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ABSTRACT

Photon-counting detector computed tomography (PCD-CT) is an emerging imaging technology that
promises to overcome the limitations of conventional energy-integrating detector (EID)-CT, particular-
ly in thoracic oncology. This narrative review summarizes technical advances and clinical applications
of PCD-CT in the thorax with emphasis on spatial resolution, dose-image-quality balance, and intrin-
sic spectral imaging, and it outlines practical implications relevant to thoracic oncology. A literature
review of PubMed through May 31, 2025, was conducted using combinations of “photon counting,”
“computed tomography,” “thoracic oncology,” and “artificial intelligence” We screened the retrieved
records and included studies with direct relevance to lung and mediastinal tumors, image quality,
radiation dose, spectral/iodine imaging, or artificial intelligence-based reconstruction; case reports,
editorials, and animal-only or purely methodological reports were excluded. PCD-CT demonstrated
superior spatial resolution compared with EID-CT, enabling clearer visualization of fine pulmonary
structures, such as bronchioles and subsolid nodules; slice thicknesses of approximately 0.4 mm and
ex vivo resolvable structures approaching 0.11 mm have been reported. Across intraindividual clin-
ical comparisons, radiation-dose reductions of 16%-43% have been achieved while maintaining or
improving diagnostic image quality. Intrinsic spectral imaging enables accurate iodine mapping and
low-keV virtual monoenergetic images and has shown quantitative advantages versus dual-energy
CT in phantoms and early clinical work. Artificial intelligence-based deep-learning reconstruction and
super-resolution can complement detector capabilities to reduce noise and stabilize fine-structure
depiction without increasing dose. Potential reductions in contrast volume are biologically plausible
given improved low-keV contrast-to-noise ratio, although clinical dose-finding data remain limited,
and routine K-edge imaging has not yet translated to clinical thoracic practice. In conclusion, PCD-CT
provides higher spatial and spectral fidelity at lower or comparable doses, supporting earlier and more
precise tumor detection and characterization; future work should prioritize outcome-oriented trials,
protocol harmonization, and implementation studies aligned with “Green Radiology”.
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omputed tomography (CT) plays a piv-

otal role in thoracic imaging, offering

invaluable insights for the diagnosis,
staging, and monitoring of various pulmo-
nary conditions, particularly in oncology.
However, conventional energy-integrating
detector (EID)-CT systems have limitations,
including restricted spatial resolution, higher
image noise, and an inability to differentiate
materials based on their spectral properties.
These limitations can hinder the precise
characterization of subtle pathological ab-
normalities, such as early-stage lung nod-
ules and complex interstitial lung diseases.
Photon-counting detector CT (PCD-CT) has
emerged as a revolutionary imaging modal-
ity that addresses many of these challenges,
promising to alter clinical practice in thoracic
oncology fundamentally. Conventional EID-
CT converts X-rays into scintillation light,
requiring separators that limit spatial resolu-
tion and efficiency; furthermore, light-to-cur-
rent conversion introduces electronic noise,
reducing image quality and accuracy. In
contrast, PCD-CT converts photons directly
into electrical signals without noise, offering
theoretically superior spatial resolution (0.11
mm in-plane, 0.20 mm along the body axis)
and multi-energy information for precise
X-ray energy analysis (Figure 1). As a result of
these structural differences, PCD-CT offers a
range of advantages, including significantly
improved spatial resolution, reduced image
noise, and multi-energy spectral imaging
capabilities.”® These advancements result
in clearer, more detailed images, even at re-
duced radiation exposure levels. The clinical
utility of PCD-CT in chest imaging is rapidly
expanding, with reports demonstrating its

* Photon-counting detector computed to-
mography (PCD-CT) offers markedly im-
proved spatial and spectral resolution com-
pared with conventional energy-integrating
detector CT, allowing for more accurate
detection and characterization of thoracic
tumors, including subsolid nodules and ear-
ly-stage lung cancer.

* PCD-CT substantially reduces radiation dos-
es by up to 40% without compromising im-
age quality and shows promise in reducing
contrast agent volume, contributing to safer
and more sustainable imaging.

* The integration of artificial intelligence and
spectral imaging techniques with PCD-CT
enhances diagnostic precision and aligns
with the principles of Green Radiology, sup-
porting both clinical excellence and envi-
ronmental responsibility.

