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Currently, more than 80 million CT examinations 
are performed annually in the United States (1), 

approximately 8 million of which are conducted for 
musculoskeletal indications (2). The last fundamental 
breakthrough in CT technology occurred approxi-
mately 30 years ago when the concept of continuous 
“helical CT” was introduced, which improved CT 
technology by replacing the “one section at a time” 
acquisition mode with continuous patient transla-
tion (3). Since then, there have been tremendous 
advancements in CT technology, including gradual 
improvements in detectors and innovative approaches 
to mitigating the associated increase in radiation ex-
posure (Table). In 2008, large-bore 320–detector row 
multidetector CT (MDCT) with 16-cm wide-area 
coverage was developed. This eliminated “stair-step” 
artifacts inherent in 64-section technology during 
cardiothoracic imaging and provided a platform for 
four-dimensional (4D) kinematic CT imaging of the 
peripheral joints (4). Along with advances in MDCT 
detector systems, the concept of simultaneous acquisi-
tion of dual-energy CT (DECT) scans was developed, 
with two x-ray tubes being operated at two different 
tube potentials (5). In the past decade, cone-beam CT 
(CBCT) has also been established and has made the 
availability of three-dimensional (3D) high-resolution 
imaging of lower extremities in weight-bearing mode 
feasible (6). First approved for clinical use in 2021, 
photon-counting CT (PCCT) represents the most 
recent innovation in CT technology. It uses photon- 
counting detectors (PCDs) to measure x-ray projections 

in comparatively higher quality than widespread en-
ergy-integrating detectors (EIDs) for MDCT (7). By 
converting individual x-ray photons into a charge 
cloud and bypassing the electronic noise–inducing 
steps associated with EID signal aggregation, PCCT 
can achieve markedly higher contrast resolution.

In addition to image acquisition, there have been 
advancements in image postprocessing. Cinematic 
rendering is a novel postprocessing visualization tech-
nique that uses innovative lighting models to generate 
an image from CT data (8). Cinematic rendering re-
constructions have shown superior illustrative qual-
ity than volume rendering reconstructions in some 
musculoskeletal pathologies (9). Three-dimensional 
printing technology has also shown clinical util-
ity in producing patient-specific anatomic models.  
Although 3D printing has been primarily used for pre-
operative planning, ongoing research is focused on gen-
erating 3D-printed tissue replacements for use in grafts. 
Finally, the application of artificial intelligence and au-
tomated evaluation of musculoskeletal CT images is an 
emerging field of research. In this article, we review re-
cent advancements in musculoskeletal CT imaging and 
provide future directions for each CT technology.

Four-dimensional CT

Principle
Four-dimensional CT is a high-resolution volumetric 
acquisition of a peripheral joint during motion, which 
includes the fourth dimension (ie, time). In the past 3 

CT is one of the most widely used modalities for musculoskeletal imaging. Recent advancements in the field include the introduction 
of four-dimensional CT, which captures a CT image during motion; cone-beam CT, which uses flat-panel detectors to capture the 
lower extremities in weight-bearing mode; and dual-energy CT, which operates at two different x-ray potentials to improve the contrast 
resolution to facilitate the assessment of tissue material compositions such as tophaceous gout deposits and bone marrow edema. Most 
recently, photon-counting CT (PCCT) has been introduced. PCCT is a technique that uses photon-counting detectors to produce an 
image with higher spatial and contrast resolution than conventional multidetector CT systems. In addition, postprocessing techniques 
such as three-dimensional printing and cinematic rendering have used CT data to improve the generation of both physical and digital 
anatomic models. Last, advancements in the application of artificial intelligence to CT imaging have enabled the automatic evaluation 
of musculoskeletal pathologies. In this review, the authors discuss the current state of the above CT technologies, their respective  
advantages and disadvantages, and their projected future directions for various musculoskeletal applications.
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to help detect and characterize their dynamic biomechanical 
derangements. Due to the large volume of data acquired dur-
ing each 4D CT examination, diligence during the procedure 
is crucial to minimize radiation exposure without compro-
mising image resolution. With use of iterative reconstruction 
techniques, the 4D CT examinations can be performed at a 
reduced noise with low radiation exposure while preserving 
spatial resolution and contrast (11).

Due to multiple consecutive CT acquisitions during the 
joint motion, 4D CT acquisitions are associated with higher 
cumulative radiation exposure compared with MDCT (12). 
However, the skin is the only radiation-sensitive tissue in 
4D CT examinations of the distal peripheral joints. There-
fore, despite the increased cumulative radiation exposure, 
the effective radiation dose associated with 4D CT examina-
tions of the distal peripheral joints remains relatively low.

Clinical Utility
The patellofemoral joint is the most investigated periph-
eral joint in the clinical application of 4D CT. Using 4D 
CT, radiologists can now characterize its biomechanical de-
rangements and study the relationship between patellofem-
oral instability and patterns of patellofemoral maltracking 
during flexion-extension motion (Fig 1) (13). In addition, 
4D CT can help evaluate corrective patellofemoral surgery 
outcomes; the ability to study patellar tracking in vivo also 
allows the orthopedist to access postoperative joint move-
ment during active motion (14). To evaluate the outcome of 
medial patellofemoral ligament reconstruction surgery, re-
searchers have imaged the knee joint over approximately 21 
consecutive volumetric acquisitions over 10 seconds during 

Abbreviations
CBCT = cone-beam CT, DECT = dual-energy CT, EID = energy- 
integrating detector, 4D = four-dimensional, MDCT = multidetector 
CT, PCCT = photon-counting CT, PCD = photon-counting detector, 
3D = three-dimensional

Summary
CT currently enables musculoskeletal examinations during motion 
and weight-bearing with high resolution; the recent advancement of 
photon-counting CT will further improve musculoskeletal imaging at 
a reduced radiation exposure.

Essentials
 ■ Four-dimensional CT captures dynamic images of peripheral 
joints during motion.

 ■ Dual-energy CT generates two spatially matching CT data sets 
with two sufficiently different tube energies, which can provide 
spectral differentiation of soft-tissue and osseous materials and 
molecular substrates.

 ■ Cone-beam CT uses flat-panel detectors to perform three- 
dimensional high-resolution imaging of the lower extremities in 
weight-bearing mode.

 ■ High-resolution peripheral quantitative CT is a low-dose modality 
used to access bone microarchitecture and density; high-spatial-
resolution CT is characterized by a detector with a pixel size of 
250 μm2, allowing for improved visualization of trabecular bone 
microarchitecture in the axial skeleton.

 ■ Photon-counting CT uses novel photon-counting detectors to 
produce high contrast resolution for bone and soft tissue.

Overview of the Characteristics of Available CT Technologies for Musculoskeletal Applications

CT Type

First Introduction  
into Clinical  
Practice

Radiation  
Exposure  
(compared with 
MDCT)

Resolution (compared  
with MDCT)

Kinematic 
Imaging

Weight- 
bearing  
Imaging

Dual and/or 
Multi-energy 
Image 
Acquisition

Four-dimensional CT 2009 (87) Cumulative radiation 
exposure: high

Effective dose: low*

Resolution comparable  
with MDCT

Yes No No

Dual-energy CT 2006 (88) High (89) Spectral differentiation of 
materials and molecular 
substrates; specialized 
image reconstruction

No No Yes

Extremity cone-beam CT 2014 (6) Medium (94) High spatial resolution  
(0.26 × 0.26 mm) (6)

No Yes No

High-resolution peripheral 
quantitative CT

2005 (66) Medium High spatial resolution  
(0.1 × 0.1 mm to  
0.14 × 0.14 mm) (67)

No No No

High-spatial-resolution CT 2017 (73) High (71) 0.4 × 0.5 mm2 (72) No No No
Photon-counting CT Past decade (first 

FDA approval in 
the United States: 
2021) (90)

Medium (91) High contrast resolution  
for bone and soft tissue

Better spatial resolution 
(0.27 × 0.32 mm2) (91)

No No Yes

Note.—MDCT = multidetector CT, FDA = U.S. Food and Drug Administration.
* Equal to or less than that of an average head CT examination (2 mSv) (12).

decades (10), the use of large-bore 320-detector MDCT has 
made this method feasible in clinical practice. With use of pre-
defined imaging acquisition protocols, patients can be trained 
to perform peripheral joint motions before CT acquisition 
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active motion of the knee from 90° flexion to full extension, 
without an applied load (14).

Given the kinematic and structural complexity of ankle 
joints, 4D CT assessment of biomechanical derangements 
can provide benefits over traditional clinical examinations. 
This method can also replace two-dimensional radiographic 
measurements of ankle instabilities and syndesmotic inju-
ries by tracking measurements during active motion (15). In 
one study (15), imaging of the ankle was conducted by per-
forming 11 consecutive acquisitions over 5 seconds while 
actively moving the ankle from plantarflexion to dorsiflex-
ion without an applied load. Investigations have also shown 
the potential for evaluating subtalar joint immobilization 
devices and ligament reconstruction effectiveness through 
4D CT (16).

Akin to ankle joints, the wrist represents another com-
plex joint for which 4D CT can provide added diagnostic 
value. Indeed, 4D CT has been used to investigate the cor-
rective effect of surgical scapholunate ligament repair and 
carpal kinematic instabilities associated with a scapholunate 

interosseous ligament injury (17,18). To study surgical 
scapholunate ligament repair, one study performed 11 con-
secutive acquisitions over 5 seconds during active wrist mo-
tion without an applied load for a number of movements, 
including active clenching of the fist and deviating the wrist 
from the radial to ulnar sides (17). Furthermore, the pro-
spective Accuracy of 4D CT for Diagnosing Instable Scaph-
olunate Dissociation, or ACTION, trial has been recently 
designed with the primary aim of establishing the potential 
role of 4D CT in diagnosing scapholunate ligament inju-
ries (19). Dynamic ulnocarpal abutment can also be shown 
using 4D CT in patients with diffuse wrist pain, and ad-
equate repair and kinematic stability can be confirmed using 
postoperative 4D CT examinations (18). To our knowledge, 
there has been no study directly comparing the diagnostic 
performance of 4D CT with dynamic fluoroscopy. How-
ever, 4D CT will probably be advantageous over traditional 
dynamic fluoroscopy due to the high spatial resolution and 
feasibility of 3D imaging acquisition, which could improve 
detailed biomechanical assessment compared with conven-
tional two-dimensional fluoroscopy.

It should be noted that 4D CT has been successfully used to 
image pathologies in other proximal joints, such as the shoul-
der and hip (20,21). However, the exponential increase of 
radiation dose exposure from 4D CT scans as compared with 
conventional MDCT scans must be taken into consideration 
given the close proximity of the hip and shoulder joints to  
radiation-sensitive organs (eg, ovaries and testicles, breast, 
and thyroid gland).

Advantages and Disadvantages
Four-dimensional CT is particularly suited for the kine-
matic imaging of joints compared with conventional CT, 
providing insight into the peripheral joint biomechanical 
instabilities. However, 4D CT is associated with a higher ef-
fective radiation dose than MDCT, and radiation exposure 
must be carefully considered and monitored.

Future Directions
Consistent with prior advancements, continued develop-
ments in temporal resolution will enable improved 4D 
CT image quality during motion while decreasing scan-
ning times and radiation exposure. Such improvements 
could also expand the application of 4D CT technol-
ogy to other anatomic locations (22). Kinematic assess-
ment of robust 4D CT examination data using postpro-
cessing software could be investigated in future studies 
for the characterization of biomechanical derangements 
and their improvements following corrective surgeries,  
and for risk stratification of posttraumatic secondary osteo-
arthritis (15). Future challenges include motion artifacts, 
metal artifacts from implants, concerns about radiation ex-
posure, and large data sets requiring substantial time and 
effort for image processing. Advancements in hardware and 
software for semiautomated measurement and analysis pro-
tocols could improve 4D CT image quality, patient safety, 
and efficacy in imaging interpretations (23).

Figure 1: Four-dimensional CT scans in a 14-year-old female patient with patel-
lofemoral maltracking. (A) Images obtained in full extension show subluxation of 
the patella with a “J-shape” patellofemoral maltracking pattern (arrowheads). (B) 
Subluxation is not seen (arrowheads) on images obtained full flexion (arrowheads).
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DECT Imaging

Principle
While principles of DECT were described decades ago, the 
clinical application of DECT in musculoskeletal radiology 
did not occur until 2006 (24). Current clinical applications 
for DECT techniques are primarily based on generating two 
spatially matching CT data sets with two sufficiently different 
tube energies (eg, 70 and 150 kVp) (25). Some dual-energy 
techniques are available for single-source CT scanners, such 
as twin-beam technology and sequential scanning technology 
(25). Modern dual-source CT scanners acquire the two data 
sets simultaneously with two pairs of x-ray tubes and corre-
sponding detectors. Single-source CT scanners use rapid volt-
age switching, energy-resolving detectors, and layer detectors 
(22,26). Acquiring the two data sets with different tube ener-
gies sequentially (eg, in head-to-foot and foot-to-head direc-
tion) is practical for older generations of CT scanners with-
out the ability to recognize patient motion.

Clinical Utility
Many postprocessing algorithms are available for DECT, but 
in clinical musculoskeletal radiology the algorithms most 
commonly used include the reduction of orthopedic implant- 
induced metallic streak artifacts (27), monosodium urate 
crystal detection and quantification in tophaceous gout 
(28), bone marrow edema maps (29), and the highlighting 
of collagen-rich tissues such as intervertebral disks (30).

DECT-based monoenergetic data sets between 130 and 
190 keV reduce metallic implant-induced bright streak ar-
tifacts, thereby reducing the obscuration of the underlying 
bone and soft tissue and improving assessments of subjects 
such as bone-implant fixation, fracture healing, and neo-
plasms (31). Combining the virtual monoenergetic images, 
projection-based metal artifact reduction, like iterative 
metal artifact reduction, is also useful. Previously, combin-
ing virtual monoenergetic images and iterative metal artifact 
reduction has been reported to be the most effective method 
to reduce metallic artifacts and bright and dark streaks (27).

DECT also provides a tool for the noninvasive diagnosis 
of gout by differentiating and quantifying calcium phos-
phate and monosodium urate deposits (28). Results from a 
2018 systematic review and meta-analysis (32) showed that 
the pooled sensitivity and specificity of DECT in the di-
agnosis of gout was 88% and 90%, respectively; however, 
DECT may have lower accuracy in the detection of early-
stage and non-tophaceous gout (33). A phantom study 
demonstrated that DECT had low accuracy for differenti-
ating calcium pyrophosphate from calcium hydroxyapatite 
crystals (34). It should be noted that accuracy is influenced 
by the density of materials being imaged, as it is difficult 
to separate inadequately dense materials with DECT (35).

Radiography and CT have limited diagnostic perfor-
mance in the detection of nondisplaced fractures and their 
associated bone marrow edema, which has been the do-
main of MRI (36). However, DECT-based virtual noncon-
trast techniques can be used to create bone marrow edema 

maps that indicate osseous stress reaction and nondisplaced 
fractures. The quality of these maps approaches that of im-
ages obtained from MRI, which may eliminate the need for 
confirmatory MRI in emergency situations (Fig 2), increas-
ing the diagnostic performance in the detection of and dif-
ferentiation between acute from nonacute fractures in the 
vertebral bodies (37) and appendicular bones (38). DECT 
can also help detect inflammatory sacroiliitis in spondyloar-
thropathy (39) and bone marrow infiltration in patients with 
suspected multiple myeloma and monoclonal gammopathy 
with high accuracy (40). However, to attain a high level of 
specificity, certain technical factors must be considered, such 
as employing the dual-source technique, using both bone 
and soft-tissue kernels, and having the evaluation performed 
by experienced readers (37).

DECT differentiation of collagen-rich soft tissues from 
bone and other soft tissues permits color-coded highlight-
ing of intervertebral disks and tendons to improve the visu-
alization of abnormalities. Compared with gray-scale CT, 
DECT-based color-coding of intervertebral disks improved 
the sensitivity and specificity for diagnosing lumbar disk 
herniations from 80% to 91% and from 85% to 92%, re-
spectively (Fig 3) (30).

Advantages and Disadvantages
DECT is particularly suited for metal artifact reduction and is 
more capable than MDCT in the characterization of tissue ma-
terial composition in certain pathologies where tissue density 
is altered (eg, tophaceous gout). However, unfamiliarity with 
DECT limits its utility as a routine diagnostic modality in clin-
ical practice with adequate inter- and intraobserver agreement.

Future Directions
While DECT has established its role as a diagnostic tool 
for trauma, rheumatologic, gout, and neoplasm imaging, 
existing data on its diagnostic accuracy may have generaliz-
ability restrictions. In most studies, DECT images were in-
terpreted by board-certified, experienced radiologists, which 
may have resulted in higher sensitivity and/or specificity. 
Therefore, more studies involving less experienced readers 
are warranted (41). DECT has mostly been used to diag-
nose traumatic bone marrow edema. Thus, future research 
concentrating on the detection of nontraumatic bone mar-
row edema, such as infection, bone tumors, avascular necro-
sis, and stress fracture, will be valuable (42).

Nonetheless, there are certain limitations for DECT use 
in an acute setting, which could be investigated in future 
studies. The first limitation pertains to the interference of 
the adjacent cortex's spatial averaging effects with the vi-
sualization of bone marrow edema near the cortical bone. 
Consequently, bone marrow edema that is traumatic and re-
stricted to the area beneath the cortex might be overlooked. 
In addition, bone marrow edema detection could be influ-
enced by various factors, including bone marrow abnormal-
ities and tumor infiltration, bone marrow composition (eg, 
such as cases involving physiologic red marrow in younger 
individuals), and bone marrow reconversion (43).
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CBCT Imaging

Principle
First available in the 1990s (44), CBCT systems use large-
area (up to 43 × 43 cm2) digital flat-panel detectors to ob-
tain 3D images in a single gantry rotation. Compared with 
conventional MDCT detectors, the advantages of flat-panel 
detectors include smaller (approximately 150 μm) and iso-
tropic (no difference between the in-plane and section direc-
tions) pixels, lower weight and more compact dimensions of 
the CT scanner device, lower radiation dose, and generally 
lower cost per examination. Owing to these features, flat-
panel detectors enabled the development of tomographic 
devices for various point-of-care applications where the use 
of MDCT was limited either because of cost and patient 
access (eg, dental radiology) or logistics (eg, interventional 
guidance in surgery and radiation therapy).

Clinical Utility
A variety of scanners for dedicated diagnostic extremity 
CBCT are now available, enabling either bilateral or uni-
lateral weight-bearing acquisitions. The scan range of these 
devices is limited to the foot, ankle, and knee, but some 
more recently developed machines have expanded this 
range to include the hip. Ongoing research efforts aim to 
identify quantitative anatomic measurements sensitive to 
weight bearing that could aid in the assessment of such 

things as syndesmotic injuries (45) and internal derange-
ments (eg, meniscal extrusion) (Fig 4) (46,47). Transla-
tion of such measurements into reliable diagnostic mark-
ers will require demonstrating their reliability, protocol 
standardization, and testing their feasibility in large-scale 
clinical studies. For instance, in a study performed to assess 
the reliability and reproducibility of syndesmosis measure-
ments using weight-bearing CBCT images and compare 
them with non–weight-bearing measurements (45), two 
CBCT examinations of the symptomatic ankle—one non–
weight-bearing and one weight-bearing—were performed.  
Different categories of measurements were evaluated, and 
intra- and interobserver correlation and correlation for 
these measurements obtained between weight-bearing and 
non–weight-bearing images were analyzed. The results indi-
cated that syndesmotic measurements under weight-bearing 
conditions are feasible and reproducible, with a high level of 
agreement among observers (45).

The utility of CBCT in musculoskeletal imaging extends 
beyond weight-bearing imaging. For example, CBCT typi-
cally exhibits better spatial resolution than conventional 
MDCT, and, importantly, CBCT resolution is generally 
consistent in all viewing planes (ie, isotropic). Therefore, 
this method is particularly well-suited for evaluating fine, 
high-contrast structures such as subchondral bone trabecu-
lar architecture (Fig 5). This capability could be especially 
useful for certain clinical applications, such as fracture 

Figure 2: Dual-energy CT–based virtual noncontrast coronal images in an 83-year-old male patient with right-sided hip pain. (A, B) CT scans ob-
tained with bone (A) and soft-tissue (B) windows show bone marrow edema in the right greater trochanter. (C) Bone marrow edema map redemonstrates  
these findings in precise detail (arrows). Corresponding (D) coronal proton density, (E) coronal T1-weighted, and (F) coronal T2-weighted  
fat-suppressed MRI scans demonstrate a nondisplaced microtrabecular fracture (arrows) in the same region.
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detection and healing assessment. Indeed, CBCT was 
shown to be more reliable than radiography (48) and shows 
very strong agreement with MDCT in these settings while 
reducing the mean CT dose index value by more than 75% 
(49). It has also been demonstrated that delayed CBCT 
with intra-articular contrast material has the potential for 
quantitative imaging of the knee joint, articular cartilage 
injuries, and subchondral bone changes due to improved 
contrast resolution from intraarticular contrast material and 
inherently increased spatial resolution of CBCT compared 
with conventional MDCT for the assessment of delicate in-
traarticular structures (50).

Surgical guidance is another area where CBCT is being 
increasingly used. Here, the ability to develop relatively 

light-weight and compact tomographic devices is particu-
larly beneficial because of space and logistical constraints. 
Intraoperative CBCT devices range from C-arms (ceiling-
mounted or mobile) with 3D imaging capability (in addi-
tion to fluoroscopy) to specialized scanners developed spe-
cifically for intraoperative use (eg, the O-arm system from 
Medtronic, which features a breakable gantry for ease of 
access). The advantages of CBCT in navigation and the as-
sessment of surgical outcomes have been shown in pedicle 
screw placement in spine surgery (51), displaced acetabular 
fractures (52), and syndesmotic injuries (53). In addition 
to these uses, CBCT devices with large-bore diameters have 
been used in 3D stitching, a process in which a composite 
3D image is reconstructed using multiple smaller images 

Figure 3: Comparison of standard CT, dual-energy CT (DECT)–based color-coding, and myelography CT in a 78-year-old woman with  
recurring back pain after L4 decompression surgery. (A, D) Sagittal and transverse images from standard CT are suggestive of intervertebral disk 
protrusion at the L3-L4 level (arrow). (B, E) These findings are confirmed in higher detail (arrow) on (B, E) axial and sagittal color map images from 
DECT (green indicates annulus fibrosis, nucleus pulposus, and spongy bone and/or marrow; red and salmon indicate the compact bone; and blue 
indicates other ligamentous tissue) and (C, F) myelography CT scans.
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(54). Although primarily used in 
maxillofacial imaging, the accu-
racy of 3D stitching suggests that it 
maybe be a useful for CBCT tech-
nology in broader musculoskeletal 
imaging applications (55).

Considering the relatively slow 
scanning time of CBCT systems 
(typically >10 seconds with the lat-
est generation flat-panel detectors), 
the development of postprocessing 
algorithms for motion correction is 
an area of great interest. For exam-
ple, a 3D autofocus algorithm that 
reduces artifacts by estimating pa-
tient motion significantly improved 
the readability of lower-extremity 
CBCT scans as assessed with visual 
grading characteristics.

Advantages and Disadvantages
Compared with conventional 
MDCT, CBCT is particularly dis-
tinct because of the feasibility of 
weight-bearing imaging. In addition, 
compared with MDCT, CBCT can 
be easily installed in the clinical area 
due to its smaller size and decreases 
the radiation dose for various pe-
ripheral joint diagnostic tasks, such 
as fracture detection and healing as-
sessment. The primary disadvantage 
of CBCT involves limited contrast 
resolution, which hinders its ability 
to help assess soft tissues compared 
with conventional MDCT.

Future Directions
In the future, advances in musculo-
skeletal CBCT are likely to involve 
implementing spectral (ie, photon-
counting) imaging techniques to 
use the increased spatial and con-
trast resolution associated with these 
techniques; CBCT platforms using 
PCCT for small-animal imaging 
have already been developed (56). 
While large-area PCDs in a format 
similar to flat-panel detectors are not 
yet available, the recent introduction 
of dual- and multilayer flat-panel 
detectors (57) has made single-scan 
dual-energy CBCT feasible. Coupled with advanced artifact 
correction techniques (including scatter correction), dual-
energy techniques may enable improved contrast delineation 
in arthrography and, potentially, quantitative assessment of 
bone composition, including bone marrow edema (58).

The range of applications of weight-bearing CBCT 
could also be expanded beyond the extremities. Recently, 
upright CBCT of the spine has been demonstrated us-
ing a twin-robotic x-ray system, where the source and the 
flat-panel detector are moved by independently operated 

Figure 4: (A) Sagittal cone-beam CT (CBCT) images in a 31-year-old male patient with a 6-month history of dorsal  
midfoot pain. CBCT can be used to show differences in weight-bearing and non–weight-bearing states. In this  
example, it accurately shows reduction in coronal forefoot arch angle. (B) Sagittal CBCT images in a 55-year-old 
male patient with chronic knee pain. Weight-bearing CBCT and non–weight-bearing CBCT can also be used to 
measure enhanced meniscal extrusion during physiologic weight-bearing loads (1.3 mm change).

Figure 5: Images in a 68-year-old male patient 9 months after open reduction and internal fixation for a patellar 
fracture. Cone-beam CT scans in the (A) coronal, (B) sagittal, and (C) axial planes show a small subchondral cyst 
(arrowhead). (D) Skyline view radiograph of the same knee demonstrates the hardware used for open reduction and 
internal fixation; however, no subchondral cyst is detectable on the radiograph.
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ceiling-mounted mechanical arms (59). Initial studies on 
this device indicated potential applications in 3D assessment 
of spine stability with CBCT under weight-bearing flexion 
and extension and the ability to quantify neuroforaminal 
stenosis in the upright body position (60). In addition to 
weight-bearing imaging, the flexibility of imaging trajec-
tory design provided by the emerging robotic x-ray systems 
will likely benefit other areas of musculoskeletal radiology. 
Examples include reduced artifacts due to shoulders in 
CBCT of the cervical spine using tilted scan orbits (61) and  
optimizing system magnification for high-resolution as-
sessment of the extremities (62). Furthermore, because 
these devices are gantry-free, they permit tomographic ex-
aminations in settings where patient positioning might be  
challenging in conventional MDCT—for example, in im-
aging of acute elbow trauma, where twin-robotic CBCT 
yielded similar or better sensitivity compared with tradi-
tional radiography (63).

Furthermore, the limitations of CBCT, such as suscepti-
bility to motion artifacts in patients with tremors or in chil-
dren, restricted field of view, and limited ability to evaluate 
soft-tissue pathology, may warrant further investigation in 
future studies (64).

High-Resolution Peripheral Quantitative CT

Principle and Clinical Utility
High-resolution peripheral quantitative CT, first introduced 
in 2005, is a low-dose imaging modality commonly used 
to access both bone microarchitecture and volumetric bone 
mineral density (65). The isotropic voxel size of high-resolu-
tion peripheral quantitative CT devices is typically either 82 
or 61 µm (66,67). Similar to CBCT, it was founded based 
on cone-beam technology and can generate 3D volume and 
surface reconstruction (66). The effective radiation dose of 
high-resolution peripheral quantitative CT is also low, at a 
value of 3–5 µSv for a scan of the distal radius or tibia (65).

Advantages and Disadvantages
Similar to CBCT, advantages of high-resolution peripheral 
quantitative CT include visualization of bone microarchi-
tecture. High-resolution peripheral quantitative CT is also 
useful for visualizing and quantifying the peripheral bone 
microarchitecture, but its utility for soft-tissue tasks re-
mains limited.

