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Abstract

In musculoskeletal imaging, CT is used in a wide range of indications, either alone or in a synergistic approach with MRI.
While MRI is the preferred modality for the assessment of soft tissues and bone marrow, CT excels in the imaging of
high-contrast structures, such as mineralized tissue. Additionally, the introduction of dual-energy CT in clinical practice
two decades ago opened the door for spectral imaging applications. Recently, the advent of photon-counting detectors
(PCDs) has further advanced the potential of CT, at least in theory. Compared to conventional energy-integrating detec-
tors (EIDs), PCDs provide superior spatial resolution, reduced noise, and intrinsic spectral imaging capabilities. This
review briefly describes the technical advantages of PCDs. For each technical feature, the corresponding applications
in musculoskeletal imaging will be discussed, including high-spatial resolution imaging for the assessment of bone and
crystal deposits, low-dose applications such as whole-body CT, as well as spectral imaging applications including the
characterization of crystal deposits and imaging of metal hardware. Finally, we will highlight the potential of PCD-CT
in emerging applications, underscoring the need for further preclinical and clinical validation to unleash its full clinical
potential.
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for a wide range of indications, either as a standalone modal-
ity or as a complement to MRI. While the latter remains the
diagnostic modality of choice for analyzing bone marrow and
low-contrast structures such as soft tissues, CT is preferred for
the assessment of high-contrast structures, in particular mineral-
ized tissues, including bone and crystal deposits [1]. Advanced
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imaging techniques such as CT arthrography may also be used
for the assessment of the internal derangement of joints when-
ever MRI is unavailable or contraindicated [2, 3]. Additionally,
imaging patients with metallic hardware is typically less chal-
lenging using CT compared to MRI. CT further offers additional
benefits compared to MRI, such as superior spatial resolution
and a less complex implementation of dynamic imaging [4].
The development in CT technology has been closely related
to advances in computer technology (e.g., higher processing
speed and capacity allowing for advanced reconstruction algo-
rithms, including Al-based algorithms), X-ray production (e.g.,
cone-beam CT, synchrotron imaging), and X-ray detection
(e.g., newer generations of detectors). In particular, advances
in detector technology and computer processing have enabled
the advent of dual-energy CT (DECT) and its use in clinical
practice, paving the way to the development of new applica-
tions in musculoskeletal imaging, including material charac-
terization and improved methods for metal artifact reduction.
More recently, a newer generation of detectors, known as
the energy-resolving photon counting detectors (PCDs), has
emerged and the first FDA approval for a clinical scanner utiliz-
ing these detectors was received in 2021 [5, 6]. The major differ-
ence between PCDs and conventional energy-integrating detec-
tors (EIDs) is their capacity to register and resolve the energy
of each incoming X-ray photon. The technical features of these
detectors confer multiple benefits to PCD-CT over EID-CT,
such as superior spatial resolution, reduced noise, enhanced dose

efficiency, and intrinsic spectral imaging capabilities. Therefore,
PCD-CT presents theoretical advantages over EID-CT for vir-
tually all CT applications in clinical practice. These advances
have led some experts to consider the advent of PCD-CT as a
revolutionary development in CT imaging [7, 8]. After a brief
overview of the technical background, this review will describe
how PCD-CT may influence existing applications of CT in mus-
culoskeletal imaging, as well as emerging applications that could
transition from the research domain into clinical practice. The
technical challenges and current limitations in applying PCD-CT
in clinical practice will also be highlighted.

Technical background

Advantages of photon-counting detectors
over conventional energy-integrating detectors

Energy-resolving PCDs offer significant advantages over con-
ventional EIDs, which are used in both conventional and dual-
energy CT [9-11]. The key difference between EIDs and PCDs
lies in how they detect X-ray photons. EIDs utilize scintillators
to convert X-ray energy into visible light, which is then trans-
formed into electrical signals using photodiodes (Fig. 1). EIDs
sum the total energy deposited by X-ray photons over a certain
range, combining the information without differentiating indi-
vidual energy levels. This approach results in spectral informa-
tion loss, limiting their ability to differentiate between materials
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Fig. 1 Energy-integrating detector (EID) vs. photon counting detec-
tor (PCD): a EID measures the total energy deposited by incoming
X-rays. A scintillator transforms X-ray photons to visible light that
is detected by a photodiode. The use of septa creates dead space; b
PCD counts individual photons by directly converting photon energy
to electric signal, offering energy discrimination for improved image
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Pile-up Charge sharing

quality and dose efficiency. Pile-up effect occurs when multiple X-ray
photons arrive at the detector within a short time, causing overlap-
ping signals and compromising accurate energy measurement. Charge
sharing effect arises when the charge generated by a single X-ray pho-
ton is distributed between neighboring detector elements, leading to
reduced spatial and energy resolution
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with similar attenuation characteristics. In contrast, PCDs are
made of semiconductors, which directly convert X-ray pho-
tons into electrical signals. This enables PCDs to register each
incoming photon individually and classify them based on their
energy levels, allowing for precise material discrimination and
multi-energy imaging, while improving spatial resolution, and
decreasing noise and/or radiation dose [5, 12—-15].