efficacy in improving visualization of bron-
chi and vessels,”?"" enhancing the detec-
tion of emphysema and post-coronavirus
disease-2019 lung abnormalities,®'%'2'3 in-
creasing diagnostic confidence in interstitial
pneumonia-related findings, such as retic-
ulation,®'°'%'> and improving image quality
for pulmonary embolism assessment.'*'® Be-
yond these immediate clinical benefits, PCD-
CT’s inherent capabilities for a sizeable radi-
ation dose reduction and potential for lower
contrast agent usage align with the growing
concept of Green Radiology. This paradigm
emphasizes environmentally sustainable
and patient-safe radiological practices, mak-
ing PCD-CT a key technology for minimizing
the ecological footprint and patient burden
of medical imaging. Lung cancer, with its di-
verse histological types and heterogeneous
nature, presents a major diagnostic chal-
lenge. Accurate preoperative assessment of
lung tumors, including the grading of lung
adenocarcinoma and the estimation of in-
vasive components, is crucial for guiding
treatment strategies and predicting patient
prognosis.’” Although conventional CT
has offered valuable insights, its ability to
evaluate these subtle tumor characteristics
precisely has been limited. Furthermore,
the integration of cutting-edge artificial
intelligence (Al) with PCD-CT is poised to
revolutionize tumor imaging further. Deep
learning reconstruction (DLR) algorithms, for
instance, can markedly reduce image noise
while preserving spatial resolution, surpass-
ing the capabilities of traditional iterative re-
construction algorithms."? This synergistic
collaboration between advanced detector
technology and Al holds immense potential
to enhance image quality and diagnostic
confidence in lung tumor evaluation, paving
the way for more precise and personalized
oncology care.

Although PCD-CT holds promise across
a wide range of anatomical regions, this re-
view particularly emphasizes its application
in thoracic oncology imaging due to its clini-
cal importance. The aim is to outline compre-
hensively the transformative impact of PCD-
CT in this field, highlighting advancements
in spatial resolution, the critical balance
between image quality and radiation dose
reduction, and the novel insights enabled by
its spectral imaging capabilities. By exploring
these key areas, we highlight how PCD-CT is
revolutionizing tumor imaging through un-
precedented precision and detail, ultimately
leading to improved diagnostic performance
and patient outcomes.
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Methods of literature review

This work is a narrative review focusing
on PCD-CT in thoracic oncology, synthesiz-
ing technical advances in spatial resolution,
the balance between dose and image qual-
ity, and spectral/iodine imaging, and con-
sidering their clinical implications for lung
and mediastinal tumors. The PubMed data-
base was searched through May 31, 2025,
using combinations of “photon counting,”
“photon-counting detector,” “computed to-
mography,” “thoracic,” “lung,” “mediastinum,”
“oncology,” and “artificial intelligence” Af-
ter deduplication, titles and abstracts were
screened, and full texts were assessed. The
priorities were as follows: comparisons of
intra-individual PCD-CT versus EID-CT; tho-
racic oncology endpoints (nodule characteri-
zation, staging adjuncts, treatment response,
surveillance/complications); trade-offs be-
tween dose and image quality; spectral/
iodine quantification; and Al/DLR analyses.
In total, 323 records were screened, and 68
studies were included in the qualitative syn-
thesis; to avoid implying a systematic review,
a flow diagram is not provided, and a me-
ta-analysis was not performed. Animal-only
studies, purely methodological papers with-
out thoracic relevance, editorials/case re-
ports/letters, and duplicate analyses without
additional information were excluded.

Comparison of spatial resolution between
energy-integrating detector and pho-
ton-counting detector computed tomog-

raphy

Building upon the foundational advance-
ments outlined in the introduction, one of
the most compelling advantages of PCD-CT
in thoracic imaging is its inherently superior
spatial resolution compared with traditional
EID-CT (Figure 2). This enhanced capability
stems directly from the ability of PCD-CT to
count individual photons and precisely cate-
gorize them by energy. This fundamental dif-
ference in detection methodology minimiz-
es signal loss and electronic noise, thereby
allowing for the acquisition of data with finer
detail and leading to a notable improvement
in image sharpness and the ability to discern
minute anatomical structures.”'? Clinical
studies have provided robust evidence of
superior spatial resolution on PCD-CT and
its direct impact on diagnostic image qual-
ity. Inoue et al.'? conducted a prospective
clinical study in adult patients undergoing
low-dose lung cancer screening, in which
three readers directly compared PCD-CT and
EID-CT using a 5-point Likert scale (-2 to +2).

Yanagawa et al.



Specification

Detector:
288 rows X 0.2mm

Tube current:
~1300 mA

Tube voltage:
70, 90, 120, 140 kv
Sn100, 140 kV

Spatial resolution:
0.11 mm (in-plane)
0.20 mm (through plane)

1
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Figure 1. Comparison of signal conversion processes in energy-integrating detector computed tomography (EID-CT) and photon-counting detector (PCD)-CT.
Conventional scintillator-type detector (EID)-CT devices convert incident X-rays into scintillation light containing all spectral information for processing, and
separators are required to prevent light from diffusing to adjacent detection elements. The thickness of the separator limits spatial resolution and reduces X-ray
usage efficiency, and the electrical noise generated when converting light into electric current degrades image quality and quantitative performance. In comparison,
PCD-CT collects X-rays by energy and converts electrons directly into an electric current; therefore, there is no electrical noise. Theoretically, it provides higher spatial
resolution than conventional CT (0.11 mm in plane, 0.20 mm in body axis direction) and multi-energy information for each X-ray energy, enabling highly accurate

X-ray energy analysis.

Figure 2. Comparison of photon-counting computed tomography (CT) images (a-c) and energy-integrating detector (EID)-CT images (d-f) in a 72-year-old woman
with lung adenocarcinoma. The photon-counting CT images [CT dose index volume (CTDIvol), 9.2 mGy; matrix size, 512; and slice thickness, 0.4 mm] demonstrate
clearer depiction of air bronchogram (black arrows) within the nodule and the nodule margins (white arrow heads) than the EID-CT images (CTDIvol, 12.8 mGy;

matrix size, 512; and slice thickness, 0.625 mm).

Their findings revealed that PCD-CT provid-
ed significantly superior delineation of lung
nodule boundaries (+0.8 £ 0.9, P < 0.001) and
improved visualization of emphysema (+0.3
+0.6, P <0.001). PCD-CT was consistently rat-
ed superior for image sharpness (mean score
+0.8, P < 0.001), despite the use of a similar
reconstruction kernel. Two of the three read-
ers also reported significantly higher overall
diagnostic quality (+0.3 to +0.7, P < 0.001).

Similarly, Wang et al.’ demonstrated PCD-
CT's advanced capability in characterizing
subsolid nodules, noting its superiority over
EID-CT in depicting subtle nodule features,
with the exception of lobulation. This study
also highlighted a crucial technical aspect,
concluding that 0.4 mm slice thickness PCD-
CT images achieved an optimal balance be-
tween ultra-high resolution and subjective
diagnostic image quality, which is crucial for

guiding clinical imaging protocols. Further-
more, Bartlett et al.? investigated the impact
of higher matrix reconstruction (e.g., 1,024
matrix) with PCD-CT, reporting improved
visualization of higher-order bronchi and
bronchial wall clarity, suggesting the clinical
benefit of the enhanced technical resolution
capabilities inherent to PCD-CT systems.

Photon-counting detector computed tomography in thoracic oncology - 439



Further compelling evidence for the high
spatial resolution of PCD-CT comes from
ex vivo studies using human tissues, which
bridge the gap between technical capabili-
ties and direct clinical relevance. Hata et al."
performed a detailed comparative analysis of
PCD-CT and EID-CT using inflated cadaveric
human lungs. This unique study design al-
lowed for the precise evaluation of the tech-
nologies on human tissue without the con-
founding effects of physiological motion.The
study confirmed that PCD-CT depicted lung
nodules and airway microstructure with sig-
nificantly greater clarity than EID-CT. A pivot-
al finding was the quantification of PCD-CT's
detection limit, demonstrating its capability
to detect nodules and airways with a median
diameter of approximately 600 um. The maxi-
mum spatial resolution achieved in this study
was 0.11 mm, emphasizing its extraordinary
ability to resolve microscopic anatomical de-
tails." These findings underscore the current
ability of PCD-CT to provide unprecedented
information on subtle pulmonary structures.
In a clinical context,*® this means a higher
potential for earlier detection and more pre-
cise characterization of a wide range of lung
diseases, including incipient lung cancers,
thereby facilitating earlier intervention and
improved patient outcomes. In the future,
this enhanced spatial resolution is expected
to become a cornerstone for refined disease
staging, personalized treatment planning,
and potentially even the identification of
novel imaging biomarkers for prognosis and
treatment response in thoracic oncology.
See “Thoracic Oncology Tasks and PCD-CT
Advantages: Evidence Map”in Table 1.

Radiation dose reduction without degrada-
tion of spatial resolution in photon-count-
ing detector computed tomography

Researchers have conducted many stud-
ies on conventional EID-CT and have inves-
tigated and implemented radiation dose re-
duction strategies, implying the importance
of dose management.?>**Radiation dose is a
critical consideration in all CT examinations,
and minimizing patient exposure is a funda-
mental principle of radiological practice.

Recent clinical studies have provid-
ed compelling evidence that PCD-CT can
achieve substantial radiation dose reduc-
tions compared with EID-CT.'22'3435 These
reductions are clinically meaningful, espe-
cially in the context of lung cancer screening
programs and long-term oncologic surveil-
lance, where cumulative dose becomes a
significant concern. As noted in the previous
section, Inoue et al.’? revealed the utility of

PCD-CT in evaluating nodule boundaries and
visualization of emphysema. Crucially, these
improvements were achieved concurrently
with a significantly lower average CT dose in-
dex volume, demonstrating an approximate
16.4% reduction (0.61 mGy vs. 0.73 mGy, P <
0.001) compared with EID-CT. Similarly, Wang
et al.?! further corroborated PCD-CT’s bene-
fit in characterizing subsolid nodules. Their
study demonstrated that PCD-CT not only
improved lesion depiction but also delivered
a significantly reduced effective dose, quanti-
fying an approximate 17.5% reduction (1.79
+ 0.39 mSv vs. 2.17 £ 0.57 mSy, P < 0.001)
compared with EID-CT. Overall, various clin-
ical studies have demonstrated significant
dose reductions with PCD-CT compared with
EID-CT, generally ranging from approximate-
ly 16% to over 40% depending on the specific
comparison and protocol. The dose-reduction
benefit of PCD-CT extends to specific vulner-
able patient populations and advanced im-
aging protocols where dose optimization is
critical. Early studies with PCD-CT in pediatric
chest imaging of cystic fibrosis have reported
average effective doses as low as 0.12 mSy,*
a remarkable reduction compared with even
ultra-low-dose EID-CT protocols, which can
be approximately 0.15 mSv for combined in-
spiratory and expiratory chest CT in pediatric
populations.?” For adults with cystic fibrosis,
PCD-CT has demonstrated effective doses
as low as 0.55 mSy, representing a 42% re-
duction compared with EID-CT protocols for
similar diagnostic tasks.3* PCD-CT has notably
demonstrated a 31% lower effective dose to
red bone marrow than EID-CT** in younger
cohorts, where the risk of radiation-induced
malignancy is a significant concern.®3° Al-
though conventional low-dose EID-CT pro-
tocols for chest imaging typically report ef-
fective radiation doses ranging from 1.5 mSv
to 2.0 mSy,*4' PCD-CT has shown substantial
advancements; its substantial dose reduc-
tion capabilities offer promising benefits for
enhancing patient safety in routine clinical
practice.? Furthermore, the advantages of
PCD-CT also extend to comparisons with oth-
er advanced CT modalities, such as dual-en-
ergy CT (DECT). Hagen et al.*® performed a
clinical comparison of contrast-enhanced
chest imaging, a cornerstone for evaluating
tumor vascularity and treatment response,
using PCD-CT versus a second-generation
dual-source DECT in oncology patients. They
reported that PCD-CT provided significantly
higher tumor-to-lung parenchyma contrast
ratios, indicating enhanced tumor conspi-
cuity and delineation. Importantly, PCD-CT
maintained equivalent or superior image
quality while achieving a substantial 43%
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reduction in radiation dose compared with a
second-generation dual-source DECT.* This
robust clinical evidence directly confirms
PCD-CT'’s impressive dose efficiency and im-
age quality benefits in a demanding patient
cohort undergoing oncologic imaging.

PCD-CT has the potential to reduce con-
trast agent usage in thoracic oncology diag-
nosis. Sawall et al.* compared PCD-CT with
EID-CT using phantoms containing various
iodine concentrations (ICs) and demonstrat-
ed improvements in the contrast-to-noise
ratio (CNR) of up to 30% with a single ener-
gy bin and up to 37% with optimal two-bin
weighting, corresponding to a potential
reduction in contrast medium dose of up
to 37%.* In addition, several studies have
reported that PCD-CT enables a 25%-50%
reduction in contrast medium dose in head
and neck CT angiography (CTA) or coronary
CTA while maintaining diagnostic image
quality or CNR.**#¢ Such a contrast medium
dose reduction may be particularly benefi-
cial for patients with impaired renal function
and elderly populations.

These clinical investigations collectively
demonstrate that PCD-CT offers a compel-
ling combination of maintained or improved
image quality and significant dose reduction
across various clinical scenarios pertinent to
thoracic oncology. This improved benefit-
risk ratio represents a major advancement in
CT, positioning PCD-CT as an invaluable tool,
particularly for lung cancer screening pro-
grams and long-term oncologic follow-up,
where repeated examinations are common.
Crucially, this unique synergy of imaging
quality, dose efficiency, and potential for
contrast medium dose reduction also strong-
ly aligns with the burgeoning principles of
Green Radiology, emphasizing the minimi-
zation of patient exposure and the promo-
tion of environmentally sustainable imaging
practices. This comprehensive advantage
solidifies PCD-CT's role as a cornerstone for
optimizing patient care and advancing diag-
nostic capabilities in thoracic imaging.

Artificial intelligence technology for su-
per-resolution

This Al-based super-resolution subsection
may be useful to clarify achievable EID-CT
resolution, complement PCD-CT in practice,
and support detector-aware harmonization
across EID-CT and PCD-CT data.

The field of medical imaging continues
to advance rapidly, driven by innovations
in detector hardware and post-processing
algorithms.20284751

Yanagawa et al.



Table 1. Thoracic oncology tasks and photon-counting detector computed tomography (PCD-CT) advantages: evidence map

Clinical task Specific question Typical Study type Primary metrics  Reported Clinical References
comparator (examples) (examples) signal implication
Does PCD-CT Earlier detection
improve detection Conventional Prospective Nodule detection of lung cancer
and clarity of small . p. L rate; small with sharper
Lung cancer low-dose intra-individual .
- pulmonary nodules - nodule boundary nodule depiction
screening (low- - energy- comparisons; e 812
at low radiation . . T visibility; image 1 (Improved) at reduced b
dose nodule integrating feasibility trials . .
X doses, compared . . noise; CT dose dose, enhancing
detection) X detector CT in screening . . .
with standard (EID-CT) opulations index volume screening efficacy
low-dose computed [Pt (radiation dose) while lowering
tomography (CT)? radiation risk
More accurate
Lesion non-invasive
Can PCD-CT better .. assessment
characterize . conspmm?y I of tumor
. X . . Paired same-day demarcation; CT X .
Subsolid nodule subsolid (ground- Thin-section . . X invasiveness,

. . patient studies attenuation of - .
characterization glass or part-solid) EID-CT (PCD-CT vs solf @arsanen 6 (e aiding surgical T
(invasive vs. lung nodules and (standard high- EID-CTin e;ach radiolo isrt) ! P decision-making
indolent) assess invasive res) atient) invasivgness (e.g., suitability

components versus P classification: for sublobar
conventional CT? X ! resection) while
effective dose .
also reducing
patient dose
Does PCD-CT (Sapca;]tilz\llgzs\c/):)l;l(tel?n Enhanced
provide clearer Exvivo cadaver N - delineation of
visualization of lung comparisons; dete,ctable lesion tumor extent and
Tumor tumor marginsand  High-resolution  prospective size: clarity of characteristics,
morphology and fine morphological EID-CT (ultra- clinical studies ! Y improving lesion
P 9y P 9 edge features 1 (Improved) P 9 £20
margins (solid features (e.g., thin slices with  with artificial e giculation air P characterization
tumor evaluation)  spiculation, iterative recon) intelligence br%ncho ra,ms)' and aiding
lobulation) super-resolution reader 9 ’ precise surgical
compared with reconstruction confidence or radiotherapy
conventional CT? planning
scores
. Potential for
lodine
concentration more accurate
Can PCD-CT spectral Retrospective in nodes non-invasive
imaging improve 3 clinical spectral } . nodal staging
Lymph node identification of (CEmIEH: CT studies (cor.relatlon it — improved
: . enhanced . ) malignancy); .
staging metastatic lymph EID-CT or (with surgical virtual detection of nodal
(mediastinal nodes in thoracic dual-ener pathology as monoeneraetic 1 (Improved) metastases dueto 6364
metastasis malignancies CT (with igéIine reference); imagin clgrit ) superior contrast
detection) compared with mapping) phantom min?mugm Y and spectral
standard CT or dual- pping iodine-detection detectable sensitivity,
energy CT? experiments S possibly reducing
iodine level . A
need for invasive
(phantom) .
sampling
Clearer
visualization of
residual tumor
:?:e:olz/(élif_\gr Preliminar LT e Sl
Treatment prove Standard - Y lung contrast changesin
evaluation of tumor clinical . .
response T contrast- CERRAEES 7 ratio; lesion enhancement or
assessment (ANE M- siz)v; enhanced CT oncolo atients conspicuity on 1 (Improved) size, facilitating &8
(therapy 9 9 (EID-CT or latest 9y p follow-up; image more confident
Ll or enhancement) (PCD-CT vs. dual- .
monitoring) dual-source CT) noise and SNR; assessment of

compared with
conventional CT?

source CT)

dose per scan

treatment efficacy
while minimizing
radiation and
contrast burden

SNR, signal-to-noise ratio.
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Among the most promising develop-
ments is the application of Al, particularly
super-resolution techniques based on deep
learning, to improve the spatial resolution
of CT imaging beyond the physical limits
of existing systems.>**3 These methods can
reconstruct high-resolution images from
lower-resolution data, effectively enhancing
fine structural details essential for accurate
diagnosis and treatment planning (Figure 3).

Although advances in CT spatial resolu-
tion have often focused on detector innova-
tions, particularly photon-counting systems,
conventional EID-CT has also demonstrated
substantial diagnostic capabilities by em-
ploying high-matrix imaging. For instance,
Yanagawa et al.>* used a 2,048 x 2,048 matrix
with a 0.25 mm slice thickness on an EID-CT
to evaluate invasive lung adenocarcinomas.
Their findings showed excellent diagnostic
performance for identifying features such
as disrupted air bronchograms and solid
components >0.8 cm, with a sensitivity of
97% and specificity of 86% [area under the
curve (AUQ), 0.94]. These results suggest that
enhancing spatial resolution could lead to
more accurate lung cancer evaluations. In

addition, high-resolution EID-CT imaging
may influence computational approaches,
such as radiomics. Ninomiya et al.>> demon-
strated that CT images reconstructed with a
1,024 matrix improved the radiomic predic-
tion of solid and micropapillary components
in invasive lung adenocarcinoma, highlight-
ing the potential benefits of high-spatial-res-
olution input data in image-based feature
analysis.

Parallel to these CT hardware-based
improvements, Al-based super-resolution
techniques have emerged as a promising
approach to further enhance CT image qual-
ity. Kim et al.*® demonstrated that applying
a three-dimensional (3D) deep learning su-
per-resolution algorithm to thick-slice CT
data significantly reduced volumetric mea-
surement error (from 52.2% to 15.7%) and
improved Lung Imaging Reporting and Data
System categorization accuracy (from 72.7%
to 94.5%). Similarly, super-resolution radiom-
ics has been shown to increase the predictive
accuracy of histologic subtypes in lung can-
cer. In a cohort of 245 patients, Xing et al.*’
reported an AUC improvement from 0.761
to 0.819 for the detection of micropapillary

and solid components. A multicenter study
also found that a super-resolution CT pipe-
line combined with an SE-ResNet50 mod-
el achieved superior prediction of spread
through air spaces, with an AUC of 0.806
compared with 0.695 for standard models.*®

Among these Al-based approaches, Pre-
cise IQ Engine (PIQE; Canon Medical Systems,
Otawara, Japan) represents a clinically im-
plemented, super-resolution DLR technique
tailored for EID-CT systems. The PIQE sys-
tem uses a 3D convolutional neural network
trained on paired low- and high-resolution
images derived from ultra-high-resolution
CT, enabling the reconstruction of low-noise,
high-resolution images without increased
radiation dose. Notably, it supports high-ma-
trix reconstruction (up to 1,024 x 1024), pro-
viding sharper spatial detail and preserving
image texture.>*3 Although most validation
studies of PIQE have focused on coronary and
abdominal CT, its technical design suggests
considerable potential in thoracic oncology.
Enhanced spatial resolution and reduced
blooming artifacts may improve the delin-
eation of lesion margins, internal heteroge-
neity, and subtle features, such as broncho-

Figure 3. Comparison of images acquired at 8.5 mGy and 2.2 mGy, where the dose refers to the computed tomography dose index volume, using different
reconstruction methods in a human cadaveric lung with lung metastases. Images include 8.5 mGy-FBP (matrix size, 512; slice thickness, 0.5 mm; (a), 8.5 mGy-AiCE
(matrix size, 512; slice thickness, 0.5 mm; (b), 8.5 mGy-PIQE (matrix size, 1024; slice thickness, 0.5 mm; (c), 2.2 mGy-FBP (matrix size, 512; slice thickness, 0.5 mm;
(d), 2.2 mGy-AiCE (matrix size, 512; slice thickness, 0.5 mm; (e), and 2.2 mGy-PIQE [matrix size, 1024; slice thickness, 0.5 mm; (f)]. 8.5 mGy-AiCE (b) reduces image
noise compared with 8.5 mGy-FBP (a). 8.5 mGy-PIQE (c) further enhances the visualization of bronchiolar walls (black arrows) due to the higher matrix size and
higher noise reduction. At a lower dose, 2.2 mGy-FBP (d) shows increased noise, whereas 2.2 mGy-AiCE (e) mitigates it. Notably, 2.2 mGy-PIQE (f) preserves superior
delineation of bronchiolar structures despite the reduced dose. FBP, filtered back projection; AiCE, advanced intelligent Clear-IQ Engine, which is a deep learning
reconstruction (DLR) technique; PIQE, precise I1Q Engine, which is a super-resolution DLR technique.
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vascular invasion. These improvements are
particularly relevant for image-based stag-
ing and treatment planning in lung cancer.
Moreover, the use of high-fidelity input data
is increasingly recognized as critical in radio-
mics and Al-based prediction models. Thus,
PIQE-enabled super-resolution CT may not
only enhance visual interpretation but also
improve the performance of computational
tools in thoracic oncology.

Although PCD-CT inherently offers en-
hanced spatial resolution through its ad-
vanced detector design, recent studies have
highlighted the added value of integrating
Al-based reconstruction algorithms. Sasaki
et al? investigated a cadmium zinc tellu-
ride-based PCD-CT system combined with
DLR and demonstrated that ultra-high-reso-
lution images provided clearer delineation of
key morphological features, such as spicula-
tion and lobulation. These features are par-
ticularly important for the characterization
of lung cancer. The observed improvements
contributed to greater diagnostic confidence
and suggest that Al-based super-resolution
techniques can further enhance the clinical
utility of PCD-CT in thoracic oncology. To-
gether, these developments demonstrate
that Al-enabled super-resolution contributes
not only to improved image aesthetics but
also to enhanced diagnostic precision and
prognostic assessment. Whether applied to
EID-CT or PCD-CT, and whether implement-

ed through high-matrix acquisition or DLR,
these techniques enable better visualization
of subtle but clinically significant features,
support more robust radiomic analyses, and
allow for earlier and more accurate diagnosis
of thoracic malignancies. As Al-driven recon-
struction becomes increasingly integrated
into clinical workflows, further validation
across diverse patient populations and im-
aging settings will be essential. Nonetheless,
the convergence of advanced detector tech-
nologies, high-resolution matrix design, and
deep learning-based image enhancement
represents a promising foundation for the
next generation of precision imaging in tho-
racic oncology.

Spectral imaging with photon-counting
detector computed tomography: techni-
cal advances and clinical implications in
comparison with dual-energy computed
tomography

Spectralimaging has emerged as a pivotal
advancement in CT, enabling compositional
and quantitative assessments that surpass
the capabilities of conventional, attenua-
tion-based imaging. DECT, which achieves
spectral differentiation through dual-source
acquisition, rapid kilovoltage switching, or
layered detectors, has long been used in clin-
ical settings. In thoracic oncology, DECT has
proven particularly useful in iodine quanti-
fication, which aids in tumor characteriza-

tion and assessment of treatment response.
However, DECT is limited by binary energy
separation, spectral overlap, and reduced
material specificity.>% PCD-CT represents a
transformative advancement in spectral im-
aging. Unlike EID-CT, PCD-CT systems utilize
semiconductor materials, such as cadmium
zinc telluride, to directly count individual
X-ray photons and classify them by ener-
gy.""° This novel detector architecture en-
ables simultaneous multi-energy acquisition
with superior energy resolution and reduced
electronic noise. Furthermore, PCD-CT inher-
ently provides higher spatial resolution due
to smaller detector elements and reduced
cross-talk. These features collectively con-
tribute to more accurate material decompo-
sition, enhanced signal-to-noise ratio (SNR),
and the potential for lower radiation doses.
These advantages are expected to enhance
diagnostic performance across a broad
range of clinical applications, including tho-
racic oncology. A comparison of the spectral
imaging capabilities of DECT and PCD-CT is
summarized in Table 2, illustrating the tech-
nical distinctions and clinical implications
relevant to thoracic tumor evaluation. As the
table indicates, PCD-CT surpasses DECT in
energy resolution, spatial resolution, signal-
to-noise characteristics, and spectral quanti-
fication accuracy, representing a next-gener-
ation platform for spectral thoracic oncology
imaging (Figures 4, 5).

Table 2. Technical comparison between dual-energy computed tomography (DECT) and photon-counting detector computed tomography

(PCD-CT) for spectral thoracic imaging

Feature DECT

PCD-CT

Detector type

Energy resolution Binary (low)

Spectral acquisition

Virtual monochromatic
imaging quality
Material decomposition
K-edge imaging Not supported
Spatial resolution
Signal-to-noise ratio Moderate
Quantitative accuracy
Contrast efficiency

Dose efficiency

Tumor evaluation

Energy-integrating detector (EID)

Two spectra via dual-source/kVp switching, dual-layer/split filter
Available (noisy at low keV)

Limited to two-material basis

Limited by detector and noise

Limited by beam hardening, overlap
Requires higher dose
Variable, protocol-dependent

Effective for iodine concentration (IC), Zeff, and extracellular volume

fraction in mediastinal tumors

Nodal evaluation

Artificial intelligence

. . Available
integration

Correlation between IC and nodal metastasis shown

Photon-counting semiconductor detector (e.g.,
cadmium zinc telluride)

Multi-bin (high)

Simultaneous multi-energy per photon
Available (low-noise, high fidelity)

Multi-material decomposition feasible
Supported (e.g., iodine, gadolinium, gold)
Higher due to small pixel and low noise
High

Superior accuracy, artifact-resistant
Enhanced at lower dose

Low-dose with high image quality

Superior delineation, quantification, and
functional imaging

Potential for improved nodal characterization with
higher resolution

Available and ongoing

Photon-counting detector computed tomography in thoracic oncology - 443



CT value: 63.5 HU

o

Figure 4. Spectral images from photon-counting computed tomography (CT) in a 51-year-old man with thymoma. On the true non-contrast image (a) in the
mediastinal window, the CT value within the region of interest (circle) is 63.9 Hounsfield units (HU). On the virtual non-contrast image (b) reconstructed from the
120-second delayed scan, the CT value within the region of interest (circle) is 63.5 HU, which is nearly identical to that of the true non-contrastimage. Monochromatic
images reconstructed of 40 keV (c), 70 keV (d), 100 keV (e) from the 120-second delayed scan, and spectral HU curve (f) are shown. At 40 keV (c), the contrast of the
anterior mediastinal mass (white arrows) and blood vessels is enhanced compared with 70 keV (d) and 100 keV (e). The spectral HU curve (f) indicates a change of
CT values at each keV level in the tumor (white line) and the aorta (yellow line). The pink line indicates the 70 keV energy level. lodine maps at a 120-second delay
(g, color map; h, gray scale map) show an iodine concentration of 1.5 mg/mL in the region of interest.

Figure 5. Photon-counting detector computed tomography (CT) images in an 80-year-old man with lung adenocarcinoma. (a) Shows the lung window CT images
(matrix size, 512; and slice thickness, 0.4 mm). (b-d) Shows the mediastinal window CT images obtained at 60 seconds (b), 120 seconds (c), and 180 seconds (d) after
contrast administration. At 60 seconds (b), the mean CT value of the nodule is 48 Hounsfield units (HU), and the iodine concentration (IC) is 1.484 mg/cm? (originally
expressed in units of 100 pg/cm?3). At 120 seconds (c), the mean CT value is 54 HU, with an IC of 1.574 mg/cm?®. At 180 seconds (d), the mean CT value is 41 HU, and
the ICis 1.358 mg/cm?. Monochromatic images reconstructed of 40 keV (e), 70 keV (f), 100 keV (g) from the 60-second delayed scan, and spectral HU curve (h) are
shown. At 40 keV (e), the contrast of the lung nodule (white arrows) and blood vessels is enhanced compared with 70 keV (f) and 100 keV (g). The spectral HU curve
(h) indicates a change of CT values at each keV level in the nodule (white line) and the aorta (yellow line). The pink line indicates the 70 keV energy level.
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DECT has emerged as a valuable tool in
thoracic oncology, with iodine-based quan-
tification playing a key role in its diagnostic
utility. For example, Deng et al.5" demonstrat-
ed that DECT-derived spectral parameters,
including IC, effective atomic number, and
spectral slope, enabled differentiation be-
tween invasive thymic epithelial tumors and
mediastinal lung cancers with high diagnos-
tic accuracy (AUC: 0.88). Similarly, Takumi et
al.?2reported that IC and extracellular volume
fraction, measured during the equilibrium
phase using dual-layer DECT, were signifi-
cantly elevated in thymic carcinoma. These
findings support their usefulness in tumor
subtyping. Additionally, DECT-based iodine
mapping has been utilized for nodal staging.
Huang et al.® showed that IC measurements
correlated well with histopathologic nodal
status in patients with lung adenocarcino-
ma, suggesting a role for spectral imaging
in non-invasive lymph node evaluation.
Building upon these advances, PCD-CT of-
fers further improvements through its inher-
ently higher spectral and spatial resolution.
In a phantom study of mediastinal lesions,
Centen et al.® demonstrated that PCD-CT
could detect ICs as low as 0.238 mg/mL in 5
mm lesions when using low-keV virtual mon-
oenergetic imaging and a high-resolution
matrix. This performance significantly sur-
passed that of conventional CT, even when
the radiation dose was reduced by 66%.
These dose-saving and contrast-optimiza-
tion capabilities not only improve diagnostic
safety but also align with the principles of
Green Radiology, which emphasize environ-
mentally sustainable and patient-centered
imaging practices. Furthermore, Vrbaski et
al.** showed that PCD-CT achieved more ac-
curate iodine quantification than DECT un-
der low-dose conditions. The bias observed
with PCD-CT was substantially lower, indi-
cating a higher level of quantitative preci-
sion. Collectively, these studies highlight the
growing importance of spectral CT imaging
in thoracic oncology and suggest that PCD-
CT is a promising next-generation imaging
modality. With its excellent energy discrim-
ination, improved image fidelity, and dose
efficiency, PCD-CT will be a powerful tool for
tumor characterization, lymph node evalua-
tion, and personalized treatment planning in
future clinical settings.

In addition to quantitative improvements,
PCD-CT offers high spectral resolution by
capturing individual photon energies, en-
abling advanced imaging techniques such as
K-edge imaging. This method takes advan-
tage of the sudden increase in photoelectric

absorption at the K-edge of specific high-Z
elements (e.g., gold, gadolinium, iodine),
allowing their selective detection and quan-
tification. In a foundational phantom study,
Si-Mohamed et al.®® demonstrated the feasi-
bility of multi-material decomposition using
spectral PCD-CT. They achieved accurate
quantification and discrimination of mixed
contrast agents—including iodine, gadolin-
ium, and gold nanoparticles—with high lin-
earity (Pearson correlation coefficient >0.97)
and low cross-contamination (root mean
square error <0.47 mg/mL). This “multi-color”
imaging was unattainable with conventional
CT or DECT, highlighting the advantage of
PCD-CT for detecting multiple agents within
a single scan.®® However, a practical limita-
tion of K-edge imaging with PCD-CT is that
clinically approved doses of contrast agents,
such as gadolinium, may not produce a suf-
ficient SNR for accurate material decompo-
sition.*” Phantom studies have generally re-
quired higher-than-clinical concentrations to
achieve reliable K-edge detection. This raises
concerns about the feasibility of directly ap-
plying these protocols in clinical practice.
Although K-edge imaging with PCD-CT has
shown clear feasibility and high quantitative
accuracy in phantom and preclinical stud-
ies, clinical translation remains limited. This
is mainly due to the lack of contrast agents
specifically approved for K-edge imaging
and the current need for elevated doses to
ensure adequate image quality. At present,
no clinical studies have reported the use of
K-edge imaging in human patients.

Summary and future directions

PCD-CT is redefining thoracic oncologic
imaging by delivering unmatched spatial
and spectral resolution, improved diagnos-
tic confidence, and substantial reductions in
radiation dose. Its ability to detect individual
X-ray photons and measure their energy en-
ables more accurate tumor characterization,
earlier detection of small lesions, and ad-
vanced spectral imaging. These strengths are
further enhanced by Al-based reconstruc-
tion techniques that improve image quali-
ty while maintaining diagnostic precision.
PCD-CT is expected to play a central role in
the future of precision imaging. Techniques
such as K-edge imaging and multi-materi-
al decomposition may offer new insights
into tumor biology, although further work
is needed to adapt K-edge contrast agents
for routine clinical use. Moreover, PCD-CT is
well aligned with the concept of Green Ra-
diology, which promotes safe, sustainable,
and patient-centered imaging practices. As

Rockall et al.®® have noted, radiology must
transition toward low-carbon and climate-re-
silient systems, with innovations that reduce
emissions and environmental impact while
preserving the quality of care. PCD-CT ex-
emplifies this shift by delivering high-quality
images at lower radiation doses and reduced
contrast volume. It is particularly valuable in
screening and long-term surveillance, where
cumulative exposure is a concern. Future di-
rections include broader clinical validation,
integration with Al-based workflows, and
incorporation into guidelines that reflect
diagnostic excellence and environmental
stewardship, while taking into account both
the advantages of PCD-CT and its challeng-
es, such as high cost and substantial power
consumption.

In conclusion, PCD-CT represents not only
a technological innovation but also a mean-
ingful step toward more responsible and
forward-looking radiologic practice. Its con-
tinued development will help ensure that
thoracic oncology imaging remains both
clinically effective and environmentally con-
scious.
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