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Review Paper
Recent Advanced in Imaging Technology for Diagnosing 
Hip Disorders: A Mini-review

Recent advancements in imaging technologies have significantly improved the diagnosis and 
management of hip disorders, particularly in older adults. Accurate diagnosis remains challenging 
due to the complex nature of hip pain, often involving referred pain from other regions. While 
conventional imaging methods, such as x-ray, computed tomography (CT), and magnetic 
resonance imaging (MRI) continue to be essential, innovations, such as three-dimensional (3D) 
imaging, dynamic imaging, low-dose systems, and artificial intelligence (AI)-based analysis are 
transforming the field. AI, particularly deep learning, enhances diagnostic precision, in detecting 
non-displaced hip fractures. Additionally, molecular imaging techniques, such as positron 
emission tomography (PET)/CT and PET/MRI offer valuable insights into metabolic changes, 
while nanotechnology aids in early detection. Despite these advancements, challenges, such as 
accessibility, cost, and clinical integration persist. This review highlights these innovations and 
their potential to shape future hip disorder diagnostics.
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Introduction

Hip disorders in medicine

ip pain affects approximately 10% of the 
general population, and its prevalence 
progressively increases with age [1]. A 
published study revealed that 14.3% of 
adults experienced significant hip pain on 

most days within the preceding six weeks [2]. Hip pain is 
often associated with difficulty performing basic move-
ments, such as sitting and standing, which can lead to 
chronic pain and adversely affect functional capacity and 
overall quality of life. Diagnosing hip pain can be com-
plex due to potential referred pain from sources, such as 
the spine or knee, as well as conditions, such as trauma, 
tumors, abdominal or hernial issues, joint arthropathies, 
muscular disorders, and neuropathies [3].

The hip joint, a ball-and-socket synovial joint, serves 
as a critical structure for weight transfer between the up-
per and lower body while facilitating movement across 
multiple planes. Although inherently shallow, the joint 
gains additional depth and stability from the labrum, a 
ring of fibrocartilage that encircles the acetabular rim 
[3]. The hyaline cartilage envelops the articular surfaces 
of the hip joint and efficiently absorbs and dissipates 
shear and compressive forces during movement. The 
joint’s structural integrity is reinforced by ligaments, 
with the iliofemoral and pubofemoral ligaments pro-
viding anterior support and the ischiofemoral ligament 
stabilizing posteriorly [4]. The hip joint is encircled by 
numerous muscle groups that facilitate a broad range of 
movements and contribute to versatility and functional 

mobility [4]. The trochanteric, iliopsoas, gluteus medius, 
and ischiogluteal bursae serve as cushions between the 
bones and surrounding tendons of the hip joint, reducing 
friction and facilitating smooth movement. The hip joint 
receives its nerve supply from the articular branches of 
the quadratus femoris nerve, obturator nerve, femoral 
nerve, sciatic nerve, and nerves supplying nearby mus-
cles, including the superior and inferior gluteal nerves 
[5]. Multiple nerves’ complex innervation of the hip joint 
makes it challenging to differentiate primary hip pain 
from radicular pain originating from the lumbar spine 
[3] (Figure 1).

The role of Imaging technologies in improving 
diagnosis

Imaging technologies play a pivotal role in diagnosing, 
assessing, and managing hip disorders by providing de-
tailed insights into the anatomical, functional, and meta-
bolic aspects of the hip joint. These technologies signifi-
cantly enhance clinicians’ ability to detect abnormalities, 
monitor disease progression, and plan effective treat-
ments [6-8]. Key ways imaging technologies contribute 
to improved diagnosis (Figure 2). This mini-review aims 
to provide an overview of recent advancements in im-
aging technologies and their applications in diagnosing 
hip disorders. Since hip pathologies significantly impact 
patient mobility and quality of life, timely and accurate 
diagnosis is crucial for effective management. This ar-
ticle examines how innovations in imaging techniques, 
from traditional modalities to cutting-edge technologies, 
have enhanced the detection, evaluation, and treatment 
planning for hip disorders.

H

Figure 1. Causes of hip pain
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Conventional imaging technologies for diagnos-
ing hip disorders

X-ray imaging

Despite significant advancements in three-dimensional 
(3D) medical imaging technologies, planar x-ray imag-
ing continues to be widely utilized in routine clinical 
practice. Traditional x-ray devices are relatively cost-
effective and facilitate convenient image acquisition. 
However, accurate interpretation of x-ray radiographs 
remains challenging. This is primarily due to the pro-
jection of 3D anatomical structures onto a 2D plane, re-
sulting in a loss of depth perception. Additionally, the 
radiographic magnification factor is typically approxi-
mated. Although newer generations of x-ray devices 
can standardize image acquisition, accurately estimat-
ing the magnification remains a significant challenge. 
X-ray radiographs are widely used in clinical settings 
for various purposes, including diagnostic assessment, 
pre-operative planning, and post-operative evaluation. 
Despite advancements in imaging technology, magnifi-
cation distortion still requires careful consideration when 
interpreting radiographs for precise measurements and 
treatment decisions. Various methods have been pro-
posed to enhance the accuracy [9-11]. A coin placed on 
the patient’s skin during x-ray acquisition was utilized 
as the reference object [9]. A prospective study demon-
strated that the correct hip prosthesis size estimation can 
be improved from 59.4% to 68.8% when using a coin 
as a reference object, compared to using a caliper [10]. 
They showed that the use of a coin as a reference ob-

ject allowed for a more accurate estimation of the radio-
graphic magnification. They proposed a method utiliz-
ing a spherical object, which is adjustable in height and 
must be placed between the patient’s legs during imag-
ing [11-14]. They employed a precise calibration method 
alongside the triangulation of manually identified points 
to reconstruct the spine and rib cage from biplanar x-ray 
images [13]. 

Computed tomography (CT) scans

In CT scanning, a series of x-ray beams and detectors 
are arranged in a circular configuration around the pa-
tient, who is positioned at the center of this circle. The 
x-ray beam passes through the patient with either the 
beam or detector rotating, generating complex images. 
These images are then mathematically reconstructed us-
ing a computer, enabling high-quality CT scan details. 
The data collected by the detectors are stored on tape 
and processed by a computer to create a cross-sectional 
image [15, 16]. This method differs significantly from 
the standard frontal and sagittal planes produced using 
traditional x-ray films, where the beam passes through 
the patient to a plate on the opposite side. Each structure 
along the beam’s path is captured in CT scanning, with 
denser structures masking those of lower densities. The 
cross-sectional images can be adjusted in thickness, with 
modern machines capable of producing slices as thin as 
0.5 cm. These thin slices help eliminate image overlap, 
offering a clearer representation of the structures being 
defined. Once the image is captured, mathematical re-
constructions allow for adjustments in image density us-

Figure 2. Imaging technologies in improving diagnosis in hip
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ing data stored on a computer tape. The operator can en-
hance structures of interest and exclude others, enabling 
selective examination of soft tissues, fluid collections, 
bone, or air densities without additional patient expo-
sure. This capability is particularly valuable for assess-
ing the musculoskeletal system, where bony structures 
are centrally located and surrounded by soft tissues. The 
complex three-dimensional anatomy of structures, such 
as the pelvis or spine, complicates the evaluation of bone 
and intra-articular injuries [17, 18]. Many musculoskel-
etal soft-tissue tumors, such as sarcomas, have tissue 
densities that closely resemble the surrounding tissues, 
making them undetectable on standard x-ray films. In 
these cases, alternative techniques, such as arteriography 
and radiography have been developed to help identify 
them, albeit with limited success. CT scanning addresses 
several of these limitations. However, CT scanning has 
some drawbacks. First, current models are less capable 
of distinguishing between two closely spaced points 
compared to routine x-ray films, although this issue is 
being gradually improved with further advancements. 
Second, the radiation dose from a CT scan is relatively 
high, ranging from one to two rads per slice or eight-ten 
rads per study. This is a significant dose that should be 
considered when ordering the procedure. The radiation 
dose increases when finer detail is needed but can be re-
duced if image quality is less critical (for example, in 
studies focusing on bone density). Finally, CT scans are 
expensive. Despite the high cost of machines (often ap-
proaching $750000), their extensive use in fields, such 
as medicine, surgery, neurology, and neurosurgery has 
proven to be cost-effective when applied appropriately. 
Due to their increasing utilization, the cost per study has 
significantly decreased over the years, and regional ac-
cess has further helped reduce costs [19, 20]. Despite 
these limitations, CT scanners have become essential 
tools in specific orthopedic situations and should be 
considered in diagnosing musculoskeletal disorders [21, 
22]. Radiographic evaluation of trauma to the femoral 
head and acetabulum traditionally involves anteropos-
terior and lateral x-rays, oblique views, and tomogra-
phy. However, these methods can be hindered by the 
significant overlap of structures anterior and posterior 
to the hip, requiring correlation of data from various 
views to understand the fracture’s anatomy. As noted 
by Epstein, loose fragments within the joint can affect 
functional outcomes and should be removed if pres-
ent. Cross-sectional imaging provided by CT scanning 
proved highly effective in visualizing the third dimen-
sion of hip trauma. One of the key advantages of CT 
scanning is its ability to detect subtle density changes, 
which helps identify intraarticular fragments, minor 

fractures, and dome fractures that may not be visible 
on routine x-rays or tomograms. The CT scan provides 
a clear view of the superior margin of the acetabulum, 
pelvic wall medial to the acetabulum and femoral head, 
and femoral head and neck because sections are obtained 
serially from cranial to caudal. This allows for precise 
assessment of the relationships between these structures, 
such as medial migration of the femoral head following 
a fracture of the central acetabulum. Since CT scans are 
performed with the patient in a supine position, traction 
can be maintained during the procedure, enabling the as-
sessment of the effectiveness of traction in reducing the 
fracture. Moreover, the absence of oblique positioning 
makes CT scanning more comfortable for patients than 
oblique positioning. Additionally, complex fractures of 
the extraarticular portion of the pelvic bones, including 
sacroiliac joint disruptions, can be effectively evaluated 
using CT [21, 23].

Magnetic resonance imaging (MRI)

On MRI, the normal femoral head in adults typically 
demonstrates homogeneous high signal intensity on T1-
weighted sequences, a characteristic attributed to its fatty 
marrow content. In contrast, the femoral neck and inter-
trochanteric region showed lower signal intensity on 
T1-weighted images due to red marrow and a reduced 
amount of fatty marrow. Articular hyaline cartilage, 
composed of a complex mixture of water, collagen, and 
proteoglycans, is crucial for distributing forces, absorb-
ing pressure, and facilitating smooth gliding of the bony 
structures within the joint, thereby ensuring optimal joint 
function and mobility [24]. The entire femoral head is 
encased in articular hyaline cartilage, except a small area 
at the fovea that lacks cartilage. On MRI, normal articu-
lar hyaline cartilage typically presents with intermedi-
ate to high signal intensity on fluid-sensitive sequences, 
reflecting its water content. This characteristic indicates 
its crucial role in joint function, as cartilage facilitates 
smooth movement, reduces friction, and helps distribute 
mechanical loads across the joint surfaces [25, 26].

Although the normal acetabular labrum is typically hy-
pointense and triangular, there is variability in both its 
morphological appearance and signal intensity among 
asymptomatic individuals. This variability can make 
interpretation more challenging because the labrum 
may present slight differences in shape, size, and signal 
characteristics in healthy individuals [27]. Intermediate-
to-high signal intensity within the labral substance on 
MRI may result from small intralabral fibrovascular 
bundles. Additionally, increased signal intensity in the 
labrum on T1-weighted images can be attributed to the 
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“magic angle” effect, which occurs when structures with 
a collagen-rich composition, such as the labrum, are im-
aged at a specific angle relative to the magnetic field, 
causing an increase in signal intensity [28]. A normal, 
mildly hyperintense 1-2 mm transition zone can be ob-
served at the chondrolabral junction on MRI. This zone 
represents the interface between the articular hyaline 
cartilage and labrum, where there is typically a gradual 
change in signal intensity due to differences in tissue 
composition, such as the transition from cartilage to fi-
brocartilage [24]. Normal cartilage can “undercut” the 
labrum at the chondrolabral junction, which appears as a 
smooth focus of intermediate-to-high signal intensity on 
MRI. This area isointense to the cartilage and is situated 
between the labrum and acetabular rim. It represents a 
natural anatomical feature where the cartilage slightly 
extends beneath the labrum, contributing to joint stabil-
ity and function [26]. A sublabral sulcus is a fluid-filled 
cleft located at the chondrolabral junction and is typi-
cally found anteroinferiorly at the four o’clock position. 
It is considered a normal variant in many cases. Addi-
tionally, a normal labro-ligamentous sulcus may be ob-
served at the junction between the labrum and transverse 
acetabular ligament. As individuals age, the labrum may 
undergo degenerative changes, resulting in blunting, 
signal alterations, or complete absence of the labrum in 
some instances [29].

Magnetic resonance arthrography (MRA) is the cur-
rent gold standard for assessing the acetabular labrum 
and hip hyaline articular cartilage. This technique in-
volves the injection of contrast material into the joint, 
which helps separate the internal structures, allowing for 
clear visualization of the labrum and cartilage. The con-
trast extends into labral tears or chondral defects, mak-
ing it highly effective for detecting these abnormalities 
and providing detailed images of the joint’s soft tissues 
[28, 30]. MRA offers higher diagnostic accuracy than 
non-contrast MRI for detecting acetabular cartilage le-
sions, whether performed at 1.5T or 3T. Using contrast 
material in MRA enhances the differentiation of carti-
lage defects and labral tears, providing more detailed and 
clearer images than standard non-contrast MRI, which 
improves the overall detection of joint abnormalities 
[31]. Despite the use of intra-articular contrast in MRA, 
the cartilages of the acetabulum and femoral head are 
often not delineated, making it challenging to visualize 
small lesions. However, hip MRA performed with leg 
traction is a technically feasible and safe procedure that 
enhances visualization of both femoral and acetabular 
cartilage surfaces. This technique helps separate joint 
surfaces and improves the detection of subtle cartilage 
lesions [32-34]. 

Most hip fractures can be easily diagnosed using radio-
graphs [35]. In cases in which the diagnosis is unclear, 
MRI plays a crucial role in identifying fractures that may 
not be visible on radiographs. Its superior soft tissue con-
trast and ability to detect subtle bone marrow changes 
make MRI an invaluable tool for detecting occult frac-
tures, particularly in areas with complex anatomies or 
when radiographic findings are inconclusive. This abil-
ity enhances early detection and guides appropriate treat-
ment strategies, reducing the risk of complications [36]. 

Stress fractures, which result from the cumulative 
impact of repetitive microtrauma, are often difficult to 
detect on radiographs due to their non-displaced nature. 
These fractures usually present as subtle changes in the 
bone, making them challenging to identify on standard 
imaging. However, if repetitive stresses continue to 
affect the bone, the fracture may progress and eventu-
ally become displaced, at this point, it becomes more 
evident on radiographic images. The early detection of 
stress fractures is critical for preventing further damage 
and ensuring appropriate management [35, 36]. Stress 
fractures are categorized into two types: Fatigue and 
insufficiency. Fatigue fractures occur in healthy bones 
subjected to excessive or repetitive loading, accumulat-
ing microtrauma over time. In contrast, insufficiency 
fractures arise in bones weakened by underlying con-
ditions, such as osteoporosis, making them susceptible 
to fracture even under normal loading conditions. Both 
types of fractures can be difficult to detect in the early 
stages but require careful management to prevent further 
injury and complications [36]. MRI is considered to be 
the most sensitive and accurate imaging modality for de-
tecting and grading stress injuries. Its high resolution al-
lows for the visualization of early bone marrow changes, 
soft tissue involvement, and subtle fractures that may 
not be apparent on radiographs. MRI’s ability to provide 
detailed images of bone and surrounding tissues makes 
it invaluable for assessing the severity of stress injuries 
and monitoring their progression, thus guiding appropri-
ate treatment and preventing further complications [35].

Femoral neck stress fractures are classified into two 
types based on their location relative to the forces act-
ing on the bone: Compression and tension-side fractures 
[37]. Compression-sided injuries, found at the infero-
medial aspect of the femoral neck, are characterized by 
a low risk of displacement and are typically managed 
through conservative treatment. In contrast, tension-sid-
ed injuries located at the superolateral femoral neck are 
associated with a higher risk of displacement and often 
necessitate surgical intervention to prevent complica-
tions. Additionally, MRI is utilized to detect radiographi-
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cally occult extensions of intertrochanteric or cervical 
fractures, particularly in cases involving known greater 
trochanteric fractures. This advanced imaging technique 
allows for more accurate assessment and treatment plan-
ning in complex fracture scenarios [38]. 

Multiple surgical and MRI-based classifications of 
labral tears exist; however, these classification systems 
exhibit poor agreement with one another. Discrepancies 
between the two approaches can complicate diagnosis 
and treatment planning, as each system may highlight dif-
ferent aspects of tear characteristics or location. This lack 
of consensus underscores the need for a more standard-
ized and reliable classification system to enhance clinical 
decision-making and improve patient outcomes [39, 40]. 

On MRI, labral tears and detachments typically appear 
as linear hyperintense signals in fluid-sensitive sequenc-
es. MRA is considered the gold standard for evaluating 
the labrum, offering superior sensitivity and accuracy 
for detecting labral tears and detachments. The enhanced 
contrast provided by MRA allows for a clearer delinea-
tion of the labral structure, making it the most reliable im-
aging modality for assessing these injuries [36, 41]. On 
MRA, intrasubstance tears are characterized by contrast 
material within the labral substance, indicating disruption 
of labral tissue. In contrast, labral detachment is identi-
fied by the presence of contrast at the acetabular-labral 
interface, which signifies the separation of the labrum 
from the acetabulum. This distinct finding is a key diag-
nostic feature of labral detachment on MRA and provides 
valuable information for treatment planning [36].

Recent advances in medical imaging technologies

Three-dimensional (3D) imaging

In 2018, Professor Merloz summarized three decades 
of experience in image-guided orthopedic surgery, stat-
ing: “This recent, fascinating, and international journey, 
led by French teams at the forefront, is the result of col-
laboration across multiple scientific disciplines, includ-
ing mathematics, computer science, radiology, physics, 
and medicine. Pre- or intraoperative imaging equips the 
surgeon with tools to visualize and interpret crucial infor-
mation, facilitating the performance of the planned pro-
cedure with appropriate instruments, such as navigation, 
robotics, or personalized templates. The future of surgical 
navigation is influenced by the growing utilization of 3D 
intraoperative imaging and augmented reality technolo-
gies. This shift is already taking place, as evidenced by 
the publication of 2 688 articles in the past decade, which 
accounts for half of all publications on the subject [42].