Current PCD-CT systems exhibit variations in detector
technology, energy resolution, and overall performance, lead-
ing to distinctions in their clinical applicability [16]. While
the technology is still evolving, a series of prototype PCD-CT
systems are currently available for both pre-clinical and clini-
cal purposes. All major CT vendors have shown interest in
PCD-technology, and at the time of writing (December 2023),
Siemens Healthineers offers a commercially available system
[8, 17]. Common to all manufacturers, PCD-CTs offer several
notable advantages over conventional CT systems, includ-
ing increased spatial resolution, improved dose efficiency,
decreased noise, and increased spectral resolution [15, 17].

Spatial resolution The achievable spatial resolution in cur-
rent CT systems is limited on the one hand by the size of
the detector elements, and on the other hand by the use of
septa, which create dead spaces (Fig. 1). PCDs are typically
designed with pixel sizes significantly smaller than those
commonly found in EIDs, resulting in substantially higher
spatial resolution. Current PCD-CT systems propose pixel
sizes at the isocenter ranging from 0.1 x0.1 to 0.4 X 0.4 mm?.
The direct conversion of photon energy to an electric signal
without the use of reflecting septa not only improves spatial
resolution compared to EIDs but also enhances geometric
efficiency and radiation dose effectiveness, offering high-res-
olution images without the need for radiation-blocking grids
or combs used in traditional EIDs, thereby delivering supe-
rior image quality and dose efficiency [5, 18]. The improved
spatial resolution between a dedicated PCD-CT for extremity
imaging and an EID-DECT is shown in Figs. 2 and 3.

Fig.2 Improved spatial resolu-
tion between PCD-CT (a) and
EID-DECT (b). Visual assess-
ment of improved spatial resolu-
tion with a dedicated PCCT for
extremities (a) compared to an
EID-based DECT (b), despite
lower dose at PCD-CT (3 mGy
vs. 7 mGy with EID-DECT).
Information about the phantom
can be found elsewhere [https://
doi.org/10.1002/mp.16313]

Decreased noise reduction and radiation exposure PCDs
feature intrinsic higher dose efficiency compared to EIDs.
This is due to several factors including reduced image noise
and advanced energy-resolving capabilities. Indeed, PCDs
can register and count each individual incoming X-ray pho-
ton. This advanced capability enables the precise quantifica-
tion of the X-ray signal, effectively reducing the influence
of electronic noise found in conventional EIDs. Through
the implementation of specific energy thresholds, PCDs can
effectively filter out lower-energy noise signals, leading to
a significant reduction in overall noise and contributing to
improved image quality, especially at lower radiation doses.
As seen in the following sections, the higher dose efficiency
of PCDs may be used to lower radiation dose for many appli-
cations of PCD-CT.

Spectralimaging Spectral CT is an advanced medical imag-
ing technique that enhances diagnostic capabilities of CT by
exploiting the polychromatic information of X-rays. Around
two decades ago, technological advances have allowed the
clinical use of spectral imaging in the form of DECT, which
combines two different X-ray energy spectra to differentiate
materials, offering improved soft tissue contrast and reduced
artifacts compared to conventional CT [19-24]. Since then,
a broad range of DECT applications have become available
[25-27]. By utilizing more advanced energy-resolving detec-
tors compared to DECT, PCD-CT has the potential to take
spectral imaging a step further [5, 12-15].

