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1. Introduction

Musculoskeletal (MSK) disorders are among the top five contributors to disability-
adjusted life years (DALYs) worldwide [1]. These disorders include a wide range of
conditions, spanning from fractures, sports injuries, rheumatoid arthritis, and muscu-
loskeletal pain syndromes to those mostly affecting older age groups like osteoarthritis and
osteoporosis. MSK conditions often present diagnostic challenges due to overlapping symp-
toms, complex anatomical aspects, and the variety of potential causes [2]. Imaging plays a
pivotal role in diagnosing and guiding treatment for these disorders. In the past decade,
the MSK radiology field has witnessed significant progress driven by breakthroughs in
artificial intelligence (Al), the development of high-resolution equipment and novel imag-
ing sequences, and the adoption of innovative multidisciplinary approaches. This Special
Issue on skeletal radiology brings together a diverse collection of articles that showcase the
latest advancements in this field. From evaluating flatfoot to exploring emerging targets
for osteoarthritis treatment, the included studies provide valuable insights into diagnostic
accuracy and the expanding applications of skeletal radiology techniques. This editorial
aims to highlight the significance of these articles and their contributions to the field of
skeletal radiology.

1.1. Diagnostic Accuracy in Musculoskeletal Radiology

Several articles in this Special Issue delve into the diagnostic accuracy of radiological
measurements in different musculoskeletal conditions. Tagliafico et al. investigated the
reliability of the Myeloma Spine and Bone Damage Score (MSBDS) in assessing myeloma-
related spine and bone damage using whole-body computed tomography (WBCT) [3]. This
multicenter study emphasizes the need for standardized scoring systems to accurately
evaluate myeloma-related skeletal complications. The researchers propose a consensus-
based, semiquantitative scoring system based on CT data on multiple myeloma, which
demonstrated a substantial level of agreement among readers of varying experience levels,
highlighting its potential for widespread use. Another noteworthy study focuses on the
diagnostic challenges of the osteonecrosis of the femoral head [4]. This disorder afflicts at
least 30,000 Americans each year and can be undetectable in radiographs during the early
stages [5]. Cardin-Pereda et.al. highlight the significance of a multidisciplinary approach
in enhancing diagnostic accuracy. By considering various radiological modalities and
incorporating clinical expertise, this study provides valuable insights into optimizing the
diagnostic pathway for patients with osteonecrosis. Various radiologic measures are avail-
able for evaluating flatfoot; however, the accuracy of these measures is still unknown [6].
Thus, one of our studies provided a cross-sectional evaluation and differentiation of flatfoot
that explores the sensitivity and specificity of six different measures, namely, arch angle,
calcaneal pitch, talar-first metatarsal angle, lateral talar angle, talar inclination angle, and
navicular index, in diagnosing flatfoot deformity [6]. This study will help to improve the ac-
curacy of diagnosing flatfoot, leading to more appropriate treatment strategies. In another
study, the accuracy of critical shoulder angle (CSA) and the acromial index in predicting
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supraspinatus tendinopathy was explored, emphasizing the significance of radiological
measurements in assessing shoulder pathologies [7]. Critical shoulder angle, defined as the
angle between the plane of the glenoid and the most lateral border of the acromion process,
has been reported to be a predictor of several shoulder pathologies [8]. However, its associ-
ation with supraspinatus tendinopathy had not yet been investigated. This retrospective
case-control study shows that CSA can also predict supraspinatus tendinopathy.

1.2. Novel Applications and Techniques in Skeletal Radiology

This Special Issue also explores the application of novel techniques to skeletal radi-
ology. New sequences are expanding diagnostic capabilities, and Al-based techniques
are revolutionizing the field via enhancing image interpretation and improving image
acquisition protocols. Despite being introduced some time ago, the utilization of rela-
tively new MRI sequences like DWI in skeletal radiology has been limited due to their
susceptibility to artifacts and inhomogeneity [9]. However, with the advancement of rapid
acquisition techniques, researchers are now actively investigating the effectiveness of DWI
in detecting and evaluating musculoskeletal pathologies. In their review study on ad-
vanced imaging techniques for assessing multiple myeloma, Torkian et al. explored the
emerging role of MRI sequences such as DWI, intravoxel incoherent motion (IVIM), and
positron emission tomography—magnetic resonance imaging (PET-MRI) in the evaluation
of multiple myeloma [10]. The growing role of Al in medical imaging is exemplified in
the study by Hong et al. [11]. In their study on lumbar spine computed tomography to
magnetic resonance imaging (CT to MRI) synthesis, the researchers employed a generative
adversarial network (GAN) model to generate synthesized images. They assessed the
accuracy of these synthesized images through a visual Turing test, demonstrating the
potential of GANs in bridging the gap between CT and MRI. Significant progress has also
been achieved in the discovery of potential therapeutic approaches. For example, Talaie
et. al. reviewed the emerging targets for osteoarthritis treatment [12]. They focused on
exploring new investigational methods, such as genicular artery embolization (GAE), to
identify neo-vessels as potential targets for the treatment of osteoarthritis, emphasizing the
importance of understanding the mechanisms of inflammation, neovascularization, and
joint remodeling in the pathogenesis of osteoarthritis.

1.3. Clinical Applications and Reviews

In addition to diagnostic accuracy and advancements in skeletal radiology, this Special
Issue features studies focusing on specific clinical applications. The diagnosis of systemic
disorders, characterized by their wide-ranging impact on different organs, significantly
relies on the field of skeletal radiology. Due to the non-specific nature of their clinical
presentations and the presence of overlapping features, familiarity with the radiologic
findings of these disorders is crucial. Radiologic and dermatologic presentations of systemic
disorders, the visualization of dialysis-related amyloid arthropathy via 18F-FDG PET-CT
scans, and radiographic findings of inflammatory arthritis and mimics in the hands are the
topics of the studies focusing on systemic disorders in this issue [13-15]. The other included
reviews focus on pathologies presenting in specific anatomic locations. The imaging of the
temporomandibular joint and postoperative findings of common foot and ankle surgeries
are the topics of two of the included image-rich reviews that discuss common skeletal
findings [16,17]. Notably, one article delves into posteromedial lesions of the chest wall,
while the other focuses on reviewing grade 1 and 2 chondrosarcomas of the chest wall,
providing crucial insights into accurate diagnosis and treatment planning for these complex
cases [18,19].

2. Conclusions

This Special Issue on skeletal radiology encompasses a comprehensive array of articles
that contribute to the advancement of this dynamic field. From studies on diagnostic
accuracy to emerging applications and clinical reviews, the included articles show the
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progress and potential of skeletal radiology in improving patient care. The field of skeletal
radiology offers promising prospects. Ongoing discussions focus on leveraging emerging
technologies to enhance diagnostic capabilities and treatment planning. However, chal-
lenges persist, such as the need for standardized protocols, the addressal of data quality
and privacy concerns, and the optimization of the integration of artificial intelligence.
Further research is required to explore the potential of novel imaging techniques, including
advanced MRI sequences and functional imaging modalities, in providing valuable insights
into skeletal pathologies. The corresponding evolving technology and imaging techniques
have the potential to revolutionize the practice of skeletal radiology, enabling more accurate
diagnoses, personalized treatment approaches, and improved patient outcomes.

Author Contributions: Conceptualization and writing—original draft preparation, A.P.; writing—
review and editing, E.A. and A.A.; supervision, M.C. All authors have read and agreed to the
published version of the manuscript.
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Abstract: Plasma cell dyscrasias are estimated to newly affect almost 40,000 people in 2022. They
fall on a spectrum of diseases ranging from relatively benign to malignant, the malignant end of the
spectrum being multiple myeloma (MM). The International Myeloma Working Group (IMWG) has
traditionally outlined the diagnostic criteria and therapeutic management of MM. In the last two
decades, novel imaging techniques have been employed for MM to provide more information that
can guide not only diagnosis and staging, but also treatment efficacy. These imaging techniques,
due to their low invasiveness and high reliability, have gained significant clinical attention and
have already changed the clinical practice. The development of functional MRI sequences such as
diffusion weighted imaging (DWI) or intravoxel incoherent motion (IVIM) has made the functional
assessment of lesions feasible. Moreover, the growing availability of positron emission tomography
(PET)-magnetic resonance imaging (MRI) scanners is leading to the potential combination of sensitive
anatomical and functional information in a single step. This paper provides an organized framework
for evaluating the benefits and challenges of novel and more functional imaging techniques used for
the management of patients with plasma cell dyscrasias, notably MM.

Keywords: multiple myeloma; plasma cell dyscrasia; diffusion weighted imaging; whole body MRI

1. Introduction

Multiple myeloma (MM), the second most prevalent hematopoietic malignancy, is
a plasma cell dyscrasia where monoclonal plasma cells infiltrate bone marrow, resulting
in marrow failure and/or bone destruction, mainly in the axial skeleton and proximal
appendicular bones [1,2]. MM exists on the end of a spectrum of disease progression,
from an asymptomatic premalignant state, namely monoclonal gammopathy of unde-
termined significance (MGUS), to smoldering multiple myeloma (SMM), and finally to
symptomatic MM, commonly with MM-associated end-organ damage, also known as
CRAB (hyperCalcemia, Renal failure, Anemia, and Bone disease) [34].

Currently, MM is identified and staged according to the International Myeloma Work-
ing Group (IMWG) criteria. IMWG criteria outlines the MM diagnosis as clonal bone
marrow plasma cells > 10%, or biopsy-proven bony or extramedullary plasmacytoma, in
addition to one or more of the following: evidence of end organ damage (hypercalcemia,
renal insufficiency, anemia and/or osteolytic bone lesions) and/or biomarkers positive
for malignancy (serum-free light chain ratio, and clonal plasma cell proportion), and the
presence of more than one focal marrow lesions on MRI [5]. There are several limitations to
some of the tests involved in these criteria. The biomarkers outlined above are of limited
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value in non-secretory or extramedullary MM cases [3-5]. While bone marrow biopsy is
the gold standard diagnostic test and is required for the assessment of treatment response,
it is invasive, with a risk of local hemorrhage and infection, and it is not representative of
the whole spectrum of the marrow [6].

Earlier in 2009, the consensus statement of the IMWG recommended conventional
radiography (CR) as the standard imaging modality to stage MM, both in new cases and
for relapsed patients, being widely available and inexpensive [5]. However, radiographs
lack sensitivity and specificity, and they poorly detect extra-osseous lesions and diffuse
medullary invasion. Therefore, skeletal surveys have been replaced with more sophisticated
imaging techniques (computed tomography (CT), magnetic resonance imaging (MRI), and
positron emission tomography (PET)) in many tertiary centers [7,8]. Newer staging systems
incorporate more sensitive imaging modalities, such as whole-body MRI (WB-MRI) or '8F-
fluorodeoxyglucose (FDG) PET/CT into the staging system [9]. The need for whole-body
imaging in MM is related to the fact that myelomatous lesions can potentially affect any
bony segment in the body.

Once it has been diagnosed and staged, as with most other malignancies, MM treat-
ment management is also dependent on bone imaging to determine the extent of tumor
cell burden, both for prognostic stratification and to assess post-therapy changes [10,11].

This paper describes available advanced imaging techniques in an assessment of MM,
with a greater focus on whole-body diffusion weighted imaging (WB-DWI).

2. MRI
2.1. Conventional Whole-Body MRI (WB-MRI)

According to IMWG guidelines, MRI should be considered as the complementary
adequate imaging modality for the diagnosis of MM, as it is more sensitive than FDG-
PET/CT [12,13]. As opposed to computed tomography (CT) or positron emission tomog-
raphy (PET), an advantage of MRI is that it causes no radiation exposure. In contrast
to 3F-FDG PET/CT, MRI is widely available, relatively faster, has no pre-scan diet re-
quirement, and is not reliant on the metabolic activity of tumor cells. This is specifically
important in the case of MM, as frequent follow-up imaging is necessary, and survival time
is increasing in light of recent therapeutic advancements. Conventional MRI can relatively
accurately measure the size and extension of MM pathology, but it takes longer to interpret
and requires more training to read than other imaging modalities [14-17].

Nearly half of MM lesions may be missed when imaging only covers the spine [14].
Thus, for a more sensitive assessment, MRI should cover the entire axial skeleton and the
proximal appendicular skeleton, defining the idea of the “whole body” MRI technique.
WB-MRI has gained popularity since the last decade. for diagnosing and assessing the
treatment response in MM by providing morphological information on tumor spread.
Around one-third to a half of MM patients show diffuse infiltration or focal deposits on
WB-MRI [18,19].

The Myeloma Response Assessment and Diagnosis System (MY-RADS) comprehen-
sively characterizes the myeloma state at diagnosis, initiation of treatment, and during
follow-up, as the disease course changes in response to therapy. MY-RADS recommen-
dations will help to improve response assessments by increasing standardization, and by
decreasing the variations seen in the acquisition, interpretation, and reporting of whole-
body MRI. For response assessments, the classified response assessment category (RAC) is
according to anatomical regions. For each region, the RAC should use a five-point scale as
follows: (1) highly likely to be responding; (2) likely to be responding; (3) stable; (4) likely
to be progressing; and (5) highly likely to be progressing. MY-RADS functions to categorize
patients with regard to specific disease patterns to aid in clinical trial stratification [20].

Different MRI sequences are being used based on imaging protocols of the radiology
department [21-24]. Fat-suppressed T2-weighted (FS T2W), Short Tau Inversion recovery
(STIR), and T1-weighted (T1W) MRI sequences are most commonly utilized for MM [23-27].
The signal intensity on FS T2W and STIR images correlates with the plasma cell concen-
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tration in the bone marrow. However, it lacks enough accuracy to differentiate between
hyperplastic/red marrow and myeloma marrow. Changes on TIW images occur relatively
late in the course of disease, and might differentiate MM from MGUS and SMM, although
to a lesser extent compared to FS T2-WI, but they offer increased specificity [28]. While
the T1IW, STIR, and T2W sequences are more frequently used, diffusion weighted imag-
ing (DWI) is the most promising MRI sequence for distinguishing MM from MGUS and
SMM through visual assessment, and for the qualitative evaluation of lesion activity and
treatment response [28].

2.2. Whole-Body Diffusion Weighted Imaging (WB-DWI)

DWI is a functional MRI sequence that can quantitatively evaluate tissue cellularity by
measuring the random thermal movements of water molecules (Brownian motion) using
the apparent diffusion coefficient (ADC) map [29]. Although DWI MRI was limited to brain
imaging for many years due to its sensitivity to motion, its use has been recently expanded
to include other anatomic locations, due to the introduction of echoplanar imaging and the
use of fast acquisition techniques capable of capturing images during breath holds [30].
Thus, DWI MR], including WB-DWI, have revolutionized the assessment of myeloma
lesions from simple evaluations based on size to quantitative data based on free water
molecule movement and tissue cellularity [29,31].

From 2010 on, the utilization of WB-DWI in MM has steadily increased [30-33]. WB-
DWI can be performed relatively rapidly with low technical and operational efforts when
added to the standard WB-MRI protocol. WB-DWI keeps the aforementioned advan-
tages of WB-MRI, and adds further details to morphological imaging, as compared to
the conventional sequences of WB-MRI during the assessment of treatment response and
extramedullary disease, which are critical for MM management [21].

ADC mapping, which is derived from DW images, can distinguish bone marrow
changes in active myeloma from those in remission, providing clinically relevant data
on tumor viability [34]. ADC values above 600-700 um? /s in a non-treated and newly
diagnosed patient with multiple myeloma could be used to increase confidence for the
diagnosis of diffuse marrow involvement, while normal marrow ADC value mostly falls
below 600 um? /s, with even lower values in elderly patients with prominent fatty mar-
row [32,35-37]. Koutoulidis et al. reported a higher ADC value for diffuse MM patterns in
imaging comparing to focal lesions, and they found that an ADC value of >548 umm? /s
shows 100% sensitivity and 98% specificity for comparing a diffuse pattern of myeloma
infiltration, than normal marrow [36]. Messiou et al. reported a significant decrease in the
ADC values of MM patients who were responders from 4 weeks to 20 weeks after treatment,
while patients with stable or progressive disease did not show a significant decrease in
ADC value within the same time period [35].

If cellularity was the dominant factor in determining the ADC value in myeloma
marrow, there should be a negative correlation between the ADC value and marrow
cellularity. However, this is not the case. For this reason, cellularity is not the main factor
affecting the DWI-ADC image signal in MM. Recent studies on liver fibrosis and pancreatic
cancer have suggested that the perfusion effect on the measured ADC value dominates
over hypercellularity [30,38,39]. This has been suggested for MM as well [40], as the
ADC number decreases with hypercellularity and increases with hypervascularity, which
parallels hypercellularity in the myeloma marrow [30]: the net effect is an increase of the
ADC value in MM relative to the normal reference. This explains the Intravoxel Incoherent
Motion (IVIM) MRI advantage for MM diagnosis/monitoring, which will be discussed in
the following section. Employing lower b-values offer a better Signal to Noise Ratio (SNR),
whereas higher b-values are more accurate for detecting MM lesions (Figures 1 and 2) [41].
Most of the studies on DWI in MM have been conducted with a high b-value of 600-800,
which offers a good MM lesion detection rate at a reasonable SNR [42-44].
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Figure 1. A 45-year-old man with hyposecretory IgG kappa multiple myeloma (MM) and a history of
autologous stem cell transplantation 3 years before imaging. Patient had received radiation therapy
to L1 vertebral body 2 years ago, and has been on maintenance therapy (carfilzomob, pomalidomide,
and dexamethasone) for 6 months. WB-MRI images failed to demonstrate any osseous lesion, but
showed a 12 mm extramedullary lesion deep to right parotid gland (arrow) on coronal high b-value
(b = 800) DWI MIP image (A). Fused coronal DWI MIP and T1-weighted Dixon image (B) confirms the
finding (arrow). Axial ADC map (C) confirms diffusion restriction (mean value of 0.8 ( x 1073 mm?/s).
Note areas of marrow infarction at bilateral proximal tibial metaphysis (arrowheads, (B)).

One of the main advantages to WB-DWTI is that it provides an excellent visual contrast
between the normal marrow and bone marrow lesions, differentiating them with a higher
sensitivity than the conventional MRI sequence, radiologic skeletal survey, or PET/CT
scan [45-47]. For example, lesion conspicuity is greater in DWI as compared to the con-
ventional T1-MRI and STIR sequences, and has a higher lesion detection rate compared to
PET/CT [48,49].

DWI was able to identify 11% more patients than PET/CT in a cohort of 227 patients,
and had a sensitivity of 77% versus 47% in PET/CT compared to a conventional MRI
and CT in a smaller study of 24 patients [50]. WB-DWI also offers an excellent interob-
server agreement for quantifying the disease burden in MM, both for the whole-body
assessment and regional evaluation for any location across the body [48,51]. This supe-
riority offers a substantial impact on treatment planning and patient classification, and
it allows clinicians to make better decisions [35,52]. Importantly, WB-DWI has also been
found to be useful in differentiating the stages of monoclonal gammopathies [35,52]. In
addition, WB-DWI provides more reliable differentiation between benign tumors and
pathological vertebral compression fractures [49]. DWI differentiates benign vertebral body
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collapse from malignant fractures with a reported sensitivity and specificity of 95.6% and
90%, respectively [36,48].

Figure 2. WB-MRI in a 75-year-old woman with mixed active and treated disease. (A) Sagittal T1-WI
shows a lesion (black arrow) in the posterior and inferior L2 vertebral body. (B) Sagittal STIR image
shows the L2 lesion (black arrow), as well as at several other sites of disease (thin white arrows) that
were not obvious on the T1-WL. (C) Coronal T1 Dixon Fat image shows the L2 lesion (black arrow)
and another lesion in the right ischium (white arrow). (D) Fused b800-Dixon image shows increased
signal at L2 (black arrow) and to a lesser extent at the ischial lesion (white arrow).

DWI-MRI is also useful in evaluating treatment efficacy, remission, and prognos-
tication. ADC images, similar to other functional imaging modalities, account for the
heterogeneous pathologic distribution and patchy marrow infiltration in MM (which is
accentuated after relapse) [53], and thus can help to monitor the treatment response in
MM patients.

With effective treatment, responders show an increased ADC value at 4-6 weeks post-
treatment: hemorrhage, edema, vascular congestion, and liquefaction necrosis from tumor
cell death contribute to an increased diffusivity [35,46]. ADC then decreases at 20 weeks
after therapy, due to a reappearance of normal fatty marrow. Conversely, patients who are
resistant to therapy show a persistent marrow hyperintensity on DWI, and hypointensity
on ADC images [35,37,54,55].

DWI images have also been proven to detect prognostically relevant residual focal
lesions with a higher sensitivity than PET and PET/CT [56,57]. For a diffuse pattern of
myeloma infiltration, there are controversies regarding the correlation between the ADC
signal and therapy response, as some studies support its use [47] while others do not [47,58].
A previous study has related this issue to the slower transition from replaced to recovered
fatty marrow in focal MM lesions that make it possible to be captured when imaged
post-treatment [36]. WB-MRI with DWI also offers a quantitative analysis of the entire
bone marrow after treatment, which is invaluable for clinicians directing further need for
therapies and remission.
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The limitations of WB-DWI include some issues with a definitive identification of
lesions, and with resolution. The ADC value of MM lesions increases early after effective
treatment, and for an interpreter who is blind to previous exams, this might resemble a
hemangioma. However, when previous images are not available, corresponding T1 and
T2-weighted imaging solves this issue. Additionally, DWI suffers from some limitations
in resolution, rendering, and field of view (FOV). Therefore, when interpreted with the
available anatomical data, DWI is an important support for MM, and should be added to
morphologic imaging sequences in WB protocols; and it currently cannot be relied on as a
stand-alone imaging modality [49].

2.3. IVIM MRI

IVIM theory was first introduced by Le Bihan et al. more than two decades ago,
describing the role of the perfusion effects on the significant signal decay at b-values of less
than 300 s/mm? [59]. The recorded ADC value is influenced by a combination of tissue
microarchitecture/cellularity and perfusion. Given that the routine clinical implementation
of DWI does not include a complete set of b-values (low, intermediate, and high), it
does not provide information on the perfusion component of the signal derived from the
imaged tissues [59].

As previously mentioned, in MM, the impact of the perfusion component on the ADC
value seems to be larger than the effect of hypercellularity; hence, IVIM may be even more
promising than DWI for MM patients [59]. IVIM decontaminates the ADC maps from the
so-called “pseudo-diffusion” (D*), and marks out a part of the ADC signal that arises from
any process other than diffusion, which is predominantly microperfusion at the capillary
level. By taking three or more DWI images that are set at low, intermediate, and high
b-values, two or more ADC maps could be generated, where ADC maps of low to moderate
b-values reflect a combination of perfusion (D*: pseudo or enhanced diffusivity) and true
diffusion (D). Subtracting these ADC maps will achieve tissue vascularity, which would be
of added value to predict prognosis and assess treatment response in MM.

IVIM parameter D, the molecular diffusion coefficient, has been reported to be signifi-
cantly higher in a diffuse pattern of myeloma marrow infiltration [60]. IVIM parameters
are also associated with serum levels of biomarkers, showing that IVIM could be another
useful tool for the prognostication of disease activity in MM [61].

2.4. Marrow Fat Quantification Techniques

Recently, gradient echo-based Dixon MRI as a fat quantification method approach
has been evolved to include the generation of four separate image types: in-phase (IP),
out-of-phase (OP), water-only (WO), and fat-only (FO) [62-64]. This method has been
used for anatomical WB-MRI in MM, and it has several benefits over conventional T1- or
T2-weighted imaging. The fat fraction is obtained using OP and IP images, and it can
be efficient for both the lesion detection and the response assessment of bone lesions in
MM patients [62]. It also has been shown that T2 Dixon fat-only Dixon images are more
efficient by providing higher lesion detection rates compared to in-phase images alone in
multiple myeloma [65].

2.5. Whole-Body Dynamic Contrast-Enhanced MRI (WB-DCE MRI)

WB-DCE MRI refers to the acquisition of serial images pre- and post-contrast adminis-
tration, which can provide functional data on marrow infiltration in MM. WB-DCE MRI
data can be computed into time-signal intensity curves providing a quantitative assessment
of myeloma marrow infiltration, which could be valuable for diagnosis, prognosis, and
monitoring treatment response. With regard to diagnosis, higher peaks and steeper slopes
of WB-DCE MRI curves are associated with a higher percentage of plasma cell infiltra-
tion [66—68]. Prior studies have also found WB-DCE MRI curves to be well-correlated with
MM disease activity and serum biomarkers [67]. In terms of prognosis, the relative signal
enhancement of marrow in SMM predicts its rapid progression into symptomatic disease,
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and more severe enhancement in progressive MM predicting a shorter progression-free
survival [69,70]. After treatment, persistent abnormally elevated peaks of marrow enhance-
ment and the foci of early enhancement portend disease progression or relapse (poor
treatment response) [71]. Due to the paucity of research on standard acquisition protocols
and reporting systems, WB-DCE MRI is not presently recommended for daily practice [72].

3. 18F-Fluorodeoxyglucose Positron Emission Tomography (18FDG PET)
3.1. 8 FDG PET

8F-fluorodeoxyglucose (FDG) is the most commonly used radiotracer in PET imaging
for MM [73]. FDG uptake, which is widely semi-quantitatively assessed via the maxi-
mum standardized uptake value (SUVmax), is known to be correlated with biological
tumor aggressiveness [74]. I8EDG PET may over- or underestimate MM disease activity;
for example, over-calling pathologic fractures or under-identifying small sized lesions.
Moreover, SUVmax measures '8 FDG uptake in a single-voxel region of interest, which
might emit a distorted signal due to noise, reconstruction protocols, and post-processing
(if applicable). Additionally, a single-voxel measurement may not be representative of
marrow disease in its entirety [75]. Reporting SUVmean and SUVpeak instead of SUVmax
addresses these setbacks, but is rarely performed in clinical practice [76]. Additionally,
recent studies have suggested that measuring total lesion glycolysis (TLG) and metabolic
tumor volume (MTV) may represent the tumor burden/activity and the patient’s prognosis
more accurately [77,78]. However, these measurements can be time-consuming and not
routinely performed in clinical practice. Hybrid imaging and adding the morphological
data from CT or MRI into the functional data from PET imaging resolves these issues to a
considerable extent.

3.2. BFDG PET/CT

18FDG PET/CT is a sensitive diagnostic modality for both medullary and extramedullary
plasma cell dyscrasias, and can accurately detect MM lesions, assess treatment response,
and predict prognosis and progression in MM [77,79-81]. The wider employment of '¥FDG
PET/CT has also resulted in a significantly increased detection rate for extramedullary MM
at diagnosis compared to older imaging techniques [82].

The International Myeloma Working Group (IMWG) recently introduced the evalu-
ation of minimal residual disease (MRD) within the multiple myeloma (MM) response
criteria. Currently the most powerful predictor of favorable outcomes over long-term
follow-up, MRD negativity can be assessed both inside and outside of the bone marrow.
Functional imaging techniques such as PET/CT and magnetic resonance imaging (MRI)
serve in sensitive response assessment, and have been shown to be promising in terms of
evaluating the response to treatment. Not only have they helped to assess MRD status
in MM patients, but they also provide a global representation of the tumor burden by
including several prognostic markers in addition to lesion type [83].

The sensitivity of ¥FDG PET/CT for focal MM lesions has been reported to be more
than WB-MRI, roughly estimated at 75% [84]; however, a diffuse pattern of marrow infiltra-
tion is better detected using WB-MRI. Additionally, '8FDG PET/CT was shown to have
more promising results in having a higher impact on clinical decisions than WB-MRI in
MM patients in terms of prognosis and management [85]. In a recent meta-analysis, a high
I8FDG uptake significantly and independently predicted a shorter overall and progression-
free survival in MM patients [81] when considering whole-body burden disease [81].

WB-MRI with DWI provides a non-invasive and quantitative assessment of the entire
bone marrow after treatment. Based on a study by Torkian et al., DWI had a pooled
sensitivity of 78% (95% CI: 72-83) and a specificity of 73% (95% CI: 61-83) in distinguishing
responders from non-responders, emphasizing the prominent role of DWI for treatment
response assessment in patients with MM [86]. In a cohort of 49 cases, WB DWI has been
shown to be more sensitive than ¥ FDG PET/CT for detecting intramedullary lesions in
all regions except the skull, both in patients with a new diagnosis and previously treated
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patients. Additionally, WB DWI has been shown to have a sensitivity equivalent to that of
I8FDG PET/CT for detecting extramedullary lesions [87].

3.3. BFDG PET/MRI

Finally, hybrid BEDG PET/MRI techniques combine the morphological information
provided by MRI and the metabolic and functional data furnished via '¥FDG PET imaging,
which allows for both the ability to detect the marrow foci of myeloma infiltration and to
assess prognosis and treatment response. '8FDG PET/MRI increases the visibility of focal
MM lesions at diagnosis and initial staging, and localizes residual disease activity after
treatment [12]. 8FDG PET/MRI has been reported to have a higher lesion detectability
rate than '8FDG PET/CT in evaluating skeletal lesions [88]. However, Sachpekidis et al.
concluded that these two techniques are equally sensitive in detecting MM lesions [89]. As
with WB-DCE MR], there are few studies on a standard acquisition protocol and reporting
system in I8EDG PET/MRI for MM; thus, further studies are warranted to test repeatability
and validity before ¥ FDG PET/MRI can be considered as a viable tool in a routine imaging
work-up of MM.

4. Conclusions

In the last two decades, novel imaging techniques have been developed or employed
for MM to provide more information that can guide not only diagnosis and staging, but
also treatment efficacy. These imaging techniques, due to their low invasiveness and
high reliability, have gained significant clinical attention and have changed the clinical
practice. The development of functional MRI sequences such as diffusion weighted imaging
(DWI) and Intravoxel Incoherent Motion (IVIM) has made the functional assessment of
lesions feasible.

DWI-MRI provides a high utility tool for not only the diagnosis and initial staging of
plasma cell dyscrasias such as MM, but also for the evaluation of treatment efficacy and for
re-staging. It can reliably detect tissue hypercellularity with high sensitivity, challenging
the use of other procedures or imaging modalities for the management of MM. Therefore,
DWI-MRI presents a promising option for clinicians engaged in the management of plasma
cell dyscrasias like MM.
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Abstract: Background: Cutaneous manifestations of systemic diseases are diverse and sometimes
precede more serious diseases and symptomatology. Similarly, radiologic imaging plays a key
role in early diagnosis and determination of the extent of systemic involvement. Simultaneous
awareness of skin and imaging manifestations can help the radiologist to narrow down differential
diagnosis even if imaging findings are nonspecific. Aims: To improve diagnostic accuracy and
patient care, it is important that clinicians and radiologists be familiar with both cutaneous and
radiologic features of various systemic disorders. This article reviews cutaneous manifestations and
imaging findings of commonly encountered systemic diseases. Conclusions: Familiarity with the
most disease-specific skin lesions help the radiologist pinpoint a specific diagnosis and consequently,
in preventing unnecessary invasive workups and contributing to improved patient care.

Keywords: dermatology; systemic; cutaneous; radiologic features; congenital; genetic; autoimmune;
vasculitis; neoplasms; multidisciplinary

1. Introduction

Systemic disorders often present with both cutaneous and radiologic findings. Some
presenting skin lesions are disease-specific (e.g., shagreen patch in tuberous sclerosis); oth-
ers signify internal organ involvement (e.g., erythema nodosum in sarcoidosis, tuberculosis,
or inflammatory bowel disease). These cutaneous manifestations sometimes precede more
serious findings and should prompt clinicians to investigate further systemic involvement
by radiologic examinations. Familiarity with dermatologic signs of these disorders can help
radiologists interpret imaging findings more precisely. This may result in early diagnosis
of the disease entity and obviate further, often invasive, diagnostic testing, ultimately
improving patient management [1-3].

This article aims to provide a review of both dermatologic and radiologic manifes-
tations of various systemic diseases, emphasizing findings that are disease-specific. We
describe characteristic radiologic findings of common systemic disorders through a mul-
timodality approach after a brief overview of clinical and dermatologic manifestations.
Disease entities are broadly categorized into three areas: (1) autoimmune/inflammatory
disorders and vasculitides, (2) genetic/congenital disorders, and (3) neoplasms (Table 1).
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Disorder

Table 1. Clinical, Dermatologic, and Imaging Findings in Systemic Diseases.

Clinical and Dermatologic Findings

Autoimmune/Inflammatory Disorders and Vasculitides

Atrophic dermal papules of dermatomyositis

Imaging Findings

Dermatomyositis

(Gottron papules), Gottron sign, heliotrope rash, V

sign, shawl sign, calcinosis cutis

Proximal nailfold erythema, capillary loop dilation

and dropout, ragged cuticles
Esophageal dysmotility
Myositis
ILD
Malignancy

Calcinosis cutis
Feathery edema-like SI of the muscles
NSIP, OP, UIP

Sarcoidosis

Lupus pernio
Erythema nodosum
Lung nodules and adenopathy neurosarcoidosis
Bone lesions
Raynaud’s phenomenon

Reticulonodular lung opacities with upper lobe
and peri-lymphatic distribution
Leptomeningeal enhancement
Lacy lytic bone lesions

Scleroderma (diffuse
systemic sclerosis)

Celiac disease

Skin tightening
Sclerodactyly
Calcinosis cutis
Dilated bowel/esophagus
Pulmonary hypertension
ILD
Dermatitis herpetiformis

Soft-tissue calcifications and acro-osteolysis
Lack of peristalsis and esophageal dilation
NSIP and UIP

Psoriasis
Intestinal manifestations
Palpable purpura

Small-bowel dilation
Reversal of jejunal and ileal folds

Granulomatosis with
polyangiitis (Wegner’s)

Subcutaneous nodules
Pyoderma-gangrenosum-like ulcerations
Lung lesions and hemoptysis
Glomerulonephritis
Peripheral neuropathy, mononeuritis multiplex
Chronic sinusitis and saddle nose deformity

Bilateral cavitary lung lesions with a
ground-glass halo sign
Mucosal thickening
Nasal septal perforation

Hyperostosis

Polyarteritis nodosa

Palpable purpura
Painful nodules on lower legs
Livedo reticularis
Medium-sized artery vasculitis
Oral and genital ulcers

Microaneurysms and constrictions of
medium-sized arteritis (beaded appearance)

Behcet’s disease

Ocular findings
Vasculitis
CNS lesions

Genetic/Congenital Disorders

Thickening of the aorta and SVC
Bilateral pulmonary artery aneurysms
Basal ganglia and brainstem lesions

Facial angiofibroma

Tuberous sclerosis
complex

Hypopigmented macules
Shagreen patches
Periungual fibromas
Osseous abnormalities
CNS hamartomas
Renal AML
Pulmonary LAM

Tubers, RMLs, SENs, SEGAs of brain
Focal sclerotic bone lesions
Hypertrophic osteoarthropathy
Fat-containing renal mass

Thin-walled lung cysts

Neurofibromatosis type 1
(NF-1)

Sturge-Weber syndrome

Café-au-lait spots
Freckling (axillary or inguinal)
Lisch nodules
Neurofibromas
Optic nerve and other gliomas
Skeletal abnormalities

Port-wine stains

Peripheral nerve sheath tumors including

cutaneous, spinal, plexiform neuroma
Diffuse thickening of the nerve

Leptomeningeal capillary malformation
Glaucoma

Parieto-occipital cortical hemiatrophy
Tram-track calcification
Calvarial thickening
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Table 1. Cont.

Disorder Clinical and Dermatologic Findings Imaging Findings
Craniofacial hemangiomas
PHACES syndrome Posterior fossa malformatl.ons Ipsﬂaterz.al cerebellar hemisphere dy§pla31a
Cerebrovascular anomalies Major cerebral vessels dysplasia
Eye anomalies
Basal cell carcinomas Keratocystic odontogenic tumors
Basal cell Palmoplantar pits

nevus syndrome

Skeletal abnormalities
Brain abnormalities

Ribs and metacarpals abnormalities
Medulloblastoma, falx cerebri calcification

Hereditary hemorrhagic
telangiectasia

Recurrent epistaxis
Multiple telangiectasias
Arteriovenous malformations

Bilateral well-defined lung opacities with
lobulated shapes
Ground-glass nodule

Birt-Hogg-Dube
syndrome

Fibrofolliculomas, trichodiscomas, acrochordons
Lung cysts (pneumothorax)
Renal cysts

Bilateral basilar predominant, thin-walled cysts
abutting pleura and pulmonary vessels

McCune-Albright
syndrome

Cafe’-au-lait macules
Fibrous dysplasia
Endocrine dysfunction

Medullary ground-glass lytic lesions with thin
cortices
Various sclerotic to cystic pattern

Fong (Nail-patella)
syndrome

Hypoplastic nails, triangular lunulae
Hypoplastic patellae
Focal segmental glomerulosclerosisLester iris

Bilateral absence of patellae
Posterior iliac horns (Fong’s prongs)
Subluxation of radial heads

Maffucci syndrome

Multiple enchondromatosis (Ollier disease)
Venous malformations

Multiple osteochondromas

Buschke—Ollendorff
syndrome

Dermatofibrosis lenticularis disseminata
Osteopoikilosis
Melorheostosis

Bony islands and multiple sclerotic lesions
cause mottled appearance
Cortical thickening with undulating bone

Peutz-Jeghers syndrome

Mucocutaneous pigmented macules
Hamartomatous polyps

Multiple intraluminal filling defects on
barium study

Neoplasm

Melanotic melanoma

ABCDE features

Enhancing lesions if they contain a sufficient
amount of melanin
Multiple well-defined lung nodules

Kaposi sarcoma

Erythematous or violaceous macules,
plaques, nodules
Pulmonary involvement
Gastrointestinal involvement

Nodular enhancing masses
Peribroncovascular nodules and halo sign

ILD = interstitial lung disease; SI = signal intensities; NSIP = nonspecific interstitial pneumonia; OP = organizing
pneumonia; UIP = usual interstitial pneumonia; CNS = central nervous system; SVC = superior vena cava;
RML = radial migration lines; SENs = subependymal nodules; SEGAs = subependymal giant cell astrocytomas;
ABCDE = asymmetry, irregular border, color variegation, diameter greater than 6 mm, and evolving morphology.

2. Autoimmune/Inflammatory Disorders and Vasculitides
2.1. Dermatomyositis

Dermatomyositis (DM) is a rare autoimmune disease occurring with a bimodal peak
incidence of 5-15 at 40-60 years of age with a 2:1 female: male predominance. DM is
characterized by skin lesions and myositis [4-6]. Skin lesions in DM are often pruritic
or burning, photosensitive, and precede myopathic symptoms in 50% of patients [5,7].
Atrophic dermal papules of dermatomyositis (ADPDM, formerly Gottron papules) are
pathognomonic violaceous papules and plaques, sometimes with subtle scale, found on
the interphalangeal joints of the hands (Figure 1A) [7]. Additional pathognomonic findings
include Gottron sign (erythematous macules or patches over the extensor joints) and the he-
liotrope rash (periorbital erythema with edema, most often affecting the upper eyelids) [7].
Other characteristic skin findings in DM include V sign (erythematous, confluent papules,
and plaques over the lower anterior neck and upper chest), shawl sign (violaceous or
erythematous papules and plaques over the posterior shoulders and upper back), calcinosis
cutis, and nailfold changes (periungual erythema, capillary loop dilation and dropout, and
ragged cuticles) [5-7].
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(D)

Figure 1. Dermatologic and radiologic images representative of dermatomyositis: (A) Flat-topped
papules “Gottron’s papules” over the dorsum of the hand of a 19-year-old female. (B) Skin erythema
and ulceration of the knee due to soft-tissue calcifications in a 45-year-old female. (C) AP radiograph
of the same knee displays sheet-like soft-tissue calcifications. (D) Axial chest CT image (lung
window) demonstrates patchy bilateral ground-glass opacities (GGOs) indicative of dermatomyositis-
associated interstitial lung disease (ILD) (arrows).

A large body of evidence exists substantiating an association between dermatomyosi-
tis and malignancy, and newly diagnosed patients should be screened for underlying
malignancy. Screening typically involves a comprehensive review of the patient’s history,
physical examination, and basic labs followed by CT imaging of chest/abdomen/pelvis in
cases of high suspicion. Features associated with an increased risk of malignancy include
older age at onset (>45), male sex, dysphagia, cutaneous necrosis, cutaneous vasculitis,
rapid onset myositis, and elevated inflammatory markers [8,9].

Magnetic resonance imaging (MRI) has become a fundamental noninvasive tool for
assessment of myositis. MRI provides information to diagnose subclinical disease, estimate
disease chronicity, detect optimal site for biopsy, and evaluates treatment response. How-
ever, its application is still limited due to cost and availability [4,9-11]. Multifocal areas
of hyperintensities on fluid-sensitive sequences and areas of enhancement on contrast-
enhanced fat-saturated T1-weighted images (TTWI) are seen in active disease. Fatty atrophy
(chronic disease) is best visualized on T1-weighted sequences [9-11]. Soft-tissue calcifica-
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tions with varying patterns, including nodular, reticular, amorphous, and sheet-like, occur
in up to 70% of patients with DM, predominantly children (Figure 1B). If there is diagnostic
uncertainty, plain radiographs are recommended for the initial detection of soft-tissue
calcinosis due to their high sensitivity, availability, and low cost (Figure 1C) [4].

Thoracic complications occur in >50% of patients and include interstitial lung disease
(ILD), aspiration pneumonia, and hypoventilation [6]. While ILD can present as reticu-
lonodular opacities on radiograph, high-resolution computed tomography (HRCT) of the
chest is able to differentiate between predominant patterns with higher diagnostic accuracy.
These patterns of ILD, which may coexist (Figure 1D) [4] include (A) nonspecific interstitial
pneumonia (NSIP, with imaging characteristics of ground-glass opacification (GGO) with
reticulation and traction bronchiectasis), (B) organizing pneumonia (OP, seen as periph-
eral bilateral consolidation and patchy GGOs) and to a lesser extent (C) usual interstitial
pneumonia (UIP, manifesting as peripheral reticulation, traction bronchiectasis, and honey-
combing), all with basilar predilection. Another complication of DM is the involvement of
pharyngeal muscles, which may result in dysphagia, and aspiration pneumonia. This could
be measured by an esophagogram, which is a dynamic fluoroscopic swallow study [4,6].

2.2. Sarcoidosis

Sarcoidosis is a granulomatous disease with unknown etiology and variable preva-
lence, with a predilection for African American women in their third to fifth decades
of life [12-15]. Patients may be asymptomatic or experience a wide spectrum of multi-
organ involvement [13,14] demanding radiologic investigation for diagnosis and follow-
up [12,13,15]. Twenty to thirty-five percent of patients with sarcoidosis develop skin lesions,
which often manifest at the onset of systemic illness and, thus, can provide diagnostic
clues. Specific skin lesions are those with epithelioid granulomas without associated inflam-
mation on histopathology (e.g., lupus pernio, Darier—-Roussy). Erythema nodosum (EN,
reported in up to 25% of cases) consists of tender self-limiting erythematous subcutaneous
nodules most commonly present on the shin. Lupus pernio (LP) describes characteristic
chronic violaceous indurated papulonodules with central face distribution. It is strongly
associated with extracutaneous involvement, specifically pulmonary disease [12,14-16].
Sarcoid may also present as firm, well-demarcated, skin-colored to violaceous papules with
a predilection for the face (Figure 2A). Of note, sarcoidosis has been reported to mimic
other diseases, including herpes zoster, chronic cutaneous lupus erythematosus, ichthyosis,
and psoriasis [17].

Thoracic involvement is seen in nearly 90% of patients with chronic sarcoidosis, and
usually presents with symmetric, bilateral, hilar, and right paratracheal adenopathy with
amorphous or cloud-like calcified lymph nodes (Figure 2B). Parenchymal involvement and
pulmonary embolism are other chest manifestations of sarcoidosis. Parenchymal involve-
ment usually reveals bilateral, symmetric, small, rounded opacities with apical predomi-
nance on chest radiography. Irregular (2-5 mm) nodules with perilymphatic predilection
causing irregular micronodular thickening of fissures and interlobular septa can be seen on
HRCT. Parenchymal involvement can progress to irreversible disease manifesting as mid-
to upper lung reticular opacities radiating from the hila (Figure 2C) [13,14,18-20].

Bone involvement mostly affects phalanges and toes with a pathognomonic lacy lytic
appearance (Figure 2D), or less commonly, purely lytic lesions. MRI is more sensitive when
evaluating appendicular skeleton, axial skeleton, and marrow involvement. MRI can show
variable-sized with T1 hypointensities and T2 hyperintensities (Figure 2E). Chronic or
healed lesions may present with signal intensities consistent with fat or fibrosis [13-15,18].
Cardiac sarcoidosis accounts for up to 85% of sarcoidosis-related deaths in Japan. Cardiac
involvement patterns on late-gadolinium-enhanced cardiac MRI is nonspecific. However,
it is mostly seen as patchy and multifocal late gadolinium enhancement in the basal
segments of the septum and the lateral wall. On Fluorodeoxyglucose—positron emission
tomography (FDG-PET), active inflammation is seen as 18F-FDG uptake with or without a
perfusion defect [14].
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Figure 2. Dermatologic and radiologic images characteristic of sarcoidosis: (A) Skin-colored papules
on mucosal and cutaneous lips seen in a 19-year-old male with skin sarcoidosis. (B) Axial chest HRCT
image (lung window) of a 56-year-old male demonstrates multiple areas of bronchiectasis, cysts, and
architectural distortion consistent with end-stage pulmonary sarcoidosis. (C) Axial chest CT image
(soft-tissue window) in a 35-year-old male showing calcified hilar lymph nodes (arrows). (D) AP
radiograph of the hand of a 45-year-old male demonstrates lacy lytic osseous sarcoid of multiple
phalanges (arrow). (E) Sagittal T1-weighted image (T1WI) of the thoracic spine in a 40-year-old
woman shows multiple well-circumscribed sarcoid marrow lesions (arrows). (F) Coronal contrast-
enhanced TIWI of the brain of a 42-year-old male shows leptomeningeal enhancement (arrow).

Neurosarcoidosis (NS) can occur in any part of the brain. Cranial neuropathy is the
most common CNS presentation, and the optic nerve is the most commonly involved
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nerve, which may be seen on MRI as thickening of the nerve with abnormal enhance-
ment [13,14,18]. Intraparenchymal findings most commonly present as multiple small
T2-hyperintense and T1-hypointense foci within the periventricular white matter. Plaque-
like or nodular thickening of the hypothalamus and pituitary gland with T1 isointensity, T2
hypointensity, and marked enhancement may also present on MRI. Leptomeningeal and
dural involvement are seen, respectively, as enhancing nodular (Figure 2F) and plaque-like
thickening on postcontrast T1-weighted fat-saturated sequences. Dural nodularities also
manifest as foci of hypointensity on T2-weighted images (T2WI). In early disease, spinal
cord involvement presents as nodular leptomeningeal enhancement along the spinal cord.
Late manifestations of cord involvement include elongated eccentric intramedullary T1
hypointensity and T2 hyperintensity with patchy post-contrast enhancement, typically in
the cervicothoracic spine, with subsequent cord atrophy [13,14,21].

2.3. Scleroderma

Scleroderma, or systemic sclerosis, is an autoimmune fibrosing disorder, consisting of
two subsets: diffuse cutaneous systemic sclerosis (dSSc; a systemic disease characterized
by widespread involvement of any organ system with a prevalence of 20/100,000 and
peak incidence in females between 30 and 50 years old), and limited cutaneous systemic
sclerosis (1cSSc; a disease characterized by manifestations of the CREST syndrome (cal-
cinosis cutis, Raynaud phenomenon, esophageal dysmotility, sclerodactyly (Figure 3A),
and telangiectasia). Cases without skin changes but other systemic manifestations have
been reported as well and are described as systemic sclerosis sine scleroderma [22-24].
The skin is the main organ involved in scleroderma, and disease subsets are differentiated
by the degree of skin involvement [23]. Raynaud’s phenomenon, cutaneous sclerosis,
nailfold and fingernail alterations, cutaneous ulcerations, telangiectasias, “salt and pepper”
hyper/hypopigmentation (Figure 3B), and calcinosis cutis are common skin manifestations
seen in scleroderma patients [4,23]. Cutaneous sclerosis begins in the fingers, extends
proximally to the metacarpophalangeal joints, and affects the face at an early stage. The
skin becomes pale and hairless as the skin folds disappear. The current literature sup-
ports using high-frequency ultrasound for quantitative and reliable evaluation of dermal
thickness in patients with SSc. Dermal thickness has been shown to be inversely corelated
with blood perfusion. Additionally, US elastography has been shown to be of value in the
evaluation of the skin in SSc [23,25-29]. Claw hands (Figure 3A), thin lips, sharp nose, and
a characteristic “mouse face” appearance can result from this [23].

Morphea, previously called localized cutaneous sclerosis (LSc), is a distinct disorder
from systemic sclerosis and causes limited sclerosis of the skin (Figure 3C) with rare
subcutaneous tissue and bony involvement. Patients with morphea do not typically have
diffuse skin involvement or systemic manifestations. Due to confusion with SSc and to
decrease patient anxiety, use of “localized scleroderma” is discouraged [22].

Soft-tissue and musculoskeletal manifestations include hand edema, acro-osteolysis
(involving palmar surface with progression to pencil-tip appearance), calcinosis (Fig-
ure 3D,E), flexion contractures, and arthralgias [4,23]. Bone resorption may also be seen
at the ribs, distal radius and ulna, distal clavicle, and mandible [23]. The GI tract can
be involved from the esophagus to anus in patients with SSc. Up to 90% of SSc patients
have significant esophageal motility abnormalities. Esophagogram shows a patulous and
dilated esophagus, with no peristalsis, and the presence of gastroesophageal reflux [4,23].
Esophageal dilation and shortening below the level of the aortic arch can be seen on the clas-
sic chest radiograph. Dilated tubular esophagus without peristalsis with gastro-esophageal
junction widening and contrast medium regurgitation back to the esophagus may be seen
on barium swallow [29].

Pulmonary involvement is the leading cause of death in SS¢ and most commonly in-
cludes SSc-related ILD (SSc-ILD) and pulmonary hypertension. SSc-ILD is characterized by
conventional radiography showing faint bibasilar reticulation to thick peripheral interstitial
opacification accompanied by traction bronchiectasis and volume loss [23]. HRCT has a
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higher sensitivity for detecting SSc-ILD, including mostly NSIP and UIP [6,23]. Reticulation
with a predilection for posterior basilar aspects of the lower lobes is seen in both UIP and
NSIP (Figure 3F). GGOs and microcytic honeycombing are characteristic of NSIP and UIP,
respectively; however, they can be found in both [4,6,23].

(E) (F)

Figure 3. Dermatologic and radiologic images representative of scleroderma: (A) Taut shiny skin
affecting the arms and hands with associated contractures of the fingers of a 56-year-old female
patient with SSc. (B) “Salt and pepper” hyper/hypopigmentation of SSc in a 50-year-old female on
the chest. (C) Indurated bound-down atrophic linear plaque with alopecia on the forehead and scalp
of a 19-year-old female consistent with linear morphea. (D) AP radiograph of the hand of a 42-year-
old female demonstrates soft-tissue calcifications and acro-osteolysis of the scleroderma. (E) Axial
chest HRCT image (soft-tissue window) in a 42-year-old male shows the right back musculature
calcinosis (arrow). (F) Axial chest HRCT image (lung window) in 38-year-old male demonstrates
fine reticulonodular opacities (arrow) consistent with scleroderma-associated nonspecific interstitial
pneumonia (NSIP).
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2.4. Celiac Disease

Celiac disease (CD) is an autoimmune disorder reaching a 1% incidence in most
populations caused by gluten sensitivity. It is associated with intestinal and extraintestinal
manifestations, including osteoporosis, iron deficiency, and skin lesions [30,31]. The most
commonly associated skin manifestations are dermatitis herpetiformis (DH) and psoriasis.
DH, seen in more than 85% of patients, is a chronic relapsing vesiculobullous skin disease.
It is characterized by symmetric, pruritic, erythematous papules, and vesicles with a
predilection for the extensor surfaces of the extremities, scalp, and buttocks (Figure 4A).
Psoriasis is also associated with CD and is characterized by well-demarcated erythematous,
silver-scaled plaques on extensor surfaces [30].

©

Figure 4. Dermatologic and radiologic images illustrative of Celiac disease: (A) Clustered vesicles
over the bilateral extensor elbows of a 25-year-old female compatible with dermatitis herpetiformis.
(B) Fluoroscopic small-bowel follow-through in a 22-year-old female demonstrates reversal of jejunal
and ileal folds with more prominent folds in the ileum (arrow). (C) CT enterography coronal image
(soft-tissue window) in a 42-year-old female shows thickening of the small-bowel folds (arrow).

Intestinal involvement is the leading cause of morbidity, mainly secondary to mal-
absorption as well as an increased risk for mucosa-associated lymphoid tissue (MALT)
lymphoma [25]. Small bowel follow-through under fluoroscopy shows jejunal dilation,
fold thickening, decreased jejunal fold with increased ileal fold (so-called “reversal of fold
pattern”), hypomotility, and transient intussusceptions (Figure 4B) [32,33]. CT and MRI are
more sensitive and can better delineate bowel wall thickening, mesenteric lymphadenopa-
thy, duodenojejunal fatty proliferation, hypervascular mesentery, and hyposplenism. CT
enterography (CTE) with intravenous and oral contrast can show ulcers, strictures, mucosal
enhancement, increased splanchnic circulation, dilated vasa recta, reversed jejunoileal fold
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pattern, and ileal fold thickening (Figure 4C) [32-34]. MR enterography (MRE) has shown
comparable sensitivity to CTE for the diagnosis of intestinal inflammation and has been
used for the diagnosis of CD and its complications, particularly malignancy [31,33].

2.5. Granulomatosis with Polyangiitis

Granulomatosis with polyangiitis (GPA, formerly Wegener’s granulomatosis) is a
rare necrotizing granulomatous vasculitis, which is associated with positive cytoplasmic
antineutrophil cytoplasmic antibodies (c-:ANCAs). GPA primarily affects small vessels in
the upper and lower respiratory tracts and kidneys, and medium-sized arteries. The peak
incidence is from 46 to 60 years of age, with equal prevalence in males and females [34-36].
Skin involvement is seen in about 50% of patients and is polymorphous, including palpable
purpura (cutaneous small vessel vasculitis is most common) (Figure 5A), nodules, vesicles,
and necrotic lower extremity ulcers on a background of livedo reticularis. Pyoderma-
gangrenosum-like ulcerations are a less common finding (Figure 5B) [34].

(A)

© (D)

Figure 5. Dermatologic and radiologic images representative of polyangiitis: (A) Palpable cutaneous
purpura with retiform eschars and ulceration in a 42-year-old male. (B) Ulcer with jagged under-
mined borders in a 26-year-old female with granulomatosis with polyangiitis resembling pyoderma
gangrenosum. (C) Axial chest HRCT image (lung window) of a 36-year-old male demonstrates bilat-
eral cavitary lung lesions with a ground-glass halo, suggesting surrounding hemorrhage (arrows).
(D) Coronal maxillofacial CT (bone window) of a 41-year-old female shows sequelae of chronic
sinusitis secondary to granulomatous inflammation, including septal perforation (arrow) and left
maxillary sinus hyperostosis (arrowheads).

GPA affects the lungs in about 50-90% of patients [35]. Chest radiograph is able
to detect large pulmonary nodules. HRCT shows more detailed pathologies, including
variable-sized nodules (+cavitation) and GGOs (Figure 5C). Smooth or nodular thicken-
ing of the tracheobronchial tree, occasionally multifocal, causes luminal narrowing. The
tracheal posterior membrane and subglottic region are most commonly involved [35,36].
Nearly all patients with GPA have ear, nose, and throat involvement at early stages of
the disease [35]. Sinonasal involvement manifests as mucosal thickening, bony erosions,
and neo-osteogenesis, which together are specific for GPA. Mucosal nodular thickening
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most commonly involves the maxillary sinuses and is mostly detected on MRI. Erosion and
punctuate areas of bone destruction primarily involve the anterior ethmoidal region and is
best visualized by CT [35,36]. Saddle nose deformity and perforation of the nasal septum
can be present (Figure 5D) [29]. In 6% of patients, contiguous spread of inflammation can
lead to the involvement of the skull base, resulting in cranial neuropathy, and is seen as
cranial nerve enhancement and thickening on MRI [35,36].

2.6. Polyarteritis Nodosa

Polyarteritis nodosa (PAN) is a rare systemic ANCA-negative vasculitis involving
small-to-medium-sized muscular-walled arteries with peak incidence in the fifth to sixth
decades of life. The kidneys, skin, peripheral nerves, and gastrointestinal tract are most in-
volved. Tissue biopsy along with clinical and laboratory data is diagnostic for PAN [36-39].
In one-third of patients, cutaneous manifestations are the primary feature of the disease.
Common skin manifestations include palpable purpura, livedo reticularis, and nodules
(Figure 6A). In addition, some patients might only manifest cutaneous lesions without
systemic involvement, termed cutaneous PAN. The most frequent of these manifestations
is the presence of nodules on the lower legs, which are often found in different stages of
development. Less common skin features include urticaria, superficial phlebitis, distal
necrosis, and splinter hemorrhages [39].

(B)

©

Figure 6. Dermatologic and radiologic images representative of polyarteritis nodosa: (A) Painful
clustered subcutaneous nodules and plaques on the foot of a 36-year-old female. (B) Mesenteric
angiogram shows the beaded appearance of multiple mesenteric arteries (arrow). (C) Coronal CT
angiogram of the abdomen showed a beaded appearance of bilateral renal arteries (arrows).

Imaging can assist with the early diagnosis of PAN. Catheter angiography, CT angiog-
raphy (CTA), and MR angiography (MRA) can be used to evaluate disease burden, evaluate
cases where tissue biopsy is inconclusive or limited, and assess mesenteric (Figure 6B) or
renal circulation (Figure 6C). Possible findings include multiple aneurysms (1-5 mm) and
irregular constrictions occurring at small- and medium-sized arterial bifurcations. Unlike
conventional angiography, CTA and MRA are less invasive and capable of evaluating
arterial wall thickening and end-organ damage [36-38].
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2.7. Behcet’s Disease

Behcet’s Disease (BD) is a systemic vasculitis of unknown etiology involving different-
sized vessels presenting between the second and fourth decades of life with a higher
prevalence around the historical Silk Road. Since various organs may be involved, use of
appropriate imaging modalities is mandatory for the assessment of disease extent [40,41].
BD is marked by recurring oropharyngeal ulcers, genital ulcers, and ocular involvement.
Earlier onset of mucocutaneous manifestations in BD indicates a worse prognosis [42].
Oral and genital involvement manifests as recurrent painful vesiculopustules evolving into
apthous ulcers (Figure 7A,B). Oral ulcerations are often large and appear in groups, with
frequent recurrence. Genital ulcers are smaller and occur less frequently. Other common
cutaneous lesions include erythema-nodosum-like nodules, pseudofolliculitis, papulopus-
tular lesions, acneiform nodules, and superficial thrombophlebitis (Figure 7C,D) [41,42].

(A) (B)

(© , (D)

(E) (¥)

Figure 7. Dermatologic and radiologic images illustrative of Behcet’s disease. (A) Ulceration on
the tongue of a 52-year-old male. (B) Scrotal ulcerations and erosions (C) Image of the forearm of
a 35-year-old male showing a positive pathergy test. (D) Acneiform eruption with residual post-
inflammatory hyperpigmentation. (E) Axial HRCT of the chest with contrast in the lung window
shows multiple bilateral pulmonary artery aneurysms (arrow). (F) Sagittal FLAIR MRI of the brain
displays pontine involvement in neuro-Behget’s disease (arrow).
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Vascular involvement in BD includes venous and arterial occlusion and aneurysmal di-
lation involving the abdominal aorta and pulmonary arteries. Early-stage findings include
irregular wall thickening, perivascular fat stranding, and delayed mural enhancement,
whereas late-stage features of arterial vasculitis include stenosis and aneurysmal formation
on CT and MRI. Multiple, bilateral pulmonary artery aneurysms are a rare but charac-
teristic feature of BD (Figure 7E), which may present as parahilar nodular opacities on
chest radiograph. CTA/MRA delineate vessels and collaterals, the presence of thrombus,
and evidence of mediastinal involvement [40,43]. CNS disease manifests in 10-50% of
patients. Acute attacks initially involve the basal ganglia or brainstem, with extension
to the diencephalic structures, and show contrast enhancement and scattered areas of T2
hyperintensity (Figure 7F). Months later, small scattered hyperintense lesions present in
the periventricular white matter [40,43].

3. Genetic/Congenital Disorders
3.1. Tuberous Sclerosis Complex

Tuberous sclerosis complex (TSC) is a hamartomatous disease due to a mutation of
TSC1/ TSC2 genes with a prevalence between 6.8 and 12.4/100,000. It commonly involves
the CNS, heart (rthabdomyomas in 50-65% of patients), kidneys, and lungs [2,15,44-47].
A number of skin lesions are diagnostic for TS, including facial angiofibromas (malar
hamartomatous red nodules) (Figure 8A), hypopigmented macules (“ash leaf spots” and
“confetti” lesions), shagreen patches (grayish-green/ light brown lesions in the lumbosacral
region), and periungual fibromas (“Koenen tumors”, soft periungual nodules) [2,15,45,46].

CNS involvement mostly includes tubers, white matter radial migration lines (RMLs),
subependymal nodules (SENs), and subependymal giant cell astrocytomas (SEGAs). Cere-
bral tubers are commonly multiple and bilateral with frontal lobe predilection. They
appear from infancy to adulthood, ranging from T1 hyperintensity to T1 hypointensity
and from T2 hypointensity to T2 hyperintensity. Calcified lesions are considered to have
T2 hypointensity. On CT, tubers are hypodense [2,46,47]. RMLs, extending outward from
the ventricular surface toward the cortex, appear as curvilinear or straight T2/FLAIR
hyperintensities on MRI (Figure 8B). SENs are hamartomas usually scattered along the
ependymal surface of the lateral ventricles with a predilection for the foramen of Monro;
SENSs are considered to have T1 hyperintensity and T2 isointensity (hypointensity if calci-
fied). Head CT in children detects more than 80% of calcified SENs. SEGAs are low-grade
vascular tumors that are frequently bilateral and located near the foramen of Monro, with
the potential to cause severe hydrocephalus. SEGAs are iso- or hyperdense on CT with
frequent calcifications and T1 hypo/isointensity and T2 hyperintensity on MR imaging
with intense enhancement [2,46,47].

Renal involvement includes angiomyolipomas (AMLs), which are composed of vary-
ing amounts of blood vessels, smooth muscle, and fat, and occur in 55-75% of TSC patients,
and are commonly multiple and bilateral. On ultrasonography, AMLs are homogeneous or
heterogeneous hyperechoic lesions. Propagation velocity artifact is diagnostic for AMLs.
CT and MRI are more specific for diagnosis by detection of macroscopic fat. CT scan can
detect areas with fat attenuation. On MRI, bulk fat is seen as T1 and T2 hyperintensity,
corresponding to T1 and T2 fat-suppressed hypointensity. Peripheral linear signal loss,
termed India ink artifact, is seen on T1-weighted opposed-phase images (Figure 8C) [46,47].

Thoracic manifestations include lymphangioleiomyomatosis (LAM; 1-3%). LAM
almost exclusively occurs in women, and is characterized by diffuse, thin-walled, well-
circumscribed lung cysts of varying sizes and uniform distribution in bilateral lungs
(Figure 8D). They are associated with recurrent pneumothoraxes, chylothoraces, and
enlarged lymph nodes [2,46,47]. Skeletal manifestations of TS include focal or diffuse,
irregular cyst-like lesions, with peripheral sclerosis (found on conventional radiographs
or HRCT) and periosteal new bone formation occurring in the short tubular bones, spine,
pelvis, and calvaria (hyperostosis of the inner table) [15,47].
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Figure 8. Dermatologic and radiologic images characteristic of tuberous sclerosis (TS): (A) Confluent
small angiomatous (erythematous, glistening) papules on the cheek and nose of a 44-year-old man
consistent with neurofibromas of TS. These lesions were not present during the first few years
of life. (B) Axial FLAIR MRI of the brain shows linear hyperintensity extending radially from
the left subcortical white matter to the gray-white junction, representing subependymal tubers
(arrow). (C) Coronal TIWI of the abdomen demonstrating a large fat-containing right renal mass,
representing angiomyolipoma (arrow). (D) Coronal HRCT of the chest demonstrates innumerable
thin-walled cysts in a diffuse distribution and a right pneumothorax. Findings are consistent with
lymphangioleiomyomatosis (LAM) with spontaneous pneumothorax.

3.2. Neurofibromatosis Type 1

Neurofibromatosis type 1 (NF1, von Recklinghausen’s disease) results from a mutation
of the neurofibromin gene (incidence 1:2500-1:3000). Manifestations generally occur dur-
ing the first decade of life [15,48-50]. Hallmark cutaneous manifestations of NF1 include
café-au-lait spots (well-defined and homogenous brown macules or patches), freckling
(axillary or inguinal) (Figure 9A), Lisch nodules (benign iris hamartomas), and neurofi-
bromas [15,49,50]. Cutaneous neurofibromas are benign tumors that develop during
childhood, can occur with pruritis, and range in number from several to thousands of
lesions (Figure 9B) [15,50].
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Figure 9. Dermatologic and radiologic images representative of neurofibromatosis type 1 (NF1):
(A) Café-au-lait macules on the upper arm and multiple small macules on the axillae (axillary “freck-
ling”). (B) Coronal post-contrast TIWT of the brain demonstrates diffuse cutaneous neurofibromatosis.
(C) Axial T2WI of the brain shows diffuse thickening of the left optic nerve (arrow), consistent with
optic glioma. (D) Sagittal T2WI of cervical spine demonstrates intraneural foraminal neurofibro-
mas (arrow). (E) Sagittal TIWI of cervical spine in a 56-year-old male demonstrates plexiform
neurofibroma (arrow).

Malignancies, including gliomas and peripheral nerve sheath tumors (PNFs), oc-
cur 4-6 times more commonly in NF-1 patients than in the general population. MRI is
commonly used for the evaluation of neoplastic lesions [50]. Optic gliomas (pilocytic astro-
cytoma) are the most common tumor in NF-1 (18%) and can occur bilaterally [15,43,44]. On
MR, gliomas are seen as T1-hypointense and T2-hyperintense with variable contrast en-
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hancement (Figure 9C). Gliomas in NF-1 have also been reported in the cortex, cerebellum,
and basal ganglia [50].

Neurofibroma, the most common benign tumor in NF-1, is a peripheral nerve sheath
tumor and includes cutaneous, subcutaneous, spinal, and plexiform neurofibromas [15,51].
Spinal neurofibromas, usually originating from cervical peripheral nerves, show T1 hy-
pointensity and T2 hyperintensity with intense contrast enhancement and may contain
central necrosis (Figure 9D) [44]. Plexiform neurofibromas grow along nerves longitu-
dinally, may undergo malignant transformation, and can cause hyperostosis of nearby
osseous structures [15,50]. On MRI, masses show T1 hypointensity and T2 hyperintensity
with variable enhancement and central hypointensity (target sign) (Figure 9E) [49,50]. Some
patients with NF-1 develop malignant peripheral nerve sheath tumors that mostly arise
from plexiform neurofibromas. Characteristic findings include a large size, lack of a target
sign, irregular shape, and unclear margins seen as T1 hyperintensity with inhomogeneous
or poor enhancement on MRI [15,49,50]. Structural brain changes include macrocephaly,
increased white matter, enlargement of the corpus callosum, cerebral asymmetries, and
unidentified bright objects (presenting as T2 hyperintensity without mass effect) [50].

3.3. Sturge—Weber Syndrome

Sturge—Weber syndrome (SWS; encephalotrigeminal angiomatosis) is a sporadic dis-
ease characterized by unilateral facial capillary malformation (port-wine stain), eye involve-
ment, and brain abnormalities [47,51,52]. Port-wine stains are blanching dermal venular
malformations (pink-to-bright-red patches and plaques) that classically present unilaterally
in the first branch of the trigeminal nerve (forehead, eyelids, temple), but occasionally may
involve the neck, chest, trunk, and limbs (Figure 10A) [2,51,52].

(@) (D)

Figure 10. Cont.
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(E)

Figure 10. Dermatologic and radiologic images representative of Sturge-Weber syndrome:
(A) Sharply marginated port-wine stain involving V1-V2 distribution. (B) Axial FLAIR MRI of
the brain shows atrophy of the left parietal and occipital lobes (arrow). (C) Axial FLAIR MRI of the
brain depicts diffuse atrophy of the left cerebral hemisphere. (D) Axial susceptibility-weighted MR
image of the brain demonstrates corresponding loss of signal in the left parietal and occipital lobes
(arrow), likely secondary to microcalcifications. (E) Sagittal CT of the brain demonstrates tram-track
calcifications of the parasagittal parieto-occipital lobe (arrow) in a 21-year-old male.

In patients with SWS and leptomeningeal venular malformations, characteristic
radiologic findings include decreased perfusion of the cortex and white matter with
progressive severe ipsilateral parieto-occipital cortical hemiatrophy, calcification, lateral
ventricle choroid plexus enlargement, calvarial thickening, and sinus hyperpneumati-
zation [2,46,51,52]. MRI shows extent of the pial angioma [46,51]. Contrast-enhanced
T2-weighted FLAIR images improve detection of leptomeningeal disease compared to
post-contrast T1-weighted images (Figure 10B,C). Bone marrow signal changes are also
observed in the skull or facial bones in the majority of young patients [46]. Calcification
is better visualized on CT (Figure 10D) and susceptibility-weighted MR imaging (Fig-
ure 10E). Tram-track or railroad-track calcification of the adjacent sulci is also visible on
skull radiographs [51,52].

3.4. PHACES Syndrome

PHACES syndrome is a neurocutaneous vascular disorder [53] observed in 2-3% of
infantile hemangioma cases with a 9:1 female predilection [52,54]. It is described as posterior
fossa malformation, infantile hemangioma (IH), arterial anomalies, cardiac defects, eye, and
sternal abnormalities, which rarely all coexist simultaneously [52-54]. Facial hemangiomas
are the hallmark of PHACES syndrome. IHs can be absent or present at birth but often are
visible by the end of infancy. IHs associated with PHACE syndrome are large (>5 cm) or
segmental. Hemangiomas in PHACE syndrome usually occur on the face, affecting regions
of facial developmental prominences, especially the cephalic segment [53,54].

Extracutaneous manifestations of PHACES syndrome mostly include structural brain
and cerebrovascular anomalies, leading to severe morbidity [46]. Structural brain anomalies
include hypoplasia or agenesis of the posterior fossa (Figure 11A,B), cerebrum, corpus
callosum, or septum pellucidum [52-54]. Cerebrovascular anomalies include hypoplasia,
absence, or an abnormal course of major cerebral vessels, persistent embryonic arteries, and
aneurysms. Arterial anomalies are much more common than venular anomalies [53,54].
MRI and MRA of the brain and neck are diagnostic modalities if PHACE syndrome
is suspected [53,54].
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(A)

Figure 11. Radiologic images illustrative of PHACES syndrome: (A) Axial TIWI of the brain in a
19-year-old male shows right periorbital cutaneous and deep subcutaneous hemangioma (arrow) and
ipsilateral right cerebellar hemisphere hypoplasia (arrowheads). (B) Coronal T2WI of the brain on
the same patient demonstrates right cerebellar hypoplasia (arrow).

3.5. Nevoid BCC Syndrome (NBCCS)

Nevoid BCC syndrome is an autosomal dominant (AD) disorder also known as basal
cell nevus syndrome or Gorlin-Goltz. NBCCS arises from the mutation of PTCH1, PTCH?2,
or SUFU genes, causing overstimulation of the sonic hedgehog signaling pathway and
development of benign and malignant neoplasms [2,15,55]. Patients with NBCCS present
primarily in the third decade of life with skin-colored or pigmented dome-shaped basal cell
carcinomas resembling benign nevi, with a predilection for sun-exposed areas. Asymmetric
palmar and plantar pits (shallow depressions in stratum corneum) are early diagnostic
clues present in approximately 85% of patients [2,15].

Keratocystic odontogenic tumors (75% of patients), are aggressive cystic lesions located
more frequently in the mandible (Figure 12A) [15]. Other skeletal features include rib
abnormalities (bifid, fused, hypoplastic, or splayed) mostly involving the third to fifth ribs
(Figure 12B), thoracocervical vertebral fusion, occipitovertebral junction malformations,
flame-shaped phalangeal lytic bone lesions, and shortened fourth and fifth metacarpals
(Figure 12C) [2,15,49]. Desmoplastic medulloblastoma is an important associated tumor
typically positioned laterally in the cerebellar hemispheres. Other imaging findings include
early calcification of the falx cerebri (Figure 12D) and osseous bridging of the sella turcica,
which are best seen on CT scans [2,15].

3.6. Hereditary Hemorrhagic Telangiectasia

Hereditary hemorrhagic telangiectasia (HHT), also known as Osler-Weber-Rendu
syndrome, is an AD disorder. HHT is characterized by recurrent epistaxis, mucocutaneous
and visceral telangiectasias, and arteriovenous malformations (AVMs) [56,57]. Epistaxis,
caused by nasal mucosa telangiectasia, is the most common manifestation of HHT and
is often apparent by age 10. Skin involvement appears by the age of 40 as multiple
telangiectasias of the lips, tongue, face, trunk, arms, and fingers (Figure 13A-C) [56,58].

The arteriovenous malformations in HHT are direct connections between the pul-
monary artery and vein through a thin-walled aneurysm without any capillary vessels.
They often present as well-defined homogeneous opacities and lobulated enlarged arteries
and veins on chest radiographs [50,51]. CT shows ground-glass nodules, with solid com-
ponents and the architecture of the feeding artery and vein (Figure 13D,E). An enhanced
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phase with thin slice thicknesses is also acquired from the upper abdomen to evaluate the
presence of hepatic vascular fistulas (Figure 13F) [58].

3.7. Birt-Hogg—-Dube’ Syndrome

Birt-Hogg-Dube * syndrome is an AD disorder caused by mutations in the folliculin
tumor suppressor gene. BHD presents with cutaneous lesions, renal tumors, and lung
cysts that may lead to spontaneous pneumothorax [59-62]. Cutaneous findings of BHD
include fibrofolliculomas and trichodiscomas (benign hamartomas of hair follicles) and
acrochordons (skin tags). These findings classically appear in the third and fourth decade of
life, often affecting the face, neck, and trunk. Fibrofolliculomas typically appear as 2—4 mm
skin and white, smooth, dome-shaped papules, or as comedonal or cystic variants [59,60].

(A) (B)

© (D)

Figure 12. Radiologic images illustrative nevoid basal cell carcinoma syndrome: (A) Axial CT of
the maxillofacial in bone window in a 24-year-old male demonstrates a left odontogenic keratocyst
(arrow). (B) Frontal chest radiograph shows multiple bifid ribs (arrows). (C) AP radiograph of the
hand presents a shortened fifth metacarpal bone (arrow). (D) Axial CT of the head in soft-tissue
window demonstrates falx calcifications (arrow).
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(E) (¥)

Figure 13. Dermatologic and radiologic images illustrative of hereditary hemorrhagic telangiectasia:
(A,B) Mucosal telangiectasia in a 38-year-old male. (C) Telangiectasias over the fingers. (D) Sagittal
and (E) axial contrast-enhanced chest CT of a 17-year-old male demonstrates pulmonary AVM
(arrows). (F) Coronal contrast-enhanced CT of the abdomen shows hepatoportal AVM (arrow).

Lung cysts on chest CT are characterized by multiple well-defined, thin-walled cysts of
various shapes and sizes (<1 cm). These cysts most commonly occur bilaterally with lower
and medial lobe predominance. Subpleural (Figure 14A) and fissural cysts, those involving
the costophrenic sulci, as well as cysts abutting pulmonary veins or arteries, are helpful in
diagnosis. The surrounding lung parenchyma is usually normal [61,62]. The most ominous
complication of BHD syndrome is renal cancer occurring in renal cysts (Figure 14B), which
should be evaluated by CT or MRI [62].
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(A) (B)

Figure 14. Radiologic images representative of Birt-Hogg-Dube syndrome: (A) Coronal CT of the
chest in lung windows in a 44-year-old male demonstrates multiple bilateral basilar predominant
lentiform cysts abutting the pleura (arrow). (B) Axial contrast-enhanced CT of the abdomen shows
two left renal cysts (arrow).

3.8. McCune-Albright Syndrome

McCune-Albright syndrome (MAS) is a rare congenital disorder caused by a mu-
tation in the GNAS1 gene with a mosaic pattern that primarily affects females. MAS is
characterized by the clinical triad of fibrous dysplasia (FD; monostotic or polyostotic),
skin abnormalities (classical cafe “-au-lait skin pigmentation), and hyperfunctioning en-
docrinopathies (most commonly precocious puberty) [15,63,64]. MAS presents primarily
with skin changes. Shortly after birth, classic cafe "-au-lait macules or patches manifest with
jagged irregular borders that have been compared to the coastline of Maine. These lesions
often occur in the lumbosacral area and buttocks and tend to be unilateral (ipsilateral to
skeletal lesions) [15,64].

Fibrous dysplasia typically presents during childhood and in 50% of cases manifests
in the craniofacial bones, pelvis, femur, and tibia. FD extends from the marrow to the cortex
as irregular enlargement with polycyclic or multiloculated appearance. Classic imaging
findings include medullary ground-glass lytic areas (Figure 15A,B) with thin cortices and
endosteal scalloping. The pattern may vary from predominantly sclerotic to cystic. A
characteristic sign of FD is the “shepherd’s crook” deformity of the femur, which is caused
by multiple cortical microfractures [15,63,64]. MRI findings of FD include intermediate-
to-low signal intensity on TIWI and intermediate-to-high signal intensity on T2WI and
STIR images [63,64].

3.9. Fong Disease

Fong disease, also known as nail-patella syndrome (NPS), is an AD condition affecting
mesodermal and ectodermal tissue. NPS is caused by mutations in the LIM homeodomain
transcription factor, which results in developmental defects of the glomerular basement
membrane (nephropathy), dorsoventral limb structures, nails, and the anterior segment of
the eyes [65-69]. Nail dysplasia (triangular nail lunulae) and patellar aplasia or hypoplasia
are diagnostic features of NPS. Nail dysplasia usually presents at birth as anonychia,
hemianonychia, longitudinal ridging and splitting, and spoon-shaped flaky nails. The
thumbs typically show the most severe symptoms [66,69].

Characteristic quartet radiographs findings of “NPS knee” include: patellar aplasia or
hypoplasia, anterior surface flattening of the medial femoral condyle, and a short lateral
femoral condyle with anterior surface prominence on lateral radiograph (Figure 16A,B).
Genu valgus leading to early symptomatic knee arthritis may also occur [66,69]. Luxation
of the radial head (Figure 16C) and (“Frog’s prongs”) posterior iliac horns (Figure 16D) are
other common imaging findings of NPS [66-69].
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(A) (B)

Figure 15. 24-year-old female with McCune—-Albright syndrome: (A) coronal and (B) axial maxillo-
facial CT demonstrate ground-glass expansile appearance of bony structures, a representation of
craniofacial fibrous dysplasia.

(A) (B)
f -

© (D)

Figure 16. Radiologic images characteristic of Fong (nail-patella) syndrome: (A,B) AP radiographs
of the knees in a 14-year-old male demonstrate a bilateral absence of patellae. (C) Radiograph of the
forearm in a 56-year-female displays the absence of the radial head (arrow). (D) AP radiograph of the
pelvis presents bilateral posterior iliac horns (arrows).
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3.10. Maffucci Syndrome

Maffucci syndrome (MS) is a congenital nonhereditary disorder of early mesodermal
dysplasia, typically appearing before puberty. MS is characterized by multiple enchondro-
matosis (Ollier disease), venous malformations (hemangiomas and lymphangioma), and
malignant transformation [15,70]. Cutaneous lesions of MS are dark blue or skin-colored
patches, or nontender nodules, which arise from capillary or cavernous hemangiomas of
the subcutaneous tissues. These lesions primarily affect distal extremities (especially hands
and feet) and can be associated with phleboliths, which are typical calcifications of the
vessels [15,70]. The association between phleboliths and multiple enchondromas on hand
radiographs is characteristic of Maffucci syndrome [71].

Enchondromas are benign-appearing radiolucent lesions, occurring asymmetrically
on the metacarpals and phalanges of the hands (Figure 17). Radiographs demonstrate
expansile remodeling of the adjacent bone with cortical thinning and endosteal scalloping.
Tumors outside of the phalanges (commonly involving long bones of the arms and legs)
show chondroid matrix mineralization with ring-and-arc calcifications. These lesions
may present as a diffusely punctuated or stippled pattern or have a light trabeculation
appearance [15,71,72]. The major complication of enchondromatosis is chondrosarcoma.
Imaging findings of chondrosarcoma include deep or extensive endosteal scalloping with
cortical erosion and periosteal reaction with an enhancing soft-tissue component that is
best seen on MRI [71,72].

Figure 17. A 30-year-old male with Maffucci syndrome: AP radiograph of the hand demonstrates
multiple enchondromas.

3.11. Buschke—Ollendorff Syndrome

Buschke-Ollendorff syndrome (BOS) is a rare, often benign, autosomal dominant
skin disorder. BOS is characterized by connective tissue nevi and osteopoikilosis (OPK)
sclerotic bony lesions. BOS is caused by a mutation of the LEMD3 gene, affecting bone
morphogenesis, and the TGF-b gene, affecting skin elastin formation [15,73-75]. Skin
lesions typically appear on the extremities, trunk, lower back, and buttocks within the
first year of life. OPK often occurs after puberty at the end of long bones or phalanges,
and also in tarsal and carpal spongiosa bones [15,76]. Cutaneous findings of BOS include
dermatofibrosis lenticularis disseminate, characterized by symmetrical yellow or skin-
colored small papules, or more frequently, larger yellowish nodules with an asymmetrically
grouped distribution (Figure 18A) [15,73,75].

OPK are asymptomatic dense “bony islands” (Figure 18B) presenting as numerous
well-defined symmetric densities. These lesions are found incidentally on radiographs as
sclerotic densities and give the bone a mottled appearance. In some cases, OPK lesions
resemble osteoblastic metastases. However, normal bone scintigraphy in OPK excludes
other differential diagnoses [15,73-75]. Melorheostosis (Figure 18C), another BOS associa-
tion, is a dense, irregular, eccentric hyperostosis of the cortex with a distinct demarcation
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border that causes irregular thickening of cortical bone with a melting wax appearance on
imaging [73,76,77].

Figure 18. A 60-year-old female with Buschke-Ollendorff syndrome: (A) Connective tissue nevi
on lower back. (B) Sagittal CT of the lumbar spine shows multiple bone islands (arrows). (C) AP
radiograph of the right knee represents melorheostosis of the tibia (arrow).

3.12. Peutz-Jeghers Syndrome (PJS)

Peutz—Jeghers syndrome (PJS) is a rare AD disease caused by a mutation in the STK11
tumor suppressor gene. PJS is characterized by benign gastrointestinal hamartomatous
polyps, mucocutaneous pigmentation, and a high tendency for malignant transforma-
tion [78,79]. It is associated with an increased risk of GI malignancies (colon, pancreas,
small bowel, gastroesophageal, and stomach) and extraintestinal malignancies (breast,
gynecologic, pancreatic, lung, and testis (Figure 19A)) [80-83].
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Figure 19. Dermatologic and radiologic images representative of Peutz-Jeghers syndrome:
(A) Ultrasound of the testis in a 22-year-old male demonstrates testicular lipomatosis (arrow).
(B) Multiple dark brown lentigines on the mucosal lips and buccal mucosa. (C) Coronal MR enterog-

raphy depicts multiple small-bowel polyps (arrow).

Mucocutaneous pigmented macules often precede GI symptoms, occur in infancy,
and are found predominantly around the mouth, nostrils, fingers, toes, and both dorsal
and volar aspects of hands and feet. Macules are dark brown or blue-brown (Figure 19B),
1-5 mm in size, and found in 95% of patients with PJS. While cutaneous lesions tend to
fade after puberty, oral buccal mucosal pigmentations are usually persistent [81-83]. Clini-
cally, PJS polyps cause colicky abdominal pain and lower GI bleeding. Radiographically,
polyps are pedunculated with a typical lobulated pattern at enteroscopy or colonoscopy,
presenting as iso- to hyperechoic intraluminal masses on CT and causing multiple nodu-
lar filling defects on fluoroscopic study. MR enterography demonstrates T2-isointense
intraluminal masses, which are homogeneously enhanced after contrast administration
(Figure 19C) [82,83].

4. Neoplasms
4.1. Melanotic Melanoma

Melanoma is a highly invasive cutaneous cancer that is well-known for early metastasis
arising from small primary tumors with a 5-year survival rate of 27%. Primary melanomas
often arise in sunlight-exposed areas within a pre-existing melanocytic nevus or occur de
novo and are divided into pigmented (melanotic) and nonpigmented (amelanotic) subtypes.
They may represent one or more of the following ABCDE features: asymmetry, an irregular
border, color variegation, a diameter greater than 6mm, and evolving morphology [84-86].
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Metastatic melanomas most commonly present near the surgical site of previous
lesions as macules, papules, or nodules, or may manifest as firm palpable nodules that
may be subcutaneous (Figure 20A). Additionally, melanomas may present as angiomatoid
metastasis (soft-tissue mass with hemorrhagic and necrotic components) (Figure 20B) or
hematoma-like metastases with ecchymosis [87]. Melanoma often spreads to regional
lymph nodes (Figure 20C) via lymphatics but can spread hematogenously to the liver, lung,
and brain [85,87]. Brain metastases are best depicted on post-contrast MRI; as melanin
reduces T1WI relaxation time, lesions with an adequate amount of melanin represent high
SI on TIWI (Figure 20D), which is an uncommon finding in other cancers.

©

(D)

Figure 20. Dermatologic and radiologic images illustrative of melanoma: (A) PA radiograph of the
foot of a 26-year-old female demonstrated soft-tissue swelling of the great toe with mild calcification
medial to the great toe distal phalanx (arrow). (B) Large and irregular exophytic plaque on the sole of
the left foot. Biopsy confirmed melanoma. (C) Sagittal CT of the neck (soft-tissue window) shows
a necrotic metastatic lymph node (arrow). (D) Sagittal post-contrast TIWI of the brain depicts an
enhancing intracranial metastasis (arrow).

Fluorodeoxyglucose—positron emission tomography (FDG-PET) is another modality
commonly used in detecting metastatic foci, revealing high FDG uptake due to increased
metabolic activity [1,84-87]. A novel machine-learning-based model known as radiomics
allows for the translation of the medical images to quantitative data. Radiomic features of
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18F-FDG-PET have been investigated in recent studies to predict prognosis in patient with
metastatic melanoma before immunotherapy treatment [1,84-88].

4.2. Kaposi Sarcoma

Kaposi sarcoma (KS) is a low-grade endothelial neoplasm associated with human
herpesvirus 8 (HHV-8) infection. This vascular tumor affects blood vessels and lymphatic
channels, manifesting as one of four clinical subtypes: classic KS (sporadic or Mediter-
ranean), endemic KS (African), iatrogenic KS (immunosuppression-related), and epidemic
KS (AIDS-related). KS is currently the most prevalent AIDS-related malignancy. KS skin
involvement is polymorphous, ranging from violaceous macules and papules (Figure 21A)
to exophytic tumors with associated lymphedema. AIDS-related KS also frequently affects
the upper body, head, and neck [88-93]. Twenty-two percent of patients manifest oral
cavity lesions as the presenting sign. Oral KS presents simultaneously with cutaneous and
visceral involvement in up to 71% of patients with HIV. Lesions are polymorphic and most
frequently affect the hard palate, gingiva, and dorsal tongue [92].

(A) (B)

(D)

Figure 21. Dermatologic and radiologic images representative of Kaposi sarcoma: (A) Red-purple
plaques and nodules on the face of a 28-year-old male. (B) Axial contrast-enhanced CT of the
neck demonstrates diffuse soft-tissue thickening overlying the right mandible (arrow). (C) Sagittal
contrast-enhanced CT of the abdomen shows splenomegaly (arrow) with heterogeneous enhancement
proved to be splenic involvement by Kaposi sarcoma. (D) Coronal CT of the chest shows marked
peribronchovascular distribution of the tumor with scattered parenchymal nodularity (arrow).
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While classic and endemic KS is often restricted to skin manifestations, iatrogenic
KS and AIDS-related KS frequently involve visceral organs. The most notable sites of
involvement include the GI tract, lymph nodes, lung, and liver (Figure 21B). A characteristic
imaging finding of AIDS-related KS is prominent enhancement after contrast injection.
Enlarged enhancing lymph nodes are found in 80% of patients with disseminated KS.
Hepatosplenomegaly and periportal hyperechoic nodules with associated enhancement
on delayed scans are seen on CT and MRI (Figure 21C). Chest CT shows symmetrical ill-
defined nodules (Figure 21D) with peribronchovascular distribution (flame-shaped lesions)
and surrounding ground-glass opacities (halo sign) [90,91,93].

5. Conclusions

Various systemic conditions have specific or nonspecific dermatologic and imaging
features. Simultaneous consideration of imaging findings and dermatologic manifestations
helps in more precise imaging interpretation and narrows down the differential diagnosis
toward the final diagnosis. Sometimes the cutaneous manifestation of a systemic disease
is predictive of systemic involvement, e.g., pulmonary hypertension and ILD in 1cSSc
vs. dSSc, respectively. Familiarity with the most disease-specific skin lesions help the
radiologist pinpoint a specific diagnosis and, consequently, in preventing unnecessary
invasive workups and contributing to improved patient care.
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Abstract: Osteoarthritis (OA) is the major cause of disability, affecting over 30 million US adults.
Continued research into the role of neovascularization and inflammation related to osteoarthritis in
large-animal models and human clinical trials is paramount. Recent literature on the pathogenetic
model of OA has refocused on low-level inflammation, resulting in joint remodeling. As a result,
this has redirected osteoarthritis research toward limiting or treating joint changes associated with
persistent synovitis. The overall goal of this review is to better understand the cellular and tissue-
specific mechanisms of inflammation in relation to a novel OA treatment modality, Genicular Artery
Embolization (GAE). This article also assesses the utility and mechanism of periarticular neovascular
embolization for the treatment of OA with a particular emphasis on the balance between pro-
angiogenic and anti-angiogenic cytokines, inflammatory biomarkers, and imaging changes.

Keywords: osteoarthritis; genicular artery embolization; embolization

1. Introduction

Traditionally considered a “wear and tear” phenomena of the bone and cartilage,
osteoarthritis (OA) is increasingly understood to represent sequela of chronic inflammatory
processes [1]. As our basic understanding of osteoarthritis pathology broadens, so too
do potential treatment targets. Prior literature has identified that the neovascularization
of joint tissues plays a significant role in the pathology of OA and is a suggested target
for future treatment [2]. Continued research into the role of neovascularization and in-
flammation related to osteoarthritis in large-animal models and human clinical trials is
paramount. Recent literature has shifted the pathogenetic model of OA to refocus on
low-level inflammation, resulting in joint remodeling [3]. Chronic inflammation alters chon-
drocyte function, shifting normal cell signaling to pro-inflammatory cytokines, which in
turn promotes angiogenesis [3]. Multiple small animal models have demonstrated that the
degree of angiogenesis correlates with more severe OA [4-11]. These new vessels may in
turn function as a conduit for continued joint inflammation and new neuronal migration [2].
These nerves are sensitized to pain due to their subjection to hypoxia, inflammation, and
mechanical stress within the joint [12]. This new understanding of the pathophysiology
of OA has served as a target opportunity for new treatment modalities to address gaps
in clinical needs. Development in the pathogenetic model of OA has redirected research
in its treatment and shifted the focus to limiting or treating joint changes associated with
persistent synovitis.
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Okuno et al. have employed targeted neo-vessel embolization to successfully treat
symptomatic osteoarthritis with durable therapeutic response [13]. Early results of genicu-
late artery embolization (GAE) demonstrate improved patient pain and function [14-20].
GAE is hypothesized to limit inflammation and pain in OA via embolization of neo-vessels.
Treatments of neovascularization in osteoarthritis show promise with GAE but will require
robust randomized clinical trials before the utility of this procedure can be fully established.
The overall goal of this review is to better understand the cellular and tissue-specific mech-
anisms of inflammation in relation to a novel OA treatment modality, GAE. We assess
the utility and mechanism of periarticular neovascular embolization for the treatment
of OA with a particular emphasis on understanding the balance between the pro and
anti-angiogenic cytokines, inflammatory biomarkers, and imaging changes.

2. Global Prevalence, Natural History, Risk Factors, Pathophysiology, and
Treatment of OA

2.1. Epidemiology and Economic Burden of OA

Of all types of arthritis, osteoarthritis (OA) is the most common, affecting over 30 mil-
lion US adults [21]. The radiographic incidence of symptomatic knee OA has an incidence
of 4.3% in men and 8.1% in women of all ages. It has been shown that the overall prevalence
of radiographic OA reaches 37.1% [22] with nearly half of people with symptomatic OA
experiencing physical disability. As the population ages, the incidence, prevalence, and
economic burden of its treatment and disability will increase [23]. In the United States, the
number of individuals over the age of 65 is projected to rise to 78 million by 2035 from
49.2 million in 2016 [24]. The prevalence of total knee arthroplasty (TKA) was demonstrated
to be 4.7 million individuals in 2010 with the overall trend being of increasing prevalence
over time [25]. This comes at no small cost, with the annual total hospitalization charges
for TKA nearly quadrupling from $8.1 billion in 1998 to $38.5 billion in 2011 [26]. The
average lifetime direct medical cost for treatment of those diagnosed with OA is estimated
to be $12,400 or 10% of all estimated direct medical expenses for those individuals. Most
of those costs affect the 54% of OA patients who undergo TKA, which on average costs
$20,293, and for patients who require revision surgery, resulting in additional costs aver-
aging $29,388. Non-surgical regimens are estimated between $494 and $684 annually [27].
The skyrocketing costs of an aging population coupled with expanded TKA eligibility have
led Losina et al. to conclude that there is legitimate need for more effective non-operative
therapies [27].

2.2. Natural History, Prognosis, and Imaging of OA

Patients with knee OA can present with joint pain, stiffness, bony crepitus, joint
edema, and physical deformities. Radiographic findings include narrowing of the joint
compartment, osteophytes, and subchondral sclerosis [28]. Current non-operative treat-
ment is limited to physical therapy, oral anti-inflammatories, and intra-articular corticos-
teroid /hyaluronic acid injections. Non-steroidal anti-inflammatories (NSAIDs) are well
tolerated but are not without risk, as they may cause acute renal failure, gastritis, or interfere
with platelet aggregation [29]. Arthroplasty comes with its own risks of perioperative mor-
bidity and mortality [30,31]; hence, this is reserved for severe OA, resulting in significant
lifestyle limitations.

2.3. Pathophysiology: Understanding of the Balance between Pro and Anti-Angiogenic Cytokines,
Inflammatory Biomarkers

While the pathophysiology of knee osteoarthritis has traditionally been described
in the context of inflammation and joint space narrowing, new evidence in the literature
suggests that abnormal blood vessel formation may also play a role. Osteoarthritic pain is
thought to be caused by joint space inflammation, abnormal innervation of synovial struc-
tures and increased sensitization of the central and peripheral nervous systems (Figure 1).
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Figure 1. Understanding of the balance between pro and anti-angiogenic cytokines, inflammatory
biomarkers.

Synovitis may damage underlying tissues by altering chondrocyte function, while
increased angiogenesis and bony remodeling contribute to chronic inflammation in OA [1].
Angiogenesis is the process by which new capillaries are formed from pre-existing blood
vessels and plays an important role in physiologic wound healing. Pathologic angiogenesis
can result in chronic inflammatory conditions and the metastatic spread of tumors [1].
Vasculogenesis, a consequence of angiogenesis, occurs when circulating angioblasts dif-
ferentiate into endothelial cells. Matrix metalloproteinases (MMP) and other cytokines
establish an environment for the new arterioles and venules to form in the perivascular
space [32]. Vascular endothelial growth factor (VEGF) and platelet-derived growth factor
(PDGEF) help maintain blood vessel stability after MMPs create new ostia by destroying
part of the existing endothelium [1]. The process by which endothelial cells proliferate
and localize to avascular spaces are known as “angiogenic sprouting” [3]. In osteoarthritis,
neo-vessels may contribute to persistent inflammation by maintaining oxygen and nutrients
to abnormal endothelial cells as well as giving pro-inflammatory cytokines access to the
local microenvironment [3].

Recent attention has focused on the local microenvironment as it pertains to osteoarthri-
tis. Like generic inflammation, regulatory molecules and cytokines function in a complex,
sophisticated manner to stimulate and/or inhibit angiogenesis [1]. Compounds that up-
regulate angiogenesis include prostaglandin E2 (PGE2), histamine, VEGF, interleukin-1
(IL-1), PDGF, and nitric oxide (NO) [1]. VEGEF is itself stimulated by pro-inflammatory
cytokines, such as IL-1, interleukin 17 (IL-17), tumor necrosis factor alpha (TNF-alpha),
NO, and reactive oxygen species [33]. Some factors that inhibit angiogenesis in the syn-
ovium include chondromodulin-1, interferon gamma (IFN-gamma), interleukin-4 (IL-4),
and tissue inhibitors of MMP-1 and 2 [1]. Chondromodulin 1 and U-995 have been shown
to not only discourage angiogenesis but to prevent endothelial cell production and migra-
tion [32]. Normally, pro-inflammatory and anti-inflammatory cytokines exist in a complex,
homeostatic environment. In certain inflammatory conditions, the balance is tilted toward
pro-inflammatory cytokines. While conventionally associated with other inflammatory
diseases, this net catabolic context may exist in processes that have traditionally been
understood as non-inflammatory, such as osteoarthritis [3].
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Articular cartilage is an avascular tissue. The blood supply to the cartilage is derived
from the adjacent, vascular synovium. Cartilage is a critical component of the joint, as it
helps to evenly distribute high mechanical forces and maintain the structure of the joint
as a unit [28]. Chondrocytes are specifically resistant to angiogenesis, as they secrete anti-
angiogenic factors, such as troponin 1, chondromodulin 1, and matrix metalloproteinase
inhibitors [33]. Normal cartilage is composed of type II collagen. In early osteoarthritis,
there is loss of the proteoglycans and glycosaminoglycans that are normally found in
the extracellular matrix of the chondrocytes. Type X collagen may be involved in the
pathophysiology of endochondral ossification in knee OA. Type I collagen is also present
in vascularized, osteoarthritic knee joint cartilage [34].

Nerve tissue tends to parallel vascular structures. The synovium and subchondral
bone contain sensory nerves, which consist of unmyelinated C fibers. This nervous tissue
functions along with the neuropeptides Substance P and calcitonin gene-related peptide [28].
Mechanical forces, hypoxia, and inflammation may increase nerve sensitivity to pain [12].
Hypoxic conditions stimulate the release of collagen prolyl 4-hydroxylase (P4Halpha(I))
and hypoxia-inducible factor (HIF-1 alpha) [35]. Normal cartilage is not innervated; how-
ever, with pathological vascularization, the perivascular tissue and cartilage may become
innervated and more sensitive to pain [28]. Chondrocytes have been found to possess not
only receptors for substance P and calcitonin generated peptide but also adrenergic recep-
tors and vasoactive intestinal peptide (VIP) receptors. Peripheral nerve fibers are normally
found in periosteal tissue and trabecular bone. These fibers are involved physiologically
in normal developmental processes, such as endochondral ossification and limb forma-
tion. Additionally, they provide sympathetic and sensory innervation, which assists with
healing fractures [36]. Pathologically, the sensory and sympathetic neurotransmitters may
have a role in inflammatory arthropathies, such as rheumatoid arthritis [36]. Sensory and
sympathetic nerve fibers are concentrated in human cartilage associated with tibiofemoral
osteoarthritis and marginal osteophytes. The abnormal nerve fibers have been observed
accompanying abnormal vasculature originating from subchondral bone, extending into
the cartilaginous tissue [36].

2.4. A Review of Translational Animal Models

Larger animal model studies have shown angiogenic invasion to be statistically in-
creased in OA knee joints across the osteochondral junction [8]. McDougall et al. showed
increased angiogenesis in the medial collateral ligament (MCL) in induced OA joints com-
pared to sham joints in rabbits [9]. Jansen et al. showed that following bilateral ACL
transections in rabbits, VEGF was present in the joint cartilage but not present in the car-
tilage of control animals [10]. Bray et al. showed a five-fold increase in blood flow to the
meniscus at four weeks post injury, which was statistically significant compared to control
and sham-operated animals [11].

2.5. GAE: Anatomy of Genicular Arteries

GAE requires a fundamental knowledge of knee vascular anatomy, along with its
variations, for effectively and safely identifying the embolizing target [37,38]. Three main
vessels provide the vascular supply to the knee. The descending genicular artery (DGA)
branching from the femoral artery supplies the superior knee, the anterior tibial recurrent
artery (ATRA) branching from the anterior tibial artery supplies the inferior knee, and
the genicular arteries arising from the popliteal artery supply the remainder of the knee
joint [39]. Because the medial aspect of the joint is the weight-bearing portion of the knee,
the medial knee joint compartment is more commonly affected by OA than the lateral
compartment [37,40,41]. Consequently, the medial genicular branches of the popliteal
artery and the DGA branches are of particular importance, as these vessels are common
targets for GAE [37]. Several studies, however, have shown the high degree of variation in
genicular vessels and DGA [39,40,42-47]. A recent cadaver study by Sighary et al. noted
that although the most common genicular artery pattern was independent branches of the
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superior medial (SMGA), superior lateral (SLGA), inferior medial (IMGA), inferior lateral
(ILGA), and medial genicular artery (MGA) from the popliteal artery, 72% of cadavers had
genicular artery variations [39]. Most variants were related to the origin of the MGA, which
is consistent with previous studies [48,49]. Additionally, the same cadaver study noted
anatomical variations of the DGA and its muscular (MB), articular (AB), and saphenous
branches (SB). Previous plastic surgery literature has created a DGA classification system
of seven subtypes [47,50]. Shighary et al., however, utilized a three-subtype classification
system of DGA that is more oriented toward GAE. In this, the MB was excluded because it
can easily be identified during GAE and is not likely to be a site of nontarget embolization.
In addition, the medial epicondyle and the origin of the DGA from the femoral artery
were used as landmarks for classification and can be easily visualized during GAE. Type A
classification was defined as the division of the AB and SB above the midpoint of the medial
epicondyle and origin of the DGA, and Type B was defined as the division below this
midpoint. Type C classification was defined as separate AB and SB origins from the femoral
artery [39]. Results showed 72% of DGAs were classified as Type B, 24% were classified
as Type A, and 4% were classified as Type C [39]. Angiographic studies also correlate
with these cadaveric findings. In a recent study by Bagla et al., angiographic findings
from 39 GAE procedures showed anatomical variations of the medial and lateral genicular
arteries [38]. Three medial branches (DGA, SMGA, and IMGA) and three lateral branches
(SLGA, ILGA, and ATRA) were analyzed. As opposed to previous classification systems
that focused primarily on the MGA [39,42,43], Bagla et al. created a new classification
system of genicular artery anatomy that excluded the MGA due to its limited perfusion of
the knee. For the medial aspect of the knee, M1 was classified as the presence of all three
medial branches, whereas M2 was classified as the presence of two of the three medial
branches. For the lateral knee, the presence of all three lateral branches was classified as L1
while L2 was classified as the presence of two of the three. This provides a classification
system clinically oriented toward consistent reporting for GAE and better predicting
anastomotic networks [38].

Anastomotic networks between the genicular arteries provide additional complex
variation to the vascular network of the knee. Bagla et al. observed anastomoses in 26.4%
of genicular arteries, with highest rates between the musculoarticular branch of the DGA
and the SMGA /SLGA [38]. Other cadaver studies have observed anastomoses between
the DGA and SMGA and between the IMGA and medial sural artery [41]. Although the
clinical impact of these anastomoses was not discussed, Little et al. noted the impact vessel
anastomoses within the knee vasculature network can have on nontarget embolization [18].
In their prospective pilot study, three cases were reported to have significant retrograde flow
through geniculate anastomoses from the target artery to the popliteal artery, increasing the
risk of embolization of nontarget sites. As a result, these patients were not embolized [18].
Additionally, GAE poses a particular challenge for coil embolizing anastomotic vessels to
prevent nontarget embolization. The knee joint, patella, distal femur, and proximal tibia
receive blood from the geniculate arteries [51]. Combined GAE and coil embolization for
nontarget embolization prevention could result in osteonecrosis, which would provide
poor GAE outcomes and future osseous complications [18]. Additionally, the genicular
arteries provide a collateral network of vessels in peripheral vascular disease [18,43].

Knowledge of knee vascular anatomy is essential for minimizing risk of GAE. A
common side effect of GAE is skin discoloration secondary to cutaneous ischemia from
nontarget embolization of cutaneous arteries. Okuno et al. reported that four patients expe-
rienced transient color change of the overlying skin of the treated knee that spontaneously
resolved by 1 month follow-up [13]. Bagla et al. observed a similar adverse event after
GAE, with 13 of 20 patients noting skin discoloration that self-resolved within 3 months
of GAE [14]. O’Grady et al. and other studies have observed cutaneous supply from the
DGA and SLGA [41,50,52]. Additionally, unavoidable cutaneous branches are present on
the ILGA and IMGA [41]. Little et al. minimized the nontarget embolization of cutaneous
arteries by utilizing ice packs to constrict cutaneous vessels temporarily [18]. As a result, the
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GENESIS study observed a much lower 12.5% [18] rate of skin discoloration compared to
65% [14] and 57% [13] in previous studies. Common origins are also important to consider
for minimizing the risk of nontarget embolization. Common trunks involving the MGA
are especially important, as nontarget embolization may result in damage to the cruciate
ligaments [37,41,43,53]. O’Grady et al. observed three variants of vessels with a common
origin of the MGA: the SMGA (5 out of 20 cadavers), SLGA (4 out of 20 cadavers), and
both the SMGA and SLGA (1 out of 20) [41]. Sighary et al. observed similar results with 45
out of 196 cadavers having an SMGA and MGA common trunk, 31 out of 204 having an
SLGA and MGA common trunk, and 20 out of 204 having an MGA common trunk with
SLGA and MLGA [39]. MSGA and LSGA common trunks must also be considered, as
nontarget embolization of the contralateral side could result [38]. Overall, a comprehensive
knowledge of the knee vascular network is essential for GAE. Recognition of normal and
variant anatomy as well as anastomotic connections can help minimize risks associated
with GAE and reduce procedure time.

2.6. A Continued Need for OA Treatment

Advancements in the pathogenetic model of OA has redirected research into its treat-
ment and shifted the focus to limiting or treating joint changes associated with persistent
synovitis. Okuno et al. has published four studies in human subjects showing that tar-
geted neovessel embolization successfully treated symptomatic osteoarthritis with durable
therapeutic response. Twenty-five patients with radiographic and clinical findings of knee
osteoarthritis underwent the angiography and embolization of identifiable neo-vessels.
These vessels tended to be associated with the synovium, infrapatellar fat pad, medial
meniscus, medial joint capsule, and the periosteum adjacent to the medial condyle. They
were identified as “excessive, disorganized” vascular structures, which often demonstrated
arteriovenous shunting and early venous drainage [16]. Neo-vessels were embolized using
10-70 micrometer imipenem/ cilastatin (IPM/CS) particles or 75 micrometer microspheres
loaded with the same drug. Patients reported substantial pain relief and improvement in
symptoms after embolization. Interestingly, some patients experienced clinical improve-
ment minutes after the procedure, whereas others reported clinical improvement several
weeks to months after treatment [17].

Continued follow-up with magnetic resonance imaging in treated patients demon-
strated significantly improved synovitis. These results suggest that embolization may
function to treat pain and modify disease progression. While the clinical results are promis-
ing, the effect of embolization on laboratory, histological and imaging findings of OA
are not well understood. Imaging studies have similarly coalesced on the association
between OA and synovitis. Separate from any study related to GAE, but speaking more
broadly of synovitis, Macfarlane et al. recently stated, “changes in synovitis, whether
persistently extensive or intermittent, are associated with cartilage damage over time.”
They ultimately conclude, “Since synovitis is a potentially modifiable intraarticular feature,
further research is warranted to assess whether treatment of synovitis mitigates cartilage
destruction” [54]. Results from the Multicenter Osteoarthritis Study (MOST) have created
compelling evidence of synovitis as an independent cause of OA as well as a potential
modifiable contributor to the disease [55]. As it relates to pain, there is early evidence
that there is a direct correlation between the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) pain scale and synovitis [56].

3. New Opportunities in the Treatment of OA

There remains a sizable portion of knee OA patients who do not respond to non-
operative therapy and are not considered good surgical candidates due to associated
comorbidities or early disease stage. Therapeutic embolization for osteoarthritis has had
promising early results [14-20,57,58]. Heller et al. reviewed the technical success, defined
as embolization of at least one target genicular artery, and clinical success of GAE [37].
According to Heller et al., the technical success of GAE has been reported to range from
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84 to 100%, and GAE has shown clinical success based on WOMAC [13,14], KOOS [15,18],
and VAS scores [13,14,18,57]. A recent meta-analysis by Torkian et al. also validated
the therapeutic success of GAE on OA [59]. In the 11 included studies, GAE resulted
in significant improvement of VAS and WOMAC scores. After two years, VAS scores
improved by 80% from pre to postembolization, and WOMAC scores improved by 85%.
Additionally, the number of patients who used pain medication for OA reduced following
GAE [59]. Of note, Torkian et al. also reported a 25.2% overall complication rate of GAE, the
most common being transient cutaneous ischemia. Other adverse events reported include
access-site hematomas, redness of the skin, and transient fever [59].

Despite the technical and clinical success of therapeutic embolization, the mechanism
of action is not well understood. Okuno et al. have shown that targeted geniculate
artery embolization resulted in statistically significant pain relief at 1-month, 4-month,
and 12-month follow-up [17]. Midterm results demonstrated decreased WOMAC scores
following geniculate artery embolization from an average baseline score of 43 +/— 8.3 to an
average post-treatment score of 14 +/— 17 at 24 months [13]. Results also showed improved
functionality and decreased pain symptoms of the knee for up to 4 years follow-up [13].
However, in these same patients, there was no significant improvement in the imaging
appearance of their osteoarthritis on knee MRI as calculated by their WORMS scores nearly
two years after treatment. Whole-Organ Magnetic Resonance Scoring (WORMS) suggests
that although GAE results in a significant reduction in clinical symptoms, the imaging
findings of osteoarthritis remain unchanged. Although the overall WORMS score did not
improve in OA patients following GAE, the MRI appearance of synovitis was one imaging
finding that did improve following GAE [13]. Similarly, a significant improvement in
synovitis following GAE was observed in an interim analysis of GENESIS by Little et al.
from WORMS [18]. Of note, Little et al. also found a significant deterioration in osteophytes
and bone attrition from WORMS analysis, which was not previously reported. This was
explained by the significantly higher median BMI (35) of the four patients who had a
significant deterioration in osteophytes and bone attrition compared to the median BMI
(25.2) of patients in the cohort included by Okuno et al. [13,18,60]. These four patients did,
however, report improvement in the KOOS pain subscale. The overall results from Little
et al. showed a significant decrease in mean visual analog scale (VAS) from 60 to 36 and
45 at 3 months and 1 year, respectively, and a significant improvement in the pain, other
symptoms, function in sport and recreation, and knee-related quality of life subscales of
the Knee Injury and Osteoarthritis Outcome Score (KOOS) questionnaire [18].

Early evidence shows that GAE is a straightforward procedure with less comorbidity
relative to TKA that decreases pain via interruption of the inflammatory pathways and
may also have a disease-modifying effect on the cartilage itself. These findings demonstrate
the potential for neo-vessels as a target for disease-modifying treatment of OA as it relates
to inflammation and synovitis [61-63]. Basic science, animal models, imaging studies,
and early human trials demonstrate a link between synovitis, synovial angiogenesis, and
OA. Our expanding knowledge of OA warrants further investigation of neo-vessels as a
treatment target utilizing embolization therapy. In addition, prior literature has shown
knee embolization to be a safe procedure with low complication rates, which has previously
been used in other settings such as hemarthrosis [64—68].

Given the clinical need for effective non-surgical treatments of OA, evidence linking
synovial neovascularization and the development of osteoarthritis, and clinical improve-
ment in OA symptoms following GAE, future studies should seek to better understand
the mechanisms involved in this burgeoning treatment modality. It has been nearly two
decades since it was demonstrated during unanesthetized knee arthroscopy that “the
anterior synovial tissues, fat pad, and capsule were exquisitely sensitive to the mechan-
ical loading stimulus of the probe” [69], and in the interim, basic science research more
accurately characterized the physiologic and pathologic basis of knee pain. Still, “further
mechanisms by which transcatheter arterial embolization relieves patients’ symptoms re-
main obscure” [17], demanding further study in animal models and ultimately, in humans.
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4. Challenges and Recommendation

Understanding the inflammatory response to embolotherapy of OA will better guide
treatment strategies. Although GAE has shown promise in treating intractable OA pain
resistant to conservative management, the disease modification mechanism of embolization
in OA remains poorly understood. The pathogenesis of OA results from a disturbance in the
intra-articular microenvironment homeostasis toward a pro-inflammatory state associated
with neovascularity and angiogenesis. These neo-vessels are suspected to be responsible for
hyperalgesia in OA patients. However, the causality of these neo-vessels with respect to OA
is not proven nor is the mechanism of action for GAE completely understood. The current
animal models have only proven an association between microscopic neo-vessels and
joints affected by OA. Identifying a similar type of macroscopic radiographically evident
neo-vessel in an OA animal model would further elucidate the pathophysiology of this
phenomenon in humans. Ultimately, continued study of intra-arterial joint embolization
may lead to improved clinical outcomes for OA patients who do not respond to optimized
non-operative therapy and are not considered surgical candidates. Geniculate artery em-
bolization has shown promising early results for the management of mild to moderate OA
of the knee, but expanded randomized controlled trials are needed to better evaluate its po-
tential role in OA treatment. In a recent multicenter, randomized controlled trail, Bagla et al.
showed that GAE significantly reduced pain and improved disability in patients with mild
to moderate OA compared to patients of the sham group [58]. In addition, the Neovascular-
ization Embolization for knee Osteoarthritis (NEO) trial is a randomized sham-controlled
trial that is currently analyzing the safety of GAE for treating OA [70,71]. Correa et al.
recently proposed the Genicular Artery embolization Using imipenem/Cilastatin vs. mi-
crospHere for knee Osteoarthritis (GAUCHO) trail, a randomized control trial, to compare
impinem/cilstatin vs. microspheres in GAE for OA treatment [72]. While reducing patient
pain is the chief concern in OA treatment, additional quantitative studies are needed to
elucidate the downstream changes in biophysical factors and inflammatory cytokine cas-
cade following GAE treatment. Additional human clinical trials coupled with expanded
animal research on GAE will result in greater scientific understanding of the role of arterial
embolization as a potential target treatment of osteoarthritis and may identify future tar-
gets for therapy. Appropriate indications and clinical application of embolization will be
best informed via a thorough understanding of the effects of embolization on laboratory,
histological and imaging correlates of OA.
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Abstract: A heterogeneous group of tumors can affect the posteromedial chest wall. They form
diverse groups of benign and malignant (primary or secondary) pathologies that can arise from
different chest wall structures, i.e., fat, muscular, vascular, osