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Abstract

Computed Tomography (CT) has advanced continuously since the 1970s, evolving from static brain imaging to high-speed,
high-resolution volumetric and spectral systems. This review outlines key milestones leading to photon-counting CT (PCCT) and
how it addresses the fundamental limitations of energy-integrating detector (EID) technology. While innovations such as helical
scanning, multidetector arrays, dual-source systems, and iterative reconstruction (IR) have improved image quality and reduced
dose, EID-CT remains constrained by electronic noise, limited spatial resolution, and limited accessibility of spectral information.
PCCT introduces direct-conversion detectors that count and classify individual x-ray photons by energy, delivering improved
spatial and contrast resolution, intrinsic spectral data, and noise-efficient imaging. PCCT unites ultra-high-resolution, enhanced
contrast-to-noise ratio, and multienergy capability in every scan. Early clinical results demonstrate substantial benefits in
cardiovascular, pulmonary, musculoskeletal, and oncologic imaging. As PCCT enters routine practice, it marks a paradigm shift
toward data-rich, spectrally resolved imaging with greater diagnostic precision and efficiency.
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Introduction

The history of CT is a story of
continuous innovation driven by the
pursuit of improved diagnostic precision.
The journey began in the early 1970s with
the pioneering work of Godfrey Hounsfield
and Allan Cormack, whose breakthroughs
laid the foundation for a technology that
would become a cornerstone of modern
medical imaging.

From those beginnings, CT technology
advanced rapidly. Early systems with

narrow fan-beam geometries evolved

into wide fan-beam and multidetector-
row configurations, enabling greater
z-axis coverage and thinner image slices.
The introduction of helical (spiral)
scanning further improved temporal
resolution and scanning efficiency, while
refinements in detector design and gantry
mechanics enhanced spatial resolution.
Concurrently, developments such as
automated tube current modulation and IR
techniques reduced radiation dose without
sacrificing diagnostic accuracy. These
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innovations established the framework for
modern CT performance and paved the
way for emerging technologies.?

Despite these advances, conventional
energy-integrating CT still has important
limitations. Spatial resolution can be
insufficient for coronary CTA in patients
with heavy calcification or stents, where
blooming and beam-hardening artifacts
may obscure fine detail and overestimate
stenosis.’ Quantitative accuracy and
low-contrast lesion detection may also
suffer because Hounsfield Units vary
with patient size and surrounding tissue
attenuation, and image quality can worsen
in larger patients because of reduced dose
efficiency and greater electronic noise.*

To address some of these challenges,
dual-energy CT (DECT) was introduced,
allowing material characterization
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through spectral imaging. DECT systems
employed methods such as dual
x-ray tubes operating at different
kilovolt peak (kVp) settings, rapid kvp
switching, split-filter techniques, and
dual-layer spectral detectors. While
DECT represented an important step
forward, it continued to rely on EID
technology and thus retained some of its
inherent constraints.*’

Recently, PCCT has entered clinical
practice as a new approach to x-
ray detection. By counting individual
photons and recording their energies
directly, it offers better spatial and
contrast resolution, lower electronic
noise, and routine multienergy data
from every scan. Together, these features
provide a stronger basis for diagnostic
performance across a wide range of
clinical applications.®

Foundations and Early Generations

CT’s theoretical basis traces to Johann
Radon (1917), who developed the
mathematical principles showing that a
function can be reconstructed from its
line integrals, laying the groundwork
for tomographic imaging.” In the 1960s,
William Oldendorf built a prototype with
a rotating x-ray source and detector that
demonstrated cross-sectional imaging.®
In parallel, Allan Cormack developed
the reconstruction algorithms needed
for clinical use.’ Building on these
foundations, engineer Godfrey Hounsfield
designed the first practical CT scanner
and, together with James Ambrose,
performed the first clinical brain scan in
1971." This marked a turning point in
diagnostic medicine and earned Cormack
and Hounsfield the 1979 Nobel Prize.

This first-generation scanner employed

a pencil beam and single detector,
requiring several minutes to acquire

each slice. Second-generation fan-beam
systems (e.g., ACTA, 1973) improved
speed, while third-generation rotate-rotate
scanners (e.g., Siemens SOMATOM, 1977)
achieved whole-body imaging in seconds.
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Volumetric Advances

Slip-ring technology eliminated cable
constraints, enabling continuous gantry
rotation and helical CT in the early 1990s.
A slip-ring is an electromechanical device
that uses brushes to transmit power and
data between a stationary surface and
a rotating one, eliminating the need for
direct wiring, paving the way for helical (or
spiral) CT. In a helical scan, the patient
table moves through the continuously
rotating gantry, allowing the x-ray beam
to trace a spiral trajectory around the
body." This enabled volumetric imaging
within a single breath-hold and facilitated
the transition from xenon gas detectors
to solid-state technology. These advances
produced faster scans, improved image

quality, and reduced artifacts.""

Electron Beam CT

Electron beam CT (EBCT) was
developed in the 1980s for imaging
rapidly moving organs, particularly
the heart.” Instead of rotating a
physical x-ray tube, EBCT employed a
stationary anode ring and deflected an
electron beam to generate x-rays at
multiple points, enabling slice acquisitions
in approximately 50-100 ms.**" This
ultrafast temporal resolution made it
possible to “freeze” cardiac motion,
enabling coronary artery calcium (CAC)
scoring and early noninvasive imaging
of coronary anatomy." Although EBCT
offered superior temporal resolution, it
was hampered by lower spatial resolution,
limited versatility for body imaging, and
high operational cost. Its clinical use
declined as ECG-gated multidetector CT
(MDCT) emerged."

Multidetector, Dual-Source, and
Spectral Systems

The late 1990s introduced MDCT,
beginning with the Elscint Twin Flash
Spiral CT’s 2-slice scanner and rapidly
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advancing to 16-, 32-, and ultimately
64-slice systems by 2004." The defining
feature of MDCT was its capability to
capture multiple slices per gantry rotation,
significantly expanding volume coverage
along the z-axis. Wide-detector arrays
enabled near-whole-organ coverage in a
single rotation and supported dynamic
perfusion imaging of organs such as the
brain, heart, and liver."® Developments

in area-detector technology, exemplified
by Canon’s Aquilion ONE (introduced

in 2007), expanded z-axis coverage to
encompass entire organs within one
rotation."”"” Contemporary platforms with
256-512 detector rows provide up to 160
mm of coverage, enabling single-beat
whole-heart imaging and comprehensive
trauma scans in one rotation.”

In 2005, dual-source CT (DSCT)
introduced two x-ray tubes and detectors
mounted roughly 90° apart, improving
temporal resolution relative to single-
source MDCT and enabling robust cardiac
imaging even at high or irregular heart
rates. DSCT also benefits trauma and obese
patients by allowing rapid acquisition
without sacrificing image quality and
offers an alternative to wide-detector
scanners.”»” DSCT achieved notable
results through shorter acquisition times
per view, offering improved resilience
to arrhythmias, providing an alternative
solution to wide-area coverage, with equal
or greater clinical benefits when temporal
resolution was the limiting factor.”

Beyond dual-source systems, rapid
kVp-switching and split-filter techniques
achieve dual-energy imaging with a
single x-ray tube. However, spectral
separation is constrained by generator
performance and system design, and
implementations typically support only
a limited set of predefined acquisition
protocols. Additionally, rapid kVp
switching imposes restrictions on tube
current modulation, which limit dose
efficiency in large patients.*’

Dual-layer detector CT uses a single
x-ray spectrum combined with a stacked
EID design. The top scintillator layer
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absorbs lower-energy photons, while
higher-energy photons penetrate to the
lower layer. Because spectral separation
occurs at the detector rather than the
source, dual-layer CT intrinsically acquires
spectral data for every scan without
requiring protocol selection. However,
spectral separation is constrained by

the physics of scintillator absorption,
resulting in greater overlap between

the energy spectra than in source-based
dual-energy. This overlap is mitigated
using advanced reconstruction algorithms
and deep-learning techniques.** This
transformed CT from a purely anatomic
modality into one that also integrates
tissue characterization and functional
insights.”»* Despite these innovations,
performance remained constrained by
the fundamental limitations of energy-

integrating detectors.”*

Iterative Reconstruction

Filtered back projection (FBP) has
been the standard analytic method for
CT reconstruction, applying a filter to
projection data and back-projecting the
result to form images. The filtering
step corrects the blurring inherent
in simple back-projection, and the
overall process is efficient. However,

FBP is prone to increased noise

and streak artifacts with reduced
radiation dose or undersampled projection
data. These shortcomings prompted

the development of more advanced
reconstruction methods.”*

IR algorithms address the limitations
of FBP for applications requiring dose
reduction. IR methods start with an initial
image estimate and iteratively refine it
by comparing it to the measured data.
This process allows selective suppression
of noise and artifact reduction, enabling
radiation reduction while maintaining
or improving image quality. However,

IR can introduce unnatural image
textures and is computationally more
demanding than FBP, which has limited

its universal adoption.””*>*
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In both DECT and PCCT, IR improves
image quality and quantitative reliability
under challenging noise and spectral
conditions by more accurately modeling
polychromatic spectra, detector response,
and statistical noise. This facilitates
more robust material decomposition
and helps translate spectral data into
clinically usable images, such as low-noise
virtual monoenergetic images (VMIs) and
quantitative maps at doses comparable to
conventional CT.”*

Deep learning image reconstruction
(DLIR) utilizes convolutional neural
networks to produce images with reduced
noise and preserved anatomical detail,
while maintaining a noise texture
comparable to that of FBP. DLIR enables
more radiation dose reduction without
compromising diagnostic accuracy or
low-contrast detectability. However,

DLIR performance depends on the
quality of training data and continued
validation across a broad range of

clinical applications.**

Introduction of Photon-Counting
Detectors

PCCT has evolved through decades of
innovation and translational research.
In the early 2000s, General Electric
(GE) conducted the first human scan
using a prototype system, while Philips
introduced the first rotating-gantry PCCT
designed for small animal imaging,
generating preclinical data.”®*"* By the
2010s, both Siemens and Philips had
developed advanced prototypes capable
of whole-body imaging and spectral
acquisition, enabling preclinical and
early human research. This progress
culminated in 2021 with Siemens’
introduction of the first full-field-of-view
clinical PCCT system, soon followed
by platforms from other vendors (GE,
Canon, United Imaging). The transition
from research to clinical practice enabled
large-scale studies confirming PCCT’s
advantages in spatial resolution, spectral

imaging, and artifact reduction.”**

REVIEW

The difference between conventional
and PCCT lies in the detector design.
Traditional EID-CT systems use an
indirect, two-step process. First, x-ray
photons strike a scintillator that converts
their energy into visible light photons.
These photons travel to a photodiode,
converting them into a cumulative
electrical signal (see Figure 1). One
drawback is that the light conversion
results in loss of the spectral identity of
individual x-ray photons. Furthermore, the
light produced by the scintillator tends to
scatter, necessitating physical septa-light-
blocking dividers that isolate individual
detector pixels and prevent optical
crosstalk. The space occupied by these
septa represents a “dead area” insensitive
tox-rays, reducing the detector’s geometric
dose efficiency, particularly as pixel
size decreases.*®*

In contrast (see Figure 1), PCCT uses
a direct, single-step conversion process.
The detector is made of high-atomic-
number semiconductor materials such as
cadmium telluride (CdTe), cadmium zinc
telluride (CZT), or silicon (Si), which are
efficient absorbers of x-rays.**** When
an x-ray photon strikes the semiconductor,
it generates electron-hole pairs directly
within the detector material. An electric
field separates these pairs, driving the
electrons toward a positively charged,
pixelated anode, creating a short electrical
pulse. The height of this voltage pulse
is directly proportional to the energy
of the absorbed photon. An application-
specific integrated circuit (ASIC) captures
each pulse, categorizing them into discrete
energy bins according to preselected
thresholds (see Figure 2). This direct
detection and energy-sorting mechanism
is the foundation for all the key advantages
Of PCD_CT.38,42,44)45

Key Technical Advancements and
Their Synergistic Effects

High Spatial Resolution

PCDs eliminate the need for physical
septa because the signal is generated
electronically rather than optically,
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Figure 1. Comparison of energy-integrating detector (EID) and photon-counting detector architectures. Left: conventional EID-CT uses a 2-step, indirect
conversion process in which x-ray photons are first absorbed by a scintillator that converts them into visible light. The resulting light photons are

then detected by a photodiode and converted into electrical signals. This indirect process causes light scatter and loss of spectral information. Right:

In photon-counting CT (PCCT), x-ray photons are directly converted into electrical signals within a semiconductor layer, eliminating the scintillator.

Each photon is individually counted and its energy measured by a pulse height analyzer, enabling direct energy discrimination and multienergy data

acquisition from a single scan.

X-ray

Scintillator

(x-rays are converted to
light)

Photodiode

(lightis converted to
electrical signals)

Electric circuit

allowing smaller detector pixels without
sacrificing geometric detection efficiency.
The result is a substantial increase in
spatial resolution, enabling ultra-high-
resolution (UHR) imaging with a single
slice thickness as thin as 0.2 mm. For
comparison, typical EID-CT detector pixel
sizes range from 0.5 to 0.625 mm,
achieving measured in-plane resolutions
of 20-25 line pairs per centimeter (Ip/cm)
(10% MTF) with sharp kernels. As stated,
PCCT detectors use subpixel binning
(0.151%0.176 mm? at isocenter unbinned;
0.302x0.352 mm?* binned), enabling UHR
modes with limiting resolutions of 40
Ip/cm (125 um) or finer. Reconstruction
kernels affect realized resolution: standard
kernels yield equivalent MTF curves
across detector sizes (~10 lp/cm), while
ultra-sharp kernels unlock PCCT’s full
potential, achieving 16-18 Ip/cm (10%
MTF) versus ~9-10 lp/cm for EID-CT.**%*
This improved spatial resolution is

https://doi.org/10.37549/AR-D-25-0139

Electrical Signal

essential for visualizing fine anatomic
structures and can be achieved without
the dose penalty often associated with
high-resolution modes on conventional
CT systems.*

Noise Elimination and Enhanced
Contrast

Another advantage of PCCT is its
ability to eliminate electronic noise.”
The lowest energy threshold in the
detector’s counting process can be set
to a level above the energy of pulses
caused by electronic noise.* By filtering
out low-energy photons, PCD-CT’s signal
contains primarily statistical quantum
noise, resulting in lower-noise images,
especially under low x-ray flux conditions.
This is beneficial for low-dose CT
protocols and for imaging obese patients.*
Clinical studies report noise reductions
of approximately 40% in PCCT compared
with EID-CT at matched radiation

conversion

(x-rayis converted to
electrical signals)

Electric circuit

Pulse height
analyzer

dose,” or radiation dose reductions of
approximately 20-30% while maintaining
equivalent noise levels.”®*

Furthermore, the direct conversion
approach gives equal weight to all detected
photons. This is a change from EID-CT,
where lower-energy photons contribute
less to the final signal. Since low-energy
x-rays are more likely to be attenuated
by materials like iodine, this equal
weighting enhances the contribution of
these photons, resulting in a higher CNR
and improved soft-tissue contrast.*

Multienergy and Spectral Imaging

Another feature of PCCT is its inherent
ability to acquire multi-energy spectral
information. The detector’s ASIC sorts
photons into energy bins based on
their deposited energy. This capability
is inherently acquired, ensuring that
spectral information is acquired for every
scan without the need for a protocol

Applied Radiology
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Figure 2. Schematic of a photon-counting detector pixel architecture. Each pixel consists of a semiconductor sensor connected to an application-
specific integrated circuit (ASIC) via a solder bump. When x-ray photons interact with the semiconductor, they generate electrical pulses that are
shaped and processed by the ASIC. The signal passes through multiple energy thresholds, each linked to a discriminator and a corresponding counter.
This configuration allows the detector to sort and count individual photons according to their energy levels, enabling simultaneous multi-energy data

acquisition for spectral CT imaging.
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or prospective selection, as is often the
case with EID-based rapid kVp switching,
split-filter methods, and dual-source
systems. This allows for retrospective
reconstruction of advanced image types,
including VMIs, virtual noncontrast (VNC)
images, iodine maps, and other material-
specific reconstructions.*

Quantitative assessment of spectral CT
performance relies on spectral separation,
iodine-related contrast-to-noise ratio
(CNR), iodine quantification bias, and
the effectiveness of iodine suppression
in VNC images. In clinical PCCT,

VNC quality is evaluated by comparing

Applied Radiology

attenuation in VNC reconstructions

with true noncontrast images; for
example, aortic valve calcium studies
with dual-source PCCT have reported
that the fraction of cardiac voxels

above 130 HU is reduced from roughly
80% in contrast-enhanced CTA to about
0.2-0.6% in PCCT-derived VNC series,
closely matching values of approximately
0.5-1% in true noncontrast scans and
indicating near-complete suppression of
iodine-related signal. Phantom studies of
PCCT further show iodine quantification
errors on the order of a few milligrams
per milliliter (mg/mL) and percentage

fsssssssssssssssssssssssssssssssssnnsnnns

biases within low single digits across a
range of iodine concentrations and dose
levels, supporting its use as a quantitatively
robust platform for VNC, iodine maps, and
virtual monoenergetic imaging.***

For iodine maps, performance is
characterized by iodine concentration
error (mg/mL), percentage bias, and
measurement precision across repeated
acquisitions. Phantom experiments with
clinical PCCT systems demonstrated small
absolute iodine errors and low percentage
bias, often within low single digits
over clinically relevant concentration
ranges and down to reduced dose
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Figure 3. Photon-counting CT reduces blooming artifact from coronary calcium. Photon-counting
detector CT with ultra-high-resolution acquisition (left, 0.2 mm ultra-high-resolution [UHR], Bv56u
kernel) depicts distal left main bifurcation plaque with sharply defined calcified components and
preserved visualization of the true lumen extending into the proximal left anterior descending

and left circumflex arteries, minimizing calcium blooming. In contrast, a standard-resolution
photon-counting detector CT acquisition without UHR mode (right) demonstrates more pronounced
blooming of the same calcified plaque, obscuring the residual lumen and leading to overestimation
of stenosis severity and potential up-classification of Coronary Artery Disease-Reporting and Data

System (CAD-RADS).

levels, indicating accurate and dose-
stable iodine quantification. VMIs are
evaluated using iodine CNR, noise, and
HU accuracy as functions of energy,

and PCCT studies show that low-keV
VMIs (around 40-60 keV) can provide
increased iodine CNR while maintaining
noise characteristics compatible with
quantitative use, supporting PCCT as

a robust platform for quantitative

spectral imaging.>>*®

Clinical Applications

Technical enhancements of PCCT
translate into clinical benefits across
a wide spectrum of radiological
subspecialties. In cardiovascular imaging,
high spatial and temporal resolution and
advanced artifact reduction techniques
address the “triple threat” of motion,
calcification, and stents, leading to
more accurate stenosis assessment and
a reduction in obscuring artifacts®
(Figure 3). Reduction in stenosis degree
often leads to reclassification rate
to a lower CAD-RADS with PCD-CT,
one study demonstrating a 49% rate
of reclassification.” In ILD, ultra-high-
resolution PCCT improved depiction of
fine fibrotic changes, increasing the
median visible bronchial generation from
the 9th to the 10th order and raising the
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proportion of clearly delineated bronchial

walls from 23% to 57%, while reducing
CTDIvol and DLP by approximately 27%
and 32%, respectively, and reclassifying
4/112 patients from non-fibrotic to fibrotic
ILD.® In oncology, PCCT enhances
detection of skull base infiltration,
laryngeal cartilage involvement, and
small pulmonary nodules through
superior spatial resolution. Spectral
capabilities provide higher iodine CNR

in low-keV VMIs for improved lesion
conspicuity and achieve 94% sensitivity
for hepatic steatosis detection using

VNC images. High-resolution imaging of
trabecular bone microstructure improves
visualization and characterization of
osseous metastases.®” PCCT is poised to
usher in new diagnostic paradigms, from
quantitative data extraction during routine
screening to functional imaging enabled
by next-generation contrast agents.®

Overcoming Technical Hurdles

PCCT'’s clinical adoption has required
continued efforts to address several
intrinsic physical challenges. Key issues
include charge sharing, when a photon’s
charge cloud spreads across adjacent
pixels and is registered at lower energies,
and K-escape, when detector interactions
generate secondary fluorescence that
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can be absorbed by neighboring pixels.
Both can reduce energy discrimination
accuracy, but modern systems mitigate
these effects through smaller pixel
sizes and coincidence logic that
combines simultaneous signals into a
single count.”®%

Pulse pile-up is another limitation,
occurring when individual photon
pulses overlap at very high x-ray
flux and are registered as one event,
which underestimates photon count and
overestimates photon energy. It can
be partially corrected with calibration-
based algorithms, but is best limited
by high-speed readout electronics and
detector pixel optimization.?%*

From a clinical standpoint, most
charge-sharing and pile-up corrections
are handled by scanner hardware and
reconstruction software. Only extreme
high-flux protocols, such as very high
tube current cardiac imaging, may require
additional protocol optimization, while
routine practice is usually managed by
automated flux control, optimized pixel
sizing, and calibration-based corrections.
These limitations therefore rarely affect
day-to-day radiologist workflow, though
they remain important for understanding
scanner behavior at the extremes of dose
and temporal resolution.

Conclusion

Over more than five decades, CT has
evolved from rudimentary brain imaging
to high-speed, high-resolution volumetric
and spectral systems. Each innovation,
from helical scanning and multidetector
CT to dual-source geometries and
iterative reconstruction, incrementally
improved diagnostic confidence. PCCT
represents a transformative step forward
in computed tomography, moving beyond
the limitations of conventional energy-
integrating detector systems. By directly
counting individual x-ray photons, this
technology delivers a host of synergistic
benefits, including unprecedented spatial
resolution, the virtual elimination of
electronic noise, and the intrinsic spectral
data from every scan.

Applied Radiology
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These technical advantages are
directly translating today into improved
diagnostic capabilities across a range of
clinical applications, from cardiovascular
and musculoskeletal imaging to oncology
and pediatric radiology. The shift to
PCCT is poised to enhance diagnostic
confidence, streamline workflows,
and create new opportunities for
earlier disease detection and improved
management. This transition, from
protocol-driven to data-rich imaging,
marks the next era in the ongoing
evolution of CT technology.
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