The main advantage of PCDs is their ability to discrimi-
nate the energy of photons with an excellent energy resolu-
tion enabling the differentiation of materials that have simi-
lar attenuation coefficients but different atomic composition.
This further enhances the accuracy of material classification
and provides more comprehensive information about tissue
composition (Figs. 4 and 5). A material decomposition algo-
rithm requires at least two energy levels to separate a tissue
into a combination of two known materials. Unlike DECT,
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Fig.3 Improved spatial resolution between an EID-DECT (a, b) and
clinical PCD-CT (c—f). A 47-year-old male with suspected scaphoid
fracture (white arrows). The fracture was initially missed but retro-
spectively visible with low dose EID-CT of the wrist (CTDIvols,
1.16 mGy) (a, b). Four weeks after suspected fracture (¢, d), a PCD-

PCD-CT offers the possibility to extract information on
more than two energy levels, thereby enhancing tissue char-
acterization and potentially leading to increased accuracy. A
clear example of the potential of PCD-CT systems is the dis-
crimination between calcium pyrophosphate, monosodium
urate, or hydroxyapatite crystals for the diagnosis of the vari-
ous crystal arthropathies [28] (Figs. 4 and 6). The use of the
X-ray spectral information also allows for the reduction of
beam-hardening and metal artifacts commonly present in
CT imaging, without increasing radiation exposure (Fig. 7).

Current technical limitations: energy resolution, charge
sharing, pile-up effect

Besides the remarkable advantages offered by PCD-CT
compared to conventional CT, challenges persist [15].
Although much improved compared to EIDs, there are still
limitations to the energy resolution capabilities of PCDs,
which can affect material differentiation, particularly when
resolving very close energy levels. Moreover, issues like
charge sharing and pile-up can introduce inaccuracies in
data interpretation (Fig. 1b). These phenomena pose sig-
nificant challenges in accurately measuring particle inter-
actions and handling rapid event rates in PCD-CT systems.
Charge sharing is characterized by signal diffusion across
adjacent detector elements. Individual events are then regis-
tered as multiple simultaneous interactions at lower energy
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CT was performed and demonstrated the fracture and the osteolytic
changes as part of the repair process (CTDIvols, 4.28 mGy). Note the
higher resolution of PCD-CT with finer depiction of trabecular bone
compared to DECT. PCD-CT 8 weeks after fracture (e, f) demon-
strated a partly healed/immature bridging (CTDIvol;, 4.49 mGy)

degrading both the spatial and energy resolutions, thus
reducing material decomposition capabilities and image
contrast-to-noise ratio [29-31]. Similarly, pile-up, where
multiple events are mistakenly registered as one due to their
close temporal proximity, distorts the measured energy of
individual events, impacting the accuracy of energy assess-
ment and material differentiation in the system. As a result,
overall image quality can be affected. For instance, these
effects can lead to CT number inaccuracies, particularly
for low- and high-attenuating materials like air and bone
[32, 33]. However, effective correction methods have been
developed and integrated into PCD-CT systems to mitigate
or minimize the impacts of pulse pile-up and charge shar-
ing, thereby preserving overall image quality and accuracy
[34-36]. Ongoing research aims to refine PCD-CT, address-
ing these limitations and unlocking its full potential for
enhanced clinical imaging and diagnosis.

Current and future clinical applications of PCD-CT
in MSK imaging

In this section, we provide an overview of the potential applica-
tions of PCD-CT based on its three main technical characteris-
tics: high spatial resolution, low noise and decreased radiation
exposure, and spectral resolution (Table 1). It should be noted
that the advantages of PCD-CT with regard to these techni-
cal features could be used in combination (e.g., low noise at
lower dose) but one advantage can be used to its full potential
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Fig.4 Detection and characterization of crystal deposits. a Digital
radiography, b conventional CT, ¢ ultrasound, d digital mammogra-
phy, e micro-CT, f dual-energy CT (DECT), g ultrashort echo time
(UTE) MRI, h-k multi-energy photon-counting-detector CT (PCD-
CT). In UTE MR, the articular cartilage calcium crystal deposition
as a whole is color-coded in red due to its inability to discriminate
between CPP and HA crystal deposits; in PCD-CT, the articular car-
tilage water content is color-coded in blue. While all conventional
and advanced clinical imaging techniques were able to detect cal-
cium crystal deposition within the articular cartilage (yellow arrow,
dashed circle)}—with varying levels of accuracy and sharpness/blur
mainly due to spatial resolution differences—DECT and UTE MRI
both failed to identify crystal deposits on the cartilage surface (white

(highest obtainable resolution at full dose) if of clinical inter-
est. The scientific evidence in this field is only emerging.