Future Directions
Ongoing research into applications of high-resolution pe-
ripheral quantitative CT has included expanded applica-
tions of high-resolution peripheral quantitative CT tech-
nology for soft-tissue visualization tasks (68). In addition, 
machine learning applications could have a role in the use 
of high-resolution peripheral quantitative CT images (69). 
To further expand the usage of high-resolution peripheral 
quantitative CT, additional studies into the accuracy and 
diagnostic utility of the modality to imaging of nonosseous 
tissue is warranted.

High-Spatial-Resolution CT

Principle and Clinical Utility
High-spatial-resolution CT is a recently emerged multide-
tector CT technology characterized by an x-ray detector 
with a pixel size of 250 μm, which can aid visualization of 
high-resolution details in musculoskeletal CT (70). High-
spatial-resolution CT images have been able to depict high-
contrast trabecular bone details as small as 150 μm (71) 
and may double the in-plane spatial resolution compared 
with MDCT systems. However, this comes at the cost of an 
approximately 23% increase in radiation dose (70). Using 
human bone samples, improved visualization and reduced 
error in quantification of trabecular bone microarchitecture 
(ie, trabecular thickness, spacing, and bone volume frac-
tion) was observed using high-spatial-resolution CT com-
pared with conventional MDCT (71).

Advantages and Disadvantages
High-spatial-resolution CT allows for increased contrast and 
spatial resolution for the detailed assessment and quantifica-
tion of trabecular bone microarchitecture of the axial skeleton 
(eg, spine) at a tradeoff of increased radiation exposure.

Future Directions
Ultrahigh-resolution body imaging is feasible using large-
bore high-spatial-resolution CT and can provide a simul-
taneous robust quantitative assessment of bone density and 
spine degeneration during chest or abdominal CT in various 
medical conditions. Future research to identify and assess 
the predictive value of high-spatial-resolution CT–derived 
markers for axial bone trabecular microarchitecture are war-
ranted and could be carried out in patients with maladies 
that require body CT examinations and for whom there is 
an increased risk of progressive osteoporosis.

Deep learning–based image reconstruction algorithms, 
which have the potential to reduce the radiation required to 
achieve optimal spatial resolution for high-spatial-resolution 
CT, are not adequately evaluated in the existing literature. 
In addition, the clinical impact of high-spatial-resolution 
CT has not been comprehensively evaluated as of yet. Given 
the size of the used phantom, the majority of the relevant 
research is pertinent to peripheral joints; additional research 
is required to evaluate the effect of the assessed factors on 
central joints. Despite the potential advantages of achieving 
optimal spatial resolution, moderate to high dose levels are 
still required, and additional research is required to evaluate 
the risk-to-benefit ratio of these dose requirements in clini-
cal settings.

PCCT Imaging

Principle
In 2021, the first PCCT system was approved for clinical use 
in the United States. This marked a major advancement in 
CT imaging technology. PCDs not only measure x-ray pro-
jections with less noise and improved spatial resolution as 
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compared with EIDs, but they also retain tissue-
specific information of the body by means of x-
ray spectra, thus providing improved contrast res-
olution for bone and soft-tissue diagnostic tasks. 
There are inherent limitations to optimizing 
image quality using current EID CT detectors; 
they all measure the intensity of x-rays by first 
converting x-ray photons via a scintillating step 
into visible light, the aggregate of which is then 
transformed into electronic charges, and, finally, 
digital data (Fig 6A). This series of conversions 
introduces electronic noise into the x-ray data 
used for image creation, and spectral informa-
tion about each x-ray photon is lost. The optical 
reflectors used in EIDs do not detect x-rays, but 
rather create dead spaces in the array and there-
fore decrease the geometrical efficiency (Fig 7).  
Using smaller pixels, the geometrical efficiency 
drops further (hence, the dose efficiency de-
grades). This restricts the minimum size of detec-
tor pixels, constraining pixel sizes to a lower limit 
of 0.25–0.63 mm. In contrast, a PCD directly 
converts each x-ray photon energy into an elec-
tronic charge cloud, which creates a pulse at the 
corresponding anode (Fig 6B). The height of the 
pulse is proportional to the incident photon en-
ergy, and an electronic circuitry (of PCD) detects and counts 
an event when the pulse exceeds a preset threshold energy. Af-
ter each projection, which lasts approximately 200 μsec, the 
number of counted events is read out from the PCD. PCDs 
typically have two to six energy thresholds set at different en-
ergies. The PCD acquires information about the x-ray en-
ergy spectrum, which can be directly translated to improved 
contrast resolution of PCD CT examinations. Unlike EIDs, 
PCDs do not require optical reflectors and, as a result, have 
excellent geometric efficiency. In addition, without fixed re-
flector sizes, smaller detector pixels can be designed to achieve 
high spatial resolution, as low as 0.125 mm, without the con-
straints of geometric dose efficiency (Fig 7) (72).

The material information acquired with PCDs allows for 
improved contrast resolution and improved quantitative and  
material-specific imaging (Fig 8). Quantitative images acquired 
using PCCT are free from beam hardening (shading and/or 
streaking) artifacts and monoenergetic CT data. Material- 
specific imaging includes iodine maps, fat fractions, bone 
images, iron density maps, virtual noncalcium images to 
depict bone edema, virtual non–contrast-enhanced CT im-
ages, and K-edge imaging with novel contrast media, in-
cluding gold or bismuth (73). PCCT counts each photon 
individually, irrespective of the measured photon energy. 
Consequently, the low-energy photons contribute more to 
the image contrast in PCCT, enhancing the image contrast 
and contrast-to-noise ratio of iodine-based contrast mate-
rial. Spectral PCCT scanners measure incident photon en-
ergy to identify contrast agents based on their x-ray attenu-
ation characteristics, a technique called K-edge imaging. 
Gold, bismuth, and ytterbium nanoparticles are potential 

contrast agents for spectral PCCT imaging. Gold nanopar-
ticles are also used as radiation therapy adjuvants and pho-
tothermal ablation adjuvants (73,74). As it may be challeng-
ing for humans to parse through the large amount of data 
provided by PCCT, artificial intelligence will likely play an 
important role in identifying valuable clinical information 
buried in the spectral data. This information could then be 
used to build risk prediction models that could aid in the 
diagnosis and/or treatment of musculoskeletal ailments.

Clinical Utility
The higher-quality data obtained at PCCT results in im-
proved spatial resolution, enabling discernment of small 
structures such as cortical and trabecular architecture (Figs 
9, 10). One prospective study using a clinical PCD system 
to evaluate the wrists of 12 individuals with CT-indicat-
ing conditions including degenerative arthritis and frac-
ture found that, compared with EID scans, PCCT images 
enabled better visualization of osseous structures and had 
higher mean Hounsfield units despite a 49% reduction in 
the acquisition radiation dose (75). Similar results were re-
ported in a study of four human cadaveric wrist specimens 
performed with PCCT using radiation doses either equal 
to or 50% less than those used for EID CT (76). The in-
vestigators found that images obtained with PCCT had a 
59% lower contrast-to-noise ratio, a 66% higher trabecular 
sharpness, and up to 45% higher cortical sharpness com-
pared with EID CT images, even at half the radiation dose. 
The value of demonstrating cortical and trabecular anatomy 
in exquisite detail goes beyond improved visual inspec-
tion of bone. For instance, quantitative assessment of bone 

Figure 6: Diagrams show side views of (A) current energy-integrating CT detectors and  
(B) photon-counting detectors. (A) Multiple detector segments separate the scintillators. When an 
x-ray photon enters a scintillator, light is generated, which is subsequently converted to an electrical  
signal by the photodiode. (B) When x-ray photons enter the crystal detector, a charge cloud is  
generated, which is attracted to the anode by an electrical field and generates a pulse. Spatial 
resolution is inversely related to the anode size.
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Figure 8: Images in a 58-year-old male patient with pain and swelling of the first digit of the left foot acquired using photon-counting  
detectors (PCDs). (A) Transverse view and (B) sagittal view show that periarticular mineralization (arrow) can be seen with associated erosive 
change (arrowhead). (C) Material decomposition acquisition reveals bone edema in the phalanges of the interphalangeal joint (arrowheads). 
(D) Another color-encoded material decomposition image reveals monosodium urate crystal deposits (green).

Figure 7: Top views of (A) current CT detectors and (B) photon-counting detectors (PCDs) with different pixel sizes.  
(A) With reflectors (gray) thickness being fixed, current CT detectors with smaller pixels (yellow squares) have worse geo-
metrical efficiency than detectors with larger pixels due to the increased dead space in between detectors. (B) In contrast, 
because reflectors are not necessary in PCDs, smaller pixel sizes do not accompany larger areas of reflector dead space, 
effectively rendering 100% geometric efficiencies.

quality related to trabecular 
spacing and thickness can be 
extended to central sites such 
as the spine.

Simultaneous high-reso-
lution imaging with spectral 
data is feasible with PCDs 
due to the detectors' ability to 
help differentiate between in-
dividual photons irrespective 
of the scanning mode. In cur-
rent musculoskeletal applica-
tions of dual-source CT, one 
chooses between obtaining a 
high-resolution image to detect 
subtle fractures or operating the 
scanner in dual-energy mode 
to generate virtual noncalcium 
images that allow visualization 
of bone marrow edema associ-
ated with fractures or intra-
medullary soft-tissue lesions. 
PCDs eliminate this trade-off 
between spatial resolution and 
multi-energy capabilities. Con-
current high-spatial-resolution 
imaging with spectral data is 
also beneficial in the workup of 
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intraarticular and peri-
articular pathology with 
CT arthrography. With 
one CT acquisition, 
high-resolution virtual 
noncontrast images can 
be generated to develop 
3D models, without the 
need to scan the patient 
before injection of in-
traarticular iodinated 
contrast material.

Higher-energy x-rays 
have a higher propen-
sity to penetrate metal 
and have fewer asso-
ciated artifacts. With  
PCDs, high energy 
threshold images can be 
used to generate images  
that have decreased 
metal artifacts and beam 
hardening. This is cru-
cial for orthopedic im-
aging in the setting of 
metallic prosthesis (7). 
When combined with 
dedicated x-ray beam 
shaping techniques, 
such as tin prefiltration 
of the x-ray beam, the 
low-energy photons that are most affected by beam harden-
ing are filtered out of the x-ray spectrum. Finally, virtual 
monoenergetic images at high effective energies can be used 
to mitigate the effect of metal artifacts. A study comparing 
clinically indicated PCCT of the spine in patients with me-
tallic implants showed significant improvements in image 
quality, noise, and diagnostic confidence when comparing 
PCCT at 130 keV to PCCT at 65 keV (77). Importantly, 
all of these reconstruction techniques are compatible with 
commercially available projection-based metal artifact re-
duction algorithms.

Finally, most musculoskeletal CT imaging practices use 
low radiation dose scanning protocols; however, this leads 
to more pronounced electronic noise. Alternatively, PCCT 
techniques use low-energy threshold photons, which are as-
sociated with electronic noise but can be excluded from the 
CT image at the time of reconstruction, thus allowing for 
better image quality.

Advantages and Disadvantages
The main advantages of PCCT are markedly enhanced 
spatial and contrast resolution as compared with MDCT 
despite the reduction in radiation exposure. Such a tre-
mendous advantage suggests a prominent role of PCCT for 
most musculoskeletal imaging applications, replacing con-
ventional MDCT in the future. The cost and availability 

of PCCT detectors remain a challenge for the immediate 
adoption of PCCT technology.

Future Directions
The markedly improved contrast resolution and high-res-
olution data obtained with PCCT represent as major ad-
vancement for both bone and soft- tissue CT diagnostic 
tasks. Further studies are necessary to compare the perfor-
mance of PCCT versus EID CT for diagnosing different 
musculoskeletal pathologies. Such studies could also exam-
ine whether diagnostic imaging with PCCT versus EID CT 
led to differences in patient outcomes and potentially in-
form the larger-scale adoption of PCD technology.

Novel Postprocessing Techniques

Three-dimensional Printing
Three-dimensional printing technology has been used to 
generate patient-specific anatomic models for the visualiza-
tion of and surgical planning for musculoskeletal patholo-
gies. Development of a 3D printed anatomic model typi-
cally requires several conversions of CT data from Digital 
Imaging and Communications in Medicine files, first into a 
standard triangle language file type and then into a G-code 
(78). Three-dimensional printers use the G-code as instruc-
tions for printing the 3D anatomic structure. These models 

Figure 9: Example photon-counting CT images in patients with various pathologies. (A) Coronal image in a 47-year-old female 
patient with Kienböck disease. Cystic abnormality can be seen at the fovea of the ulna (arrowhead). (B) Coronal and axial images  
in a 55-year-old female patient with lateral malleolus fracture. Punctate foci at the tip of the lateral malleolus of the distal fibula  
(arrowheads) indicate a subacute avulsion fracture. (C) Sagittal image in a 74-year-old male patient with a comminuted transverse 
fracture of the calcanea body with surrounding patch sclerosis (arrowhead). (D) Sagittal and coronal images in a 17-year-old male 
patient with dorsal foot pain. A small fracture is seen along the dorsal aspect of the middle cuneiform at the second tarsometatarsal 
joint (arrowheads).
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have simulated surgical intervention in 
the preoperative planning for acetabular 
fractures, and their use has been associ-
ated with a reduction in both intraopera-
tive blood loss and operative time (79). 
Furthermore, 3D printing technology has 
shown clinical utility in modeling various 
complex osseous lesions, such as scapu-
lar osteochondroma, before surgery (80). 
Research in this field is rapidly advancing 
and simultaneously being integrated into 
clinical practice. For instance, recent op-
timizations in the 3D printing workflow 
have reduced the time necessary to print 
some fracture models by 65% (ie, reduced 
from 25 hours 26 minutes to 8 hours 40 
minutes), allowing easy handling along 
with lower cost of the 3D printing work-
flow, making it a viable option for almost 
any hospital setting (81). This workflow 
helps improve understanding of the pa-
thology by haptic exploration, planning 
the fracture reduction strategy, and bend-
ing osteosynthesis plates to the anatomy, 
which can be used as a reduction guide 
during surgery, saving time and improv-
ing implant fit (81). Another area of ac-
tive research is the prospective application 
of 3D printing technology for the grafting 
of bone and cartilage substitutes. Poten-
tial tissue-equivalent materials for graft-
ing have already been identified (82).

Cinematic Rendering
Cinematic rendering, a postprocessing 
technique that uses complex light paths 
and high dynamic range light maps, has 
enabled more photorealistic CT image 
reconstruction than contemporary post-
processing techniques such as volume 
rendering (8). In a study of 16 medical 
students, participants were able to read 
and comprehend cinematic rendering–
reconstructed musculoskeletal anatomy 
models faster than conventional volume 
rendering reconstructions (83). Cin-
ematic rendering reconstructions possess 
more depth and increased surface detail 
compared with volume rendering, attributable to cinematic 
rendering’s complex global lighting model (Fig 11) (8). In 
addition, pictorial essays have highlighted the detail and 
clarity of cinematic rendering reconstructions in evaluating 
multifaceted clinical musculoskeletal pathologies, includ-
ing complex fractures (84). As such, cinematic rendering 
represents an important innovation in postprocessing CT 
reconstruction, with both pedagogic and clinical utility in 
musculoskeletal imaging.

Musculoskeletal CT and Artificial Intelligence
While the application of deep learning to CT examinations 
has only recently been introduced in a clinical setting, re-
searchers have been studying their ability to automatically 
detect and characterize musculoskeletal pathologies at CT 
for decades. Examples of recent advancements include the 
automated evaluation of traumatic fractures and skeletal me-
tastases (85,86). As a result, along with the growing litera-
ture on the development of deep learning–based CT image 

Figure 10: Noncontrast CT images of the distal radius in a 23-year-old male patient. (A) Ultrahigh-
resolution axial photon-counting CT image (section thickness, 0.2 mm; reconstruction kernel, Br84; 120 
kV; volume CT dose index, 12 mGy; window width, 500 HU; window level, 2000 HU) and (B) standard-
resolution CT scan in the same patient acquired with an energy-integrating detector CT system 5 years 
earlier (section thickness, 1 mm; reconstruction kernel, B70; 130 kV; volume CT dose index, 15 mGy; 
window width, 500 HU; window level, 2000 HU; Siemens Emotion 16) show significant difference in 
visual resolution.
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processing and analysis, we can an-
ticipate seeing many commercial 
products implementable on CT 
examinations performed in routine 
clinical practice for various muscu-
loskeletal diagnostic tasks.

Conclusion
Recent developments in CT scanner 
technology, acquisition techniques, 
and postprocessing methods have 
made it possible to examine musculo-
skeletal structures during motion and 
weight-bearing, as well as to achieve a 
high spatial resolution for visualization 
of bone architecture. In addition, novel 
photon-counting CT techniques have 
the potential to become more promi-
nent in clinical musculoskeletal imag-
ing due to their higher contrast and 
spatial resolution and lower radiation 
exposure compared with conventional  
CT technologies.
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