The use of multislice CT (MSCT) in the operating 
room is limited by several factors. The equipment itself 
is large and not easily accommodated in surgical suites, 
and it is also a significant source of radiation. This re-
stricts the types of procedures that can be performed in 
the CT room to simpler ones, such as biopsies or per-
cutaneous procedures with linear trajectories, which are 
less invasive and impose fewer anesthetic challenges. 
More complex surgeries, such as those requiring fracture 
reduction or open implant insertion, are not feasible with 
MSCT in the operating room. However, MSCT provides 
very high-resolution images, which are crucial for pro-
cedures in sensitive body areas, such as neurosurgery. 
To address these limitations, newer MSCT units, such 
as AIRO® (Brainlab) and BodyTom (Samsung), have 
been developed specifically for operating rooms, mak-
ing them more suitable for surgical settings. Cone-beam 
CT (CBCT) systems are advanced fluoroscopy units 
equipped with scintillation counters that enable the re-
construction of 3D images in the DICOM and Commu-
nications in Medicine format. Initially developed for use 
in dentistry, CBCT technology has since been adapted 
for various medical applications due to its ability to pro-
duce high-resolution images with lower radiation doses 
than traditional CT scanners. The compact nature of 
CBCT systems makes them particularly suitable for use 
in operating rooms, offering real-time imaging and fa-
cilitating more precise procedures [43, 44]. MSCT can 
be optimized for low-dose imaging, making it suitable 
for repeated use in CT-guided biopsies. However, CBCT 
has some limitations. The examination field is smaller 
due to the size of the detector, which provides less infor-
mation about the surrounding soft tissues [45]. Addition-
ally, this technology is more susceptible to noise from 
ray dispersion, reducing the contrast resolution. Trunca-
tion artifacts may also occur, and Hounsfield units can-
not be used to characterize pixel density as in traditional 
CT. Despite these drawbacks, CBCT is particularly ef-
fective in orthopedic surgery, offering highly detailed 
images of bone structures. Early analog CBCT systems 
had the additional limitation of image distortion caused 
by the conical source projection in a 2D plane, requiring 
a calibration target and limiting the available working 
space. Modern flat-panel detector (FPD) technology has 
largely addressed this issue by digitizing images at the 
source, eliminating the need for a target. Modern FPD 
systems also avoid magnetic field distortion and provide 
a more extensive operating field, improving radiographic 
coverage and image resolution. For example, the Philips 
Veradius Unity mobile C-arm uses a 27×27-cm2 detec-
tor with 184-µm resolution, offering enhanced imaging 
capabilities while reducing radiation exposure to staff 
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and patients. Nevertheless, CBCT, similar to MSCT, is 
susceptible to motion artifacts during image acquisition. 
Both technologies require patients to hold their breath, 
which can be challenging during procedures under local 
anesthesia. The new Surgivisio® system (eCential) ad-
dresses this issue by incorporating an acquisition coordi-
nate system that allows imaging to be conducted during 
normal breathing, further improving the practicality of 
CBCT for surgical procedures [45].

Dynamic imaging

Hip arthrography is a pivotal diagnostic tool in manag-
ing Legg-Calvé-Perthes disease, offering critical insights 
that aid in tailoring treatment strategies to each patient’s 
specific needs. By providing real-time imaging of the 
hip joint, arthrography enables precise assessment of the 
femoral head’s congruence, extent of joint containment, 
and condition of the articular cartilage. This detailed 
visualization is particularly valuable for evaluating the 
dynamic relationship between the femoral head and ac-
etabulum, which is essential for determining the optimal 
course of treatment. Moreover, hip arthrography assists 
in identifying subtle joint abnormalities that may not be 
apparent in conventional imaging modalities, such as 
plain radiographs or MRI. This technique is especially 
useful during surgical interventions, where it helps guide 
procedures, such as femoral or pelvic osteotomies, to en-
sure proper joint alignment and containment. As such, 
hip arthrography is an indispensable tool in the personal-
ized management of Legg-Calvé-Perthes disease, con-
tributing to improved clinical outcomes and preserving 
hip function over the long term [46-48]. In children with 
Legg-Calvé-Perthes disease, hip arthrography is a valu-
able diagnostic tool that provides dynamic imaging to 
evaluate critical aspects of joint morphology and func-
tion. This technique allows for detailed assessment of the 
congruency and containment of the femoral head within 
the acetabulum, which is pivotal in determining the sta-
bility and alignment of the hip joint. Additionally, hip 
arthrography is instrumental in excluding the presence 
of “hinge” abduction, a condition in which the lateral 
portion of the femoral head impinges on the acetabular 
rim during abduction, leading to restricted motion and 
joint incongruence. Identifying this abnormality is cru-
cial because it often influences the choice of treatment, 
particularly when surgical interventions, such as femoral 
or pelvic osteotomies are being considered. Hip arthrog-
raphy enhances the precision of treatment planning by 
offering real-time insights into hip biomechanics, ensur-
ing that therapeutic strategies are customized to optimize 
joint function and long-term outcomes in patients with 

Legg-Calvé-Perthes disease [49]. Hinge abduction is a 
condition in which the femoral head cannot shift me-
dially during abduction. This restriction occurs due to 
pronounced flattening of the femoral head, causing it 
to become obstructed by the lateral edge of the acetabu-
lum, thereby limiting proper joint movement [48]. The 
primary goal of the management of Legg-Calvé-Perthes 
disease is to improve joint containment and congruity. 
Hip arthrography is crucial in achieving this by provid-
ing detailed information that helps identify patients who 
may benefit from surgical interventions such as periace-
tabular and intertrochanteric osteotomies. The insights 
gained from arthrography enable clinicians to make 
informed decisions about the suitability and timing of 
these procedures, optimize outcomes, and preserve hip 
function [49-51]. Identifying hinge abduction is crucial 
because addressing this condition is essential for ensur-
ing proper development of the femoral head. Achieving 
this requires preserving adequate contact between the 
femoral head and the anatomically normal acetabulum. 
In numerous cases, this goal can be successfully attained 
through well-planned surgical interventions, which 
help restore joint congruence and promote optimal hip 
development [48]. Arthrography also facilitates the as-
sessment of joint congruity during treatment strategies 
involving immobilization to promote epiphyseal heal-
ing. This imaging technique provides valuable insights 
into the alignment and stability of the joint, ensuring that 
immobilization effectively supports the healing process 
and maintains proper anatomical relationships [51].

MRI is a vital diagnostic modality for detecting early-
stage or radiographically occult Legg-Calvé-Perthes dis-
ease because it provides detailed visualization of the ex-
tent of epiphyseal involvement. Its ability to capture soft 
tissue and bone marrow changes with high resolution 
makes it indispensable for early identification and com-
prehensive evaluation of the disease [52]. Dynamic hip 
examination using MRI is constrained by the enclosed 
design of conventional MRI systems, which limits its 
ability to evaluate joint function in various positions. 
However, the increasing availability of open-configura-
tion MRI systems has addressed this limitation, enabling 
dynamic imaging of joints in multiple positions. This ad-
vancement allows for a more comprehensive assessment 
of joint mechanics and alignment, enhancing diagnostic 
and treatment planning capabilities.

Low-dose imaging systems

The incidence of hip preservation surgery among ado-
lescents and young adults has steadily increased in re-
cent years. Achieving favorable clinical outcomes and 
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reducing the likelihood of revision surgeries depends 
heavily on comprehensive correction of the underlying 
osseous pathomorphology. Precise and thorough surgi-
cal intervention aimed at addressing bony deformities 
is essential for restoring joint functionality, alleviating 
pain, and preventing long-term complications, such as 
early onset osteoarthritis or joint instability. This under-
scores the importance of meticulous preoperative plan-
ning and advanced surgical techniques tailored to each 
patient’s unique anatomical and biomechanical chal-
lenges [53-57]. Plain radiographs have notable limita-
tions in accurately capturing the 3D characteristics of hip 
morphology. These limitations become particularly evi-
dent when attempting to precisely localize and evaluate 
cam deformities or acetabular morphology, especially 
in the context of variable pelvic tilt and rotation. While 
some surgeons continue to rely exclusively on plain ra-
diographs in combination with intraoperative dynamic 
fluoroscopic assessments to evaluate bony morphology, 
there is a growing shift toward incorporating CT scans 
into the preoperative assessment process. CT imaging 
provides superior visualization and quantitative data, 
offering advanced 3D reconstructions that enhance our 
understanding of the complex anatomy of the pelvis, ac-
etabulum, and femur. This level of detail is invaluable 
for identifying subtle deformities and obtaining a more 
accurate assessment of the underlying pathomorphology. 
Additionally, CT scans help resolve potential diagnos-
tic ambiguities associated with plain radiographs, such 
as false-positive findings, including the crossover sign 
or posterior wall sign. They also enable clinicians to ac-
count for and adjust pelvic tilt or rotation changes, which 
can significantly affect the accuracy of conventional ra-
diographic interpretation. As such, integrating CT imag-
ing into preoperative planning is becoming an increas-
ingly valuable tool for achieving precise diagnoses and 
optimizing surgical outcomes in hip preservation surgery 
[58]. Despite the enhanced information provided by CT 
scans, one of the primary drawbacks is increased radia-
tion exposure, which poses particular concern for hip-
preservation surgeons treating adolescents and young 
adults who are more sensitive to radiation. However, 
recent technological advancements and the develop-
ment of refined scanning protocols have led to substan-
tial reductions in the radiation doses during these scans. 
Low-dose CT imaging protocols have been successfully 
implemented across pediatric and adult populations, 
facilitating various diagnostic and surgical procedures 
with minimal risks. Nevertheless, the application of low-
dose CT specifically for preoperative planning in hip 
preservation surgeries remains insufficiently established. 
Although the potential benefits of reducing radiation ex-

posure are clear, there is a need for further research and 
clinical validation to determine the efficacy and safety 
of low-dose hip CT scans in surgical planning. This in-
cludes exploring whether the reduced radiation dose still 
provides the necessary detail and accuracy for optimal 
preoperative assessment, especially in the delicate pa-
tient population requiring hip preservation procedures. 
Therefore, further studies are essential to evaluate the 
feasibility and reliability of low-dose CT as a standard 
tool for hip preservation surgical planning [59-64].

Expected effects of artificial intelligence (AI) in 
hip fracture diagnosis

The swift identification of non-displaced hip fractures 
can be challenging for clinicians and may necessitate ad-
ditional imaging techniques, such as radiography, bone 
scans, CT, or MRI. However, these supplementary tests 
may not be readily accessible at all healthcare facilities. 
Moreover, factors, such as bone demineralization and 
overlying soft tissues can complicate the accurate diag-
nosis of hip fractures [65]. Delayed diagnosis and treat-
ment of hip fractures can result in complications, such as 
malunion, osteonecrosis, and arthritis [66]. Additionally, 
with the increasing number of imaging and radiological 
examinations, radiology departments often cannot re-
port all acquired radiographs promptly [67]. As a result, 
several studies have been conducted on using machine 
learning to detect hip fractures [65, 66, 68-72]. Early di-
agnosis of hip fractures using AI algorithms in clinical 
practice could help reduce medical costs, enable more 
effective preventive measures, and improve the overall 
quality of healthcare [71]. AI-driven early diagnosis of 
hip fractures also enhances resource allocation, reduces 
unnecessary consultations, and accelerates patient dispo-
sition. This allows physicians to focus on more complex 
tasks in high-volume clinical settings. However, there is 
a lack of sufficient reports on the effectiveness of AI al-
gorithms for early diagnosis of hip fractures, suggesting 
that further research is necessary.

AI versus human

The results of the studies included in the analysis 
showed that the accuracy of hip fracture diagnosis us-
ing AI algorithms was over 90%, with the exception 
of Beyaz et al. Additionally, the area under the curve 
(AUC) for fracture diagnosis consistently exceeded 0.9, 
indicating a very high diagnostic performance [70]. In a 
comparative study between AI and human diagnosis of 
hip fractures, the diagnostic accuracy of AI was found 
to be higher. For instance, Urakawa et al. developed an 
AI model that detected intertrochanteric fractures with 
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an accuracy of 95.5% and AUC of 0.984, demonstrating 
the high performance of AI in identifying these fractures 
[73]. The AI model developed by Urakawa et al. outper-
formed the human diagnostic accuracy of 92.2%, with 
an AUC of 0.969. Adams et al. reported a conventional 
neural network model for diagnosing femoral neck frac-
tures, achieving an accuracy range of 88.1% to 94.4%. 
This highlights the potential of AI to surpass human 
performance in certain diagnostic contexts [74]. These 
values are also comparable to the diagnostic accuracies 
of experts and residents, which were 93.5% and 92.9%, 
respectively. However, in studies conducted by Cheng 
et al. [71] and Sato et al. [75], the human diagnostic ac-
curacy was lower than that of the AI algorithm. This 
further underscores the potential of AI to achieve higher 
diagnostic performance in detecting hip fractures [71]. 
Nevertheless, whether AI can fully replace humans in 
hip fracture diagnosis remains uncertain. Bae et al. uti-
lized AI to diagnose femoral neck fractures after training 
the algorithm with 4189 images, achieving a diagnostic 
accuracy of 97.1%. However, they noted that detecting 
non-displaced fractures of the femoral neck remains 
challenging despite the high overall diagnostic accuracy 
of the AI model. This highlights a limitation of current 
AI systems in addressing specific fracture types, sug-
gesting that while AI can be highly accurate, human ex-
pertise may still be necessary for certain cases [72]. This 
suggests that AI may have limitations in cases where it 
has not been adequately trained or lacks sufficient learn-
ing. Additionally, since the AI systems examined in the 
study are not integrated with other clinical information, 
they cannot yet replicate the clinical judgment of a hu-
man physician, such as the ability to suspect occult frac-
tures based on a patient’s overall condition. Mawatari et 
al. also argued that since the AUC values for AI-assisted 
expert diagnoses were higher than those for the AI algo-
rithm alone, a valid diagnosis could not be obtained from 
radiographs alone. This highlights that the effectiveness 
of AI diagnosis is still heavily influenced by the quality 
and scope of the AI algorithm [65]. Therefore, AI algo-
rithms cannot entirely replace human intelligence in the 
clinical environment. However, they can complement 
and enhance physicians’ capabilities and knowledge. 
A potential concern is the increasing reliance on AI for 
hip fracture detection, as it may reduce the need for doc-
tors to make their clinical judgments. This reliance can 
stem from the difficulty and time constraints clinicians 
face in synthesizing the results of various examinations 
performed in direct patient interactions. Balancing AI 
assistance with clinical expertise remains essential for 
comprehensive patient care [71]. To address this issue, 
Cheng et al. developed a system in which the areas iden-

tified by AI for hip fracture detection were highlighted 
and displayed, allowing physicians to review the results 
of the AI algorithm and make the final clinical judg-
ment. This approach enables clinicians to integrate AI 
findings with their expertise, ensuring that the decision-
making process remains collaborative and informed by 
the algorithm and physician’s assessment [71]. With ad-
vancements in technology, AI algorithms are expected to 
continue evolving, leading to increased reliance on AI. 
However, this growing dependence on AI may present 
challenges in balancing between human judgment and 
algorithmic assistance. Further research is essential to 
explore solutions to these challenges, ensuring that AI 
can complement, rather than replace, human expertise in 
clinical decision-making.

AI deep learning for hip fracture

Because deep learning algorithms in AI automatically 
and adaptively learn features from data, the quality and 
quantity of datasets used for training are critical. Large, 
clean, and well-labeled datasets ensure that AI models 
can effectively learn and generalize from diverse clinical 
scenarios, ultimately leading to more accurate and reli-
able performance in real-world applications [70]. The 
accuracy of AI in detecting hip fractures is significantly 
influenced by the number of images used for training 
the model. A larger dataset allows the AI system to learn 
from various cases, improving its ability to generalize 
and detect fractures across different patient popula-
tions and imaging conditions. As the number of images 
increases, the AI’s performance typically improves be-
cause it becomes better equipped to identify subtle pat-
terns and variations in the data indicative of hip fractures 
[75]. Mutasa et al. created 9063 augmented images by 
combining 737 hip fracture images with 326 normal im-
ages from a dataset of 550 patients. Beyaz et al. also gen-
erated 2 106 augmented images from 234 radiographs 
of 65 patients. By augmenting the data, these studies 
aimed to enhance the AI models’ ability to learn from 
a more diverse set of images, thereby improving the ac-
curacy and robustness of fracture detection algorithms. 
This augmentation process helps the model to generalize 
better across different patient demographics and imag-
ing conditions [69, 70]. Yu et al. reported that detecting 
a distinct fracture line or cortical angular deformity in 
femoral neck fractures is relatively straightforward us-
ing a single radiographic view. However, a larger sample 
size is necessary for accurate detection due to the wide 
spectrum of fracture morphologies for intertrochanteric 
fractures, which often involve complex and multiple 
fracture lines. This suggests that although some frac-
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ture types are easier to identify with a single radiograph, 
more intricate fractures require a broader dataset to en-
hance diagnostic accuracy, particularly when using AI 
algorithms for detection [68]. Additionally, factors, such 
as soft-tissue shading and variations in femur alignment, 
can impact the ability of AI to detect fractures accurately. 
Soft tissue shadows can obscure fracture lines, making it 
more difficult for AI to distinguish between fractures and 
surrounding structures. Similarly, variations in femoral 
alignment, such as differences in positioning or angle 
during imaging, can alter the appearance of fractures 
and potentially lead to false positives or negatives in AI 
detection. These challenges highlight the need for care-
ful image acquisition and consideration of such factors 
when developing and using AI models for hip fracture 
diagnosis [76]. Additionally, factors, such as soft-tissue 
shading and variations in femur alignment, can impact 
the ability of AI to detect fractures accurately. Soft tis-
sue shadows can obscure fracture lines, making it more 
difficult for AI to distinguish between fractures and sur-
rounding structures. Similarly, variations in femur align-
ment, such as differences in positioning or angle during 
imaging, can alter the appearance of fractures and poten-
tially lead to false positives or negatives in AI detection. 
These challenges highlight the need for careful image 
acquisition and consideration of such factors when de-
veloping and using AI models for hip fracture diagno-
sis [66]. In contrast, Yoon et al. reported that the use of 
both CT images and radiographs for the classification 
of intertrochanteric fractures significantly reduced the 
time required for fracture classification. This approach 
also assisted in planning more accurate surgical proce-
dures. By providing more detailed and comprehensive 
imaging data, CT scans helped clarify fracture patterns, 
enabling surgeons to make better-informed decisions re-
garding the appropriate treatment strategy. This integra-
tion of multiple imaging modalities highlights the value 
of combining radiographs with advanced techniques, 
such as CT, to improve the efficiency and accuracy of 
hip fracture management [77]. Mawatari et al. used MRI 
and CT for hip fracture detection [65]. However, this ap-
proach has the disadvantage of incurring additional costs 
and the challenge of obtaining a normal lateral view of 
the hip in some cases. Despite these limitations, AI of-
fers significant potential for diagnosing and classifying 
diseases because it rapidly processes large volumes of 
patient data. By efficiently analyzing complex imaging 
data, AI can enhance diagnostic accuracy, reduce the 
time spent on classification tasks, and support clinical 
decision-making, while minimizing the dependency on 
costly and difficult-to-obtain imaging views [78]. The 
usefulness of AI is being actively studied in trauma pre-

diction, a field characterized by significant individual 
variability in the number and severity of injuries. This 
variability arises from the complex interaction of vari-
ous external and internal factors, such as the mechanism 
of injury, patient demographics, and pre-existing health 
conditions. By processing vast amounts of data, AI algo-
rithms can identify patterns and predict outcomes more 
accurately than traditional methods, helping anticipate 
the trauma’s extent and guide clinical interventions. This 
potential for personalized trauma care can significantly 
improve patient outcomes and optimize resource alloca-
tion in trauma settings [79]. 

Innovative molecular imaging techniques

Positron emission tomography (PET)/CT and 
PET/MRI 

Since the 1960s, radionuclide bone scanning has char-
acterized a wide range of bone pathologies. In addition 
to their ability to detect bone metastases from various 
tumors well before other radiographic modalities of that 
era, bone scans gained recognition for their superior sen-
sitivity in identifying occult fractures, stress fractures, 
osteoid osteomas, and other musculoskeletal conditions 
of interest to orthopedists. While some nuclear medicine 
practices developed significant expertise in diagnosing 
soft tissue injuries, most studies have focused primar-
ily on evaluating bony pathology. Therefore, bone scans 
has become an essential diagnostic tool in orthopedics, 
particularly for conditions that are difficult to detect us-
ing conventional radiography [80]. Several factors have 
contributed to the gradual reduction in the use of bone 
scanning in orthopedics. Many injuries requiring surgi-
cal intervention primarily involve soft tissues around the 
joints. MRI has advanced significantly over the past three 
decades, providing clear delineation of most soft tissue 
pathologies. While MRI’s specificity for bone conditions 
is somewhat limited, it can surpass bone scanning in cer-
tain cases, particularly in older patients with acute hip 
trauma, because it often detects fractures days before a 
bone scan shows positive results [81]. MRI compensates 
for its limited specificity for bone pathology by pro-
viding exceptional anatomical details. In many nuclear 
medicine practices, bone scanning in orthopedics has 
been primarily reserved for patients with stress injuries 
or certain conditions in which other imaging modalities 
have failed to diagnose definitively. The sensitivity of 
bone scanning can be enhanced by incorporating single-
photon emission computed tomography; however, the 
absence of detailed anatomical information often makes 
it challenging to interpret results confidently [82]. 
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PET has historically been underused in musculoskel-
etal imaging due to several factors, including the high 
effectiveness of musculoskeletal MRI, the limited spa-
tial resolution of PET, and the lack of reimbursement for 
such studies. However, with advancements in PET/CT 
and PET/MRI technology over the past decade, along 
with a deeper understanding of the pathophysiology of 
musculoskeletal diseases, PET is emerging as a prom-
ising primary or complementary imaging modality for 
managing rheumatologic and orthopedic conditions. The 
low metabolic activity of bones and tendons can be ben-
eficial and challenging for PET/CT evaluation. Howev-
er, these structures’ minimal physiological background 
activity enhances the target-to-background ratio when 
imaging disease processes, which is a significant ad-
vantage. In contrast, non-neoplastic, non-inflammatory 
musculoskeletal conditions, such as traumatic injuries, 
tendon, and ligament abnormalities, can exhibit low 
metabolic activity, making them less detectable by PET 
[83, 84]. 

PET/CT versus PET/MRI

PET/MRI, as a hybrid imaging modality, offers several 
advantages over PET/CT, including reduced radiation 
exposure for patients and superior soft-tissue contrast. 
This higher soft-tissue resolution is particularly benefi-
cial for the diagnostic assessment of tendinous and liga-
mentous pathological conditions, where detailed visual-
ization of soft tissues is essential [85]. Most importantly, 
PET/MRI outperforms PET/CT in terms of superior co-
registration of PET data with MRI, and enhanced mo-
tion correction based on MRI. This combination leads 
to more accurate and reliable imaging, particularly in 
assessing dynamic musculoskeletal structures where 
motion artifacts can be problematic [85]. PET/MRI has 
been regarded as a comprehensive solution for the di-
agnostic management of patients with musculoskeletal 
disorders, as it allows for the simultaneous acquisition of 
multisequence, multiparametric MRI, and whole-body 
PET imaging. This makes it particularly efficient for pa-
tients requiring extensive MRI workups. However, PET/
CT still offers superior attenuation correction, is more 
widely accessible, and is less expensive. A key limita-
tion of PET/MRI is that the standardized uptake values 
derived from PET/MRI can be scanner-dependent, com-
plicating direct comparisons between PET/CT and PET/
MRI data [83, 85].

Studies have demonstrated that in the assessment of 
suspected knee and hip prosthetic infections, FDG PET 
offers superior accuracy compared to the combination of 
bone marrow and leukocyte scintigraphy, with accuracy 

rates ranging from 80% to 98%, versus 25% to 96% for 
the latter approach [86]. The sensitivity of combined 
bone marrow and leukocyte scintigraphy is 30%–35%. 
However, studies have shown that FDG PET, when used 
to evaluate patients with suspected hip prosthetic infec-
tions, demonstrates similar sensitivity but slightly lower 
specificity than combined bone marrow and leukocyte 
scintigraphy [87]. It has also been shown that PET pro-
vides no additional benefit over combined bone marrow 
and leukocyte scintigraphy when evaluating total knee 
arthroplasties [88].

Despite conflicting data regarding the diagnostic per-
formance of FDG PET in periprosthetic infections 
compared to imaging with single-photon emitters, PET 
presents several advantages. These include time savings 
(as it does not require dual-image acquisition, such as 
dual-tracer techniques), higher spatial resolution, and a 
better cost and safety profile compared to the complexity 
and risks associated with using labeled white blood cells, 
which involve handling blood products. As a result, FDG 
PET/CT is a suitable diagnostic imaging method for pa-
tients with suspected hardware infections [89].

PET/CT has been studied for the management of pa-
tients with suspected implant-related infections of the 
tibia after osteosynthesis. FDG PET/CT assisted in clini-
cal decision-making by distinguishing between infected 
nonunion, aseptic nonunion, soft-tissue infection, and 
chronic osteomyelitis. The overall sensitivity of FDG 
PET/CT for identifying osseous infections was 85.7%, 
with a specificity of 100%. This highlights the potential 
of FDG PET/CT to accurately diagnose implant-related 
infections and guide treatment decisions [89].

The role of nanotechnology in early detection 

Nanotechnology is the science of designing, ma-
nipulating, and engineering materials at molecular and 
atomic scales. In bone regeneration, this technology is 
used to create new bone tissue or enhance the healing of 
existing bone tissue by utilizing materials that stimulate 
and support bone growth. Owing to their small size and 
unique properties, nanomaterials can be integrated into 
scaffolds, coatings, or drug delivery systems to improve 
bone regeneration, promote cell growth, and accelerate 
the healing process in fractures or bone defects [90, 91]. 
Nanotechnology is increasingly employed in bone re-
generation to develop more precise, effective, and target-
ed materials that enhance bone growth. By manipulating 
materials at the nanoscale, scientists can create scaffolds, 
coatings, and drug delivery systems that are better suited 
to mimic the natural bone environment. These nanoma-
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terials improve cell adhesion, proliferation, and differen-
tiation, thereby accelerating bone healing and regenera-
tion. Additionally, their small size allows for enhanced 
bioactivity, better integration with surrounding tissues, 
and more controlled delivery of therapeutic agents, ul-
timately leading to more successful bone repair and 
regeneration [92]. For example, researchers are investi-
gating the use of nanoparticles to deliver drugs or other 
therapeutic molecules directly to areas in need of bone 
regeneration, enhancing the treatment’s effectiveness. 
These nanoparticles can be engineered to target specific 
sites, such as bone fractures or areas of degeneration, 
allowing for more precise and localized treatment. By 
controlling the release of growth factors, osteoinductive 
molecules, or other regenerative agents, nanoparticles 
ensure that these compounds are delivered at optimal 
concentrations at the right time, maximizing their thera-
peutic potential and minimizing side effects. This tar-
geted approach holds great promise for improving the 
outcomes of bone healing and regeneration therapies 
[92]. Nanoparticles can also be utilized to create scaf-
folds that replicate the natural structure of bones, provid-
ing a framework to guide and support new bone growth. 
These nanostructured scaffolds can enhance cell adhe-
sion, proliferation, and differentiation and promote more 
efficient bone regeneration. Moreover, advancements in 
3D printing technology, incorporating nanoscale mate-
rials, enable the fabrication of highly precise, custom-
ized implants tailored to individual patients’ anatomical 
needs. These implants can be designed to match the pa-
tient’s bone structure, optimize the healing process, and 
ensure better integration with the surrounding tissue. 
Together, nanotechnology and 3D printing innovations 
hold great potential for revolutionizing bone regenera-
tion therapies, offering more effective and personalized 
treatments for bone-related injuries and conditions [90]. 
Bone weakening and dysfunction are significant health 
concerns, particularly in osteoporosis, fractures, and 
age-related bone degeneration. These challenges have 
prompted nanotechnologists to focus on the potential 
of nanotechnology in addressing bone-related issues, 
marking it a crucial area of research in the intersection of 
nanotechnology and medicine. Studies are increasingly 
exploring how nanotechnology can aid bone formation, 
structuring, and repair. Nanotechnology offers the po-
tential to develop advanced biomaterials that can mimic 
the natural bone structure at the nanoscale, enhance bone 
strength, and promote regeneration. Researchers are in-
vestigating the use of nanoparticles to deliver therapeutic 
agents directly to bone tissue, stimulate bone formation, 
and improve bone density. Nanostructured scaffolds are 
being developed to provide an ideal environment for 

bone cell growth, ultimately supporting the formation of 
new bone tissue and enhancing the healing process after 
fractures or surgeries. These advancements can revolu-
tionize treatments for conditions that weaken bones and 
promote more effective strategies for bone regeneration 
and repair [90]. Scientists are working on developing 
bone graft substitutes using nanostructured materials 
that closely mimic the natural properties of bones. These 
materials are biocompatible, allowing them to be seam-
lessly integrated into the body without triggering an im-
mune response. If these studies succeed, they have the 
potential to revolutionize regenerative medicine by of-
fering more effective solutions for repairing damaged 
bones and tissues. Creating bone grafts that promote 
natural bone regeneration can significantly improve the 
healing process of fractures, bone defects, and condi-
tions, such as osteoporosis, offering a promising alter-
native to traditional bone repair methods. The develop-
ment of nanostructured grafts is a step toward advanced 
regenerative technologies, where the material serves as 
a scaffold for bone growth and actively supports cellu-
lar activity, promoting healing and tissue regeneration. 
This could lead to improved outcomes in treating bone 
injuries, potentially reducing the need for long recovery 
times and offering patients more effective treatment op-
tions for broken or damaged bone and muscle fragments 
[93]. Principal investigations into biomineralization are 
focused on reducing the particle size of bone materials 
to enhance their interaction with collagen fibers. This 
approach aims to replicate the natural process by which 
bones mineralize and incorporate minerals into a colla-
gen matrix to create a strong and functional composite 
structure. By reducing the particle size of bone materials, 
researchers can increase the surface area and improve 
the bonding efficiency with collagen fibers, allowing for 
better integration and stability within the bone matrix. 
This process also seeks to mimic the crystalline proper-
ties of bones, which are essential for their strength and 
resilience. Coupling fine mineral particles with collagen 
fibers can improve the material’s mechanical properties, 
making it more effective in supporting bone regenera-
tion and repair. Additionally, this method can potentially 
enhance the material’s bioactivity, encouraging cellular 
activity that promotes bone healing and regeneration. 
Ultimately, these investigations aim to develop advanced 
bone substitutes that more closely resemble natural bone 
tissue in terms of structure and function. This can lead 
to better outcomes in regenerative medicine, offering 
more effective treatments for bone fractures, defects, 
and degenerative conditions [92]. The aim is to develop 
a composition that effectively penetrates damaged bone 
regions and possesses tailored mechanical properties to 
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transform the field of osteology and advance bone tis-
sue engineering [92]. Similar research is underway to 
develop artificial joints with nanoscale collagen-mim-
icking coatings for the knee and hip, which help stabi-
lize the bone-formation process by osteoblasts [94, 95]. 
In summary, the application of nanotechnology in bone 
regeneration offers significant potential to enhance bone 
repair and regeneration outcomes, leading to faster heal-
ing, stronger bones, and fewer complications.

Conclusion 

In conclusion, recent advancements in imaging tech-
nologies have offered significant improvements in the 
diagnosis of hip disorders, enabling more accurate, 
timely, and efficient assessments. Conventional imag-
ing techniques remain vital, but emerging technologies, 
such as AI, 3D and dynamic imaging, and molecular 
imaging, are expanding diagnostic capabilities. AI has 
shown promising potential for the rapid and accurate 
diagnosis of hip fractures, particularly non-displaced 
fractures, which can be difficult for clinicians to detect. 
Additionally, the application of PET/CT and PET/MRI 
to assess metabolic changes and the role of nanotechnol-
ogy in early detection represent groundbreaking steps. 
However, challenges related to cost, accessibility, and 
integration into clinical workflows must be addressed 
for these technologies to reach their full potential. Con-
tinued research and innovation are necessary to optimize 
these tools for routine clinical use, ultimately improving 
patient outcomes in managing hip disorders.

Limitations

In addition to the advancements above, each imaging 
modality has its own set of challenges, advantages, and 
limitations. These factors are outlined and discussed in 
detail (Figure 3).
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