High-resolution imaging

The superior spatial resolution provided by PCD-CT is par-
ticularly useful in musculoskeletal imaging, notably for the
imaging of bone and mineralized structures [37—40]. Higher
spatial resolution compared to EID-CT provides better visu-
alization of the fine details of cortical and trabecular bone and,
therefore, improved detection of subtle cortical bone fractures,
or the formation of callus (Fig. 3) [37, 38, 41, 42]. Thanks to
this enhanced spatial resolution, PCD-CT might also offer an
opportunity to assess bone architecture on clinical scanners
[43]. The current clinical reference standard for the assessment
of bone parameters is high-resolution peripheral quantitative
CT (HR-pQCT) [44]. However, this modality is limited to the
extremities. PCD-CT could potentially be applied to the axial
skeleton to extract quantitative parameters of bone microarchi-
tecture, such as cortical and trabecular thickness, separation,
and number, in addition to bone mineral density. This would be
valuable in assessing osteoporosis or other metabolic disorders

arrow, dashed circle). Additionally, although DECT, UTE MRI, and
PCD-CT were all able to quantify calcium crystal deposition with
varying accuracy, PCD-CT was the sole technique capable of distin-
guishing between CPP (color-coded in red) and HA (color-coded in
white) crystal aggregates. (1) Raman spectroscopy was used as the
reference standard (synthetic CPP and HA spectra are color-coded in
blue and red, respectively) and confirmed the co- existence of CPP
and HA crystals in two of the three cartilage scrapings/biopsies from
the tibial plateau sample. Reprinted with permission from Bernabei
et al. Multi-energy photon-counting computed tomography versus
other clinical imaging techniques for the identification of articular
calcium crystal deposition. Rheumatology (Oxford). 2021;60:2483—
2485

of the bone. In theory, the high resolution (0.2 mm) might also
allow for an increased diagnostic accuracy in characterizing
bone tumors by enhanced visualization of matrix patterns,
bone destruction, and periosteal reaction, although this must
be confirmed in future studies. The higher resolution could also
enhance the detection of subchondral (i.e., erosions, geodes,
hyperostosis) and marginal (i.e., erosions, osteophytes) bone for
the assessment of arthritis. Even though EID-CT has already
been proven to offer complementary information to MRI for
diagnosing and staging OCD, PCD-CT seems to be able to
deliver an improved detection of mineralized loose bodies, due
to the improved resolution (Fig. 8). This provides information
whether a bone fragment is detached or still has an osseous
bridge with enhanced certainty [45]. In addition, PCD-CT can
provide spectral information, e.g., bone marrow edema map-
ping, or be combined to an arthrographic procedure to assess
the interface between the lesion and surrounding bone. Alto-
gether, this is expected to increase the diagnostic confidence in
staging the OCD lesion. For all these applications, especially
those concerning children and young patients, clinical studies
should determine the optimal imaging strategies to comply with
the ALARA (as low as reasonably achievable) principle.

@ Springer
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Fig.5 Material decomposition. Reconstructed image of a multi-
contrast phantom obtained with a dedicated PCD-CT for extremities
using a material decomposition algorithm. PCD-CT enables precise
multi-material decomposition, distinguishing various components
based on their unique energy-dependent attenuation properties; infor-
mation about the phantom can be found elsewhere [https://doi.org/10.
1002/mp.16313]

Decreased noise and decreased radiation dose
The higher dose efficiency in PCDs may lead to improved

image quality at the same dose. However, most musculo-
skeletal applications focus on high-contrast objects (i.e.,

imaging of mineralized tissue), and consequently higher
noise levels can be tolerated without affecting performance
[19, 24]. Therefore, it is more interesting to use the higher
dose efficiency of PCDs to reduce the radiation dose while
maintaining the diagnostic performance. For instance, an
experimental PCD-CT system demonstrated lower image
noise and improved reproducibility in assessing bone micro-
structure at a dose similar to EID-CT [46]. But on the other
hand, a dose reduction by a factor of around 2 could be
obtained without impairing performance in the evaluation of
bone mineral density and bone microstructure [46].

Other initial studies and small case series have shown
promise for dose reductions ranging from around 20% up
to as high as 80% compared with EID-CT, while improv-
ing the visibility and sharpness of bone microarchitecture
and disease-related lytic bone lesions and other abnormali-
ties, as well as overall image quality [39, 47-50]. The level
of dose reduction in the pediatric population is similar or
even greater than that in the adult population, but this also
depends on the willingness of radiologists to accept higher
noise levels particularly in pediatric (CT) imaging.

