64 and Bv72) for assessing lumen and plaque 

characteristics.

Studies by Eberhard et al. and van der Werf et al. have also investigated CAC imaging on the 

clinical PCD-CT system, with an emphasis on assessing calcium scoring using the Agatston 

score (88, 89). The Agatston score is highly dependent on the maximum attenuation of 

a calcified plaque (15, 16, 90) and hence the tube potential or VMI photon energy level 

greatly impacts the CAC score. Independence from tube potential has been shown for 

CAC scoring using a dedicated reconstruction kernel that provides (90, 91) consistent 

attenuation of calcifications at varying tube potentials. However, due to the differences in 

how the detector signal is weighted (i.e., energy vs count weighting), polychromatic 120 

kV PCD-CT images do not yield CAC scores identical to those measured with 120 kV on 

EID-CT. As described in the next section, to use the semi-quantitative Agatston score with 

PCD-CT, VMIs must be used. Eberhard et al. found a deviation of below 1% compared 

to a conventional EID-CT using VMIs at 70 keV (88). Using an investigational PCD-CT 

from a different manufacturer, van der Werf et al. also found that PCD-CT provided greater 

accuracy for volume quantitation as well as greater sensitivity to small calcifications (92). 

After optimization by the manufacturer to achieve comparable CT number values, they 

found comparable CAC scores between EID-CT and PCD-CT (92). In a later study using 

a commercially released PCD-CT scanner and a motion phantom, van der Werf et al. 

evaluated CAC scores as a function of heart rate and VMI energy level (89). They found 

differences in CAC score, volume, and mass at all heart rates and VMI energies, which they 

attributed primarily to motion (89). For heart rates < 60 bpm and VMI energies of 74 or 76 

keV, CAC scores were comparable to the reference scanner (89).
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Virtual monoenergetic images and the standardization of CT numbers

CT numbers, which represent x-ray attenuation, are energy dependent and their values 

are strongly affected by the characteristics of the Bremsstrahlung x-ray spectrum; CT 

numbers of the same material can vary substantially across scanner manufacturer and model, 

tube potential, and beam filtration. Acquisition of dual- or multi-energy CT data allows 

generation of VMIs (93–96). VMIs are used to increase iodine contrast-to-noise ratio (CNR) 

using low photon energy levels or reduce metal artifacts and calcium blooming with high 

photon energy levels (95, 97–99). In VMIs, the CT number of a material can be computed 

exactly for a specified photon energy level (keV) (Figure 5), ideally making the CT number 

of a material independent of scanner type, tube potential, and beam filtration (Figure 6). This 

allows for comparison of quantitative measurements across manufacturers and scanners, 

which is a significant benefit for clinical applications that require accurate and reproducible 

CT numbers (100). While, some studies have shown some dependence of VMI CT numbers 

on external factors (93, 101), more recent comparisons of VMI CT numbers across the 

range of dual- and multi-energy CT scanners have shown accurate and reproducible results 

(102–105).

In conventional single-energy (SE) CT with energy integrating detectors (EIDs), the 

dependence of image quality and radiation dose on tube potential can be exploited, for 

example, to increase iodine signal and reduce dose at lower tube potential settings (e.g., 80 

kV), which works well for children and small adults. For larger patients, a low tube potential 

protocol is not optimal and high tube potentials (e.g., 140 kV) are more appropriate (106). 

The most appropriate tube potential must be selected by the scanner operator based on both 

the patient size and the imaging task. While this can be accomplished with size-specific 

technique charts or automatic tube potential selection tools (106, 107), the task of selecting 

the optimal tube potential is challenging in practice and requires additional steps by the 

operator. So, in addition to causing a severe lack of standardization of CT numbers, the use 

of multiple tube potentials decreases workflow efficiency and opens the process to more 

potential errors.

Similar to SECT, the selection of optimal tube potential(s) and filters for DECT acquisition 

modes (e.g., tube potential pairs on dual-source systems) is dependent on patient size 

and imaging task. VMIs at low photon energies can increase the iodine contrast-to-noise 

ratio (CNR) (108, 109). If material-specific information is not needed, the scan could be 

performed with a SE protocol using the optimal tube potential or a DE protocol using the 

optimal energy VMI. The complexity of these decisions decreases practice efficiency. More 

importantly, inappropriate selection of tube potential in SECT, or tube potential pairs in 

dual-source DECT, can result in suboptimal exams. A simple and efficient workflow that 

provides optimal image quality, in terms of iodine CNR and lesion detectability, across 

different patient sizes is therefore highly desirable.

Just as in DECT, VMIs can be generated from PCD-CT (23, 26, 71, 110, 111). In addition 

to tube potential and tube current, PCD-CT systems require the selection of additional 

acquisition parameters, such as energy thresholds, which can further complicate clinical 

workflow. To simplify protocol decisions and scanning workflow, data acquired with a 
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research, whole-body PCD-CT system has shown that the use of VMIs created at a pre-

defined fixed energy from a data set acquired with a pre-defined fixed protocol (tube 

potential and energy thresholds) can provide optimal iodine CNR across the range of 

adult patient sizes (23). Further work found similar results for the detectability of low 

contrast lesions for different adult sizes using fixed energy VMIs acquired with a universal 

abdominal acquisition protocol. This is possible because of the count (and not energy) 

weighting of the detector signal and the universality of attenuation coefficients for a given 

material at a given photon energy (23). The ability to use a single scan protocol and VMI 

energy level for all imaging of a given body region could have great value for workflow 

standardization, and more importantly, for quantitative applications of CT and disease 

characterization (9). Further, in the rapidly emerging field of AI, algorithms validated for 

one scanner model are much more likely to work well on other scanner models if the CT 

numbers have been standardized.

Summary

CT scanners measure a defined physical quantity, x-ray attenuation, and are thus inherently 

quantitative. However, the strong dependence of CT numbers on the x-ray beam spectrum 

has limited quantitative applications due to the many variations in spectra between scanner 

manufacturers and specific models. The use of dual- or multi-energy CT offers a solution 

to this quandary, as the measured data can be represented in terms of the attenuation at a 

specified photon energy, eliminating the dependence on tube potential and filtration. These 

virtual monoenergetic images, VMIs, stand to usher in a new era of quantitative CT imaging. 

Toward this end, the first commercial PCD-CT scanner uses VMIs as the primary image 

type produced by the scanner.

In addition, PCD-CT offers ultra-high spatial resolution at an unprecedented dose efficiency. 

The 125-micron limiting spatial resolution substantially decreases partial volume averaging 

and allows clear delineation of sub-mm structures. Thus, quantitation of size, shape, 

and other geometric parameters is more accurate than in conventional EID-CT. Together, 

the increased accuracy of attenuation and size and the standardization of attenuation 

measurements opens the door for clinical adoption of generalizable radiomics and artificial 

intelligence algorithms, where the current variations amongst scanner models finally can be 

overcome.
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Figure 1. 
Example of a quantitative iodine map from a CT urogram of a 59-year-old male obtained 

using the multi-energy acquisition mode of a clinical PCD-CT system. The left renal mass 

showed internal nodular enhancement (measuring 6.8 mg/mL of iodine in the iodine map). 

Window/level: 40/400 for the low-energy threshold image and 0–11.5 mg/mL for the iodine 

map image.
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Figure 2. 
The concentration of iodine can be measured very accurately in both moderate to large 

phantom sizes using material decomposition and iodine maps.
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Figure 3. 
Dual-contrast imaging using gadolinium (k-edge = 50.2 keV) in venous vasculature and 

iodine in arterial vasculature in a swine study. Gadobutrol (Gadavist, Bayer Healthcare, 

NJ) contrast agent was first injected intravascularly, followed by an iohexol (Omnipaque 

350, GE Healthcare, WI) injection 17.5 s from the initial injection. A single photon-

counting-detector scan was performed to capture both contrast agents after the second 

injection, resulting in the dual-contrast fused material map of abdominal vasculature. Image 

reproduced from (44).
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Figure 4. 
Images of a 53-year-old male patient’s inner ear imaged with an energy-integrating-detector 

(EID) CT (left) and a photon-counting-detector (PCD) CT (right). The yellow arrow points 

to a sub-mm metallic stapes prosthesis that is visualized much more clearly on PCD-CT. 

Window/level: 700/4000.
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Figure 5. 
The CT numbers in virtual monoenergetic images (VMIs) are determined solely by the x-ray 

absorption coefficient of the evaluated material and the photon energy at which the image is 

made. This graph shows the agreement between ground truth and measurements for iodine 

solutions within a head (20-cm diameter) and body (40 × 30 cm) phantom. As shown in 

Figure 6, the values are a given energy level are independent of the tube potential used to 

acquire the data.
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Figure 6. 
CT number dependence on tube potential for iodine (I, 2 and 10 mg/cc) and hydroxyapatite 

(HA, 50 mg/cc). Dimmer bars are from the low-energy threshold image and brighter bars 

are from virtual monoenergetic images (VMIs). For the polychromatic, low-energy threshold 

images, the CT numbers are highest at 90 kV and lowest at 140 kV (arrows), whereas the CT 

numbers corresponding to VMIs at 50 keV are independent of tube potential.

McCollough et al. Page 21

Invest Radiol. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	PCD-CT is inherently multi-energy
	PCD-CT expands material decomposition capabilities
	PCD-CT improves spatial resolution and geometric quantification at lower image noise
	Inner ear, temporal bones, and sinuses
	Lungs
	Musculoskeletal anatomy
	Blood vessels and calcifications

	Virtual monoenergetic images and the standardization of CT numbers
	Summary
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