While dose reductions can be applied to all clinical sce-
narios in musculoskeletal imaging, it is particularly useful
for whole-body CT in the initial workup or serial imaging
of patients with multiple myeloma or bone metastases, or
in applications in younger patients, especially where radio-
sensitive organs are included in the scanned area [51-53].
For instance, reduced-dose PCD-CT has been used to miti-
gate the dose in hip and shoulder CT scans prior to joint
replacement surgery, preoperative pelvic CT in younger
patients with femoroacetabular impingement [52], and pre-
or postoperative spinal CT [54, 55]. In theory, the spectral
imaging potential of PCD-CT could allow the assessment
of bone marrow, for which MRI remains the reference.
The performance of PCD-CT in detecting and classifying

Fig.6 Crystal deposit detection and improved spatial resolution.
EID-DECT (a) and PCD-CT (b) of a toe specimen obtained after
amputation of first toe due to infection and gout. Volume rendering
reconstructions with dorsal views (proximal phalanx (pp), distal pha-
lanx (dp)), showing monosodium urate tophi (green). Note that on
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PCD-CT (b), the spatial resolution is higher, and the volume of crys-
tal detected is larger. Also note the juxtaarticular erosion with typical
overhanging edges (arrow). Specimen courtesy of Dr Sylvain Stein-
metz
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Fig.7 Metal artifact reduction: transverse reformats of PCD-CT of a
left total hip replacement acquired at 140 kVp with tin filtration, and
reconstructed using different parameters, which affect the metal arti-
facts and the assessment of the components. a Bone kernel, b virtual
monoenergetic image (120 keV) with soft tissue kernel, and ¢ virtual
monoenergetic image (120 keV) with soft tissue kernel, and iterative

metal artifact reduction algorithm (same window level as in b). Note
that the assessment of soft tissue is best performed with the iterative
metal artifact reduction algorithm (c), but these algorithms create
artifacts mimicking areas of osteolysis (arrow). Bone structures are
therefore best assessed without such algorithms (a)

Table 1 Potential clinical applications of PCD-CT based on its technical features

Spectral capabilities
- Material classification
- Metal artifact reduction

Spatial resolution
- High-resolution CT

Radiation dose
- Low dose CT

Cortical and trabecular fracture detec-

Qualitative and quantitative bone
architecture

Trauma Detection of bone marrow edema

tion
Osteoporosis
Osteoarthritis Multicontrast compositional imaging

Crystal arthropathies

Oncology

of joint tissues

Differentiation between different types
of crystal deposits

Qualitative and quantitative bone
architecture

Detection and quantification of crystal
deposits

Detection and characterization of
bone lesions

4D CT for chronic joint instability

Low-dose whole body CT for the
detection of skeletal metastases

Pre-operative imaging  CT arthrography and virtual non-
contrast CT: assessment of loose
bodies and preoperative planning

based on 3D reconstructions

Post-operative imaging Monoenergetic images of orthopedic
hardware and periprosthetic com-
plications

(multiple myeloma, solid cancers)

Low-dose pre-operative assessment of
bone and joint morphology

bone marrow lesions will have to be investigated in future
studies.

Spectral resolution: material classification and metal
artifact reduction

Over the past decades, an increasing number of musculoskel-
etal applications of spectral imaging have been developed
using DECT, of which the most common include the char-
acterization and quantification of crystal deposits in patients
with crystal arthropathies (gout and calcium pyrophosphate
deposition disease), metal artifact reduction in postoperative

imaging using virtual monoenergetic images, and the detec-
tion of bone marrow lesions in trauma patients thanks to
virtual non-calcium images [19]. These applications gener-
ally rely on extracting the spectral information using various
image reconstruction methods such material quantification,
virtual non-contrast or virtual non-calcium images, and vir-
tual monoenergetic images.

All these applications may be transferred to PCD-CT. In
terms of spectral imaging capabilities, PCD-CT technology
has the potential to provide diagnostic performance at least
comparable to DECT, with higher spatial resolution and
more efficient use of radiation dose, thereby overcoming the

@ Springer
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Fig.8 Improved confidence for
the classification of osteochon-
dritis dissecans in the elbow.
Cinematic rendering technique
(a, b) of an osteochondritis dis-
secans lesion of the elbow and
greyscale images (c, d) provid-
ing high-resolution assessment
on the size, and location of the
osteochondral lesion (circle), as
well as of the mineralized loose
body (arrows)

trade-off between spatial and spectral (multi-energy) resolu-
tions (Figs. 4-6) [56]. For future work, artificial intelligence
might be of assistance, not only for image reconstruction and
segmentation algorithms generalizable to all CT systems, but
also for enhanced spectral analysis and material classification.

Imaging of crystal arthropathies One of the first applications
of material classification in DECT and which can be trans-
ferred to PCD-CT is the assessment of crystal arthropathy,
for the characterization and quantification of crystal deposits.

Spectral CT imaging has indeed found its way into clinical
practice in crystal arthropathies, as demonstrated in interna-
tional guidelines (e.g., EULAR [57]). DECT not only pro-
vides a diagnostic performance at least as accurate as ultra-
sound, but is also more reliable in identifying crystal deposits
[58]. DECT further has the advantage of being quantitative,
enabling the response to urate-lowering therapy to be moni-
tored [59]. Moreover, DECT has become a key element in the
classification criteria (e.g., ACR/EULAR) for gout and CPPD,
for establishing the diagnosis in clinical research [60, 61].

However, the sensitivity of DECT remains to be improved,
particularly in the early stages of crystal arthritides when crys-
tal deposits are small and lowly concentrated [62].

In theory, PCD-CT has the potential to improve material
classification (up to a factor of 2 in comparison to EID-based
DECT, according to some CT manufacturers). However,
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these claims have yet to be demonstrated in clinical practice.
To the best of our knowledge (and at the time of writing), the
only studies investigating the impact of PCD-CT in crystal
arthropathies were performed using a preclinical PCD-CT
scanner (MARS Bioimaging®) with synthetic crystal phan-
toms and ex vivo human samples (Figs. 4 and 6) [28, 63, 64].

Theoretically, owing to its technical features, including
but are not limited to its spectral capabilities, PCD-CT could
contribute not only to the diagnosis and therapy response
monitoring in gout, but also to a better understanding of the
disease pathophysiology and the role played by the differ-
ent crystal types, the differentiation between the types of
calcium crystals (CPP and BCP) being limited with current
DECT technology (Fig. 6) [28, 65, 66].

First, with its improved spatial resolution, PCD-CT could
contribute to earlier diagnosis by improving the detection of
tiny crystal deposits (single monosodium urate (MSU) and
calcium pyrophosphate (CPP) crystals being each smaller than
0.02 mm in length), which is currently one of the main limita-
tions of DECT in the early stages of gout and CPPD disease [62,
67]. An ongoing phantom study has shown that a point-of-care
PCD-CT system (MARS Bioimaging) can identify twice as
small MSU and CPP crystal deposits with comparable accuracy
to DECT [68]. The minimum pixel sample size required to dis-
tinguish between MSU and CPP within any crystal aggregate/
lesion decreased from 3 pixels (0.4-mm diameter) with DECT
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to 2 pixels (0.2-mm diameter) with PCD-CT. This finding is
supported by proof-of-concept studies in which this PCD-CT
system outperformed other clinical imaging techniques (includ-
ing DECT) for the identification of MSU and CPP crystals in
a gouty finger with subcutaneous tophus and in menisci and
hyaline cartilage harvested from osteoarthritic knees, approach-
ing the high spatial resolution of ultrasound while providing
superior crystal characterization capability (Fig. 4) [28, 64].

Second, with its superior multi-energy, quantitative imag-
ing capabilities, and reduced electronic noise, PCD-CT has
the potential to improve the characterization of calcium crys-
tal aggregates (i.e., CPP vs. basic calcium phosphate (BCP)
similar to the classification of calcium-containing urinary
stones [69]). The identification of MSU deposits within more
challenging backgrounds such as hyaline cartilage or fibro-
cartilage in joints or the spine could also be improved. Pre-
vious phantom studies, supported by ex vivo analyses, have
shown promising results in slightly improving the diagnostic
performance for such a clinical task compared with DECT
[28, 63, 64]. However, crystal classification with current
PCD-CT technology remains far from perfect, and further
developments (optimization of image acquisition and recon-
struction protocols, including radiomics analysis) are needed.

Finally, PCD-CT has also the potential to enable a more
accurate and reliable quantification of MSU and calcium
crystal deposits (CPP and BCP), in analogy with recent
results of phantom studies on the accuracy of CT numbers
and bone mineral density measurements [43, 70]. These
volume measurements are increasingly used in monitoring
the response to urate-lowering therapy in patients with gout
[71], as well as in gout patient education.

Imaging of metallic hardware Since the early days of CT,
imaging of metallic objects such as orthopedic hardware and
joint prostheses has been quite challenging due to the substan-
tial image artifacts. Common clinical indications in this con-
text include periprosthetic infection or fractures, and hardware
complications such as hardware fracture or loosening. Metal
artifacts are caused by factors such as photon starvation, beam
hardening, scatter, and electronic noise. As a result, the visu-
alization of anatomical structures adjacent to metal hardware is
compromised and may lead to decreased diagnostic confidence
or even an impossibility to assess the area of interest.

The severity of metal artifacts is influenced by a number of
factors. These include, on one hand, the composition, size, shape,
and location of the metallic objects, and on the other hand, the CT
acquisition parameters and reconstruction algorithms.

Several methods have been used to mitigate these artifacts.
During the acquisition, the adjustment parameters (e.g., high
kilovoltage (kVp), slow rotation times, and low pitch) can
help decrease metal artifacts at the expense of increasing the
radiation dose. In the reconstruction domain, metal artifact
reduction (MAR) techniques based on iterative reconstruction

algorithms can be used and offer choices based on the metal
type and location (e.g., hip or shoulder implants, pacemaker,
or coils) [72]. However, these methods tend to degrade
image sharpness due to limited kernel strength. They also
may induce some artifacts mimicking osteolysis (Fig. 7).
Current EID-based DECT scanners may reconstruct less
artifact-prone, high keV images using the spectral informa-
tion. However, these solutions require a tradeoff between the
spatial resolution and the spectral information. With PCD-CT,
the spectral information may be used to produce low artifact
monoenergetic images without sacrificing spatial resolution.
It was shown that hard reconstruction kernels and thin slices
(0.2 mm) with PCD-CT offer sharper delineation of bone-
implant interfaces compared to EID-CT [73]. In terms of
acquisition parameters, the strategies used for reducing metal
artifacts in EID-CT may be similarly applied to PCD-CT.
High kVp allows for reduction of metal artifacts, especially
when combined with additional tin filtration [74]. Despite
the reduction in bone contrast when applying additional tin
filtration, it seems the method of choice to reduce artifacts in
total hip replacements (Figs. 7 and 9). The same applies to
smaller metallic hardware, e.g., wrist prosthesis or screws,
where additional tin filtration allows for reduction of metal
artifacts (Fig. 10). A current downside of applying an extra
tin filtration is that the user is not able to reconstruct the so-
called spectral post-processing (SPP) files, limiting the ability
to interactively change the keV settings. However, images may
still be reconstructed between 60 and 190 keV. The recon-
struction of monoenergetic images for implants is most effec-
tive within the 90-130 keV range, with the ideal keV level
varying depending on the hardware (Fig. 9) [55, 75]. It is also
to note that the combination of high keV images with MAR
techniques effectively reduces metal artifacts in adjacent soft
tissues, but it is less suitable for the visualization of the bone-
implant interface due to limited image sharpness [76].

Other, emerging applications In addition to the aforemen-
tioned applications, which are already incorporated into
clinical practice at least in some institutions using DECT,
the advent of PCD-CT may accelerate the emergence of new
applications of spectral imaging, given ongoing advances in
the research domain.

Potentially, PCD-CT could provide sufficient contrast
resolution to improve the imaging of soft tissue lesions, in
particular collagen-rich structures such as intervertebral discs
or ligaments, as previously attempted using DECT [77-79].
Others have aimed to use the potential of PCD-CT to improve
high-contrast resolution to image cartilage without contrast
(as typically done in CT arthrography), by optimizing the
level of monenergetic images in cadavers [80, 81].

Others have attempted a compositional analysis of car-
tilage, by assessing glycosaminoglycan (GAG) content and
distribution throughout cartilage, similar to what is performed
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65 keV

Fig.9 Total hip replacement imaging with PCD-CT virtual mono-
energetic images: a transverse and (b) coronal reformats of a right
total hip replacement and coronal reformats of a left total joint
replacement (c), with increasing energy levels. The acquisition was
performed at 140 kVp, with soft tissue kernel and no iterative metal
artifact reduction. PCD-CT generates virtual monoenergetic images

at MRI using dGEMRIC imaging [82, 83]. It was shown that
anionic iodine or gadolinium-based contrast agents are dis-
tributed inversely to negatively charged GAGs throughout the
cartilage, hereby providing an indirect quantification of the
GAG content [84, 85]. Furthermore, by utilizing a multi-mate-
rial decomposition technique, it was possible to distinguish
the deep zone articular cartilage from underlying subchon-
dral bone, which exhibit similar attenuation levels. Likewise,
Paakkari et al. successfully employed an experimental PCD-
CT setup to quantify a cationic iodinated CA4 + (proportion-
ally distributed to GAGs) and a non-ionic gadolinium-based
gadoteridol (reflecting water content) contrast agents within
human osteochondral tissue samples [86].

Therefore, PCD-CT has the potential to provide a quan-
titative analysis of both the cartilage and the adjacent sub-
chondral bone structure, hereby representing an interesting
tool to further clarify the intricate role of these tissues in the
pathogenesis of OA [87].

In terms of material classification, other potential appli-
cations of PCD-CT may extend previous work from DECT,
including the characterization of hemosiderin deposits in
giant cell tumors of the tendon sheath, as well as the detec-
tion of metal debris in metallosis [19].

PCD-CT has also the potential to improve the measure-
ment of fat fraction in various tissues, as already shown in
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that range from 40 to 160 keV that progressively reduces metal arti-
facts around total hip replacements, allowing for improved evaluation
of the metal-bone interface and surrounding structures. Note that in
those clinical cases, the “sweet spot” of optimal metal artifact reduc-
tion is around 90 keV, with some degree of degradation in image
quality at higher keV

the liver [88]. If their accuracy is confirmed for the bone or
muscle, fat fraction measurements available on clinical scan-
ners, including in a retrospective manner, could be used as
an opportunistic surrogate marker to predict certain morbidi-
ties or provide insight into the pathophysiology of various
endocrine, metabolic, or hematological disorders [§9-91].

In CT arthrography, the spectral capabilities of PCD-CT
may be used to obtain virtual non-contrast images to detect
intra-articular loose bodies, or provide 3D reconstructions
for preoperative planning without the need to perform addi-
tional scans, limiting patient radiation exposure [19, 92].

Finally, the higher dose efficiency of PCD-CT systems
could further promote emerging applications of 4D CT,
which has already been successfully used for the imaging
of wrist or subtalar instability on EID-CT systems [93, 94].

At this stage, further preclinical and clinical studies are
required to validate the performance of PCD-CT for all these
potential applications.

Financial considerations

The installation and maintenance of PCD-CT systems
are typically associated with higher costs compared to



Skeletal Radiology
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Fig. 10 Metal artifact reduction in the elbow. PCD-CT of joint
replacements (a, b, e, f) and metal hardware (c, d, g-i) of the elbow
with acquisitions at 140 kVp, with tin filtration. Virtual monoener-
getic images at different levels are shown. f, i Volume rendering
images. As PCD-CT also comes by default with an increased number

conventional CT systems. For example, at the time of writ-
ing (end of 2023), the cost of the presently FDA-approved
PCD-CT, which is a dual-source, dual-photon-counting
detector system, is approximately two to three times higher
than that of a standard CT system. Technical constraints for
the electrical system also contribute to higher installation
costs and maintenance costs are typically higher. Eventually,
the added-value of PCD-CT systems would require a cost-
effectiveness analysis that considers the full range of clinical
applications of the scanner, not limited to musculoskeletal
applications.

Conclusion

In summary, PCD-CT has interesting theoretical advantages
over EID-CT, all of which can be useful in musculoskeletal
imaging. These advantages include higher spatial resolution,
lower noise and radiation dose, as well as intrinsic spectral
imaging capabilities. Therefore, PCD-CT has the potential
to enhance CT imaging across its existing range of applica-
tions, particularly the improved visualization of bone struc-
tures, reduced radiation exposure, and promising prospects in
addressing crystal arthropathies and imaging metallic hard-
ware. Additionally, technological advancements may pave the

110 keV

110 keV

(

\

of bits for the DICOM images (16-bits), it provides more shades of
gray/extended CT window scale. The images can be optimized with
the combination of spectral shaping, high keV and a wide WW/WC
of, e.g., 10.000/4000

way for the emergence of new applications, such as optimized
soft tissue contrast, or multiple contrast imaging for com-
positional imaging of tissues. Nevertheless, the theoretical
enhancements in diagnostic performance still need validation
on a larger clinical scale, the current evidence mainly consist-
ing in experimental feasibility studies. For each application,
the diagnostic performance must be rigorously evaluated
clinically, and the potential limitations, image artifacts, or pit-
falls described thoroughly. While most novel applications will
rely heavily on post processing, standardization of these tools
across platforms will be required for wide clinical adoption.

Additionally, technological challenges remain to be
addressed to further improve PCD-CT, including energy
resolution, charge sharing, and pile-up. From an economi-
cal perspective, the cost of PCD-CT is currently much higher
than conventional EID-based systems. Consequently, the
cost-effectiveness of these systems should be thoroughly
assessed. The near future will determine whether PCD-CT
represents a true revolutionary change in CT imaging, or
merely a significant leap forward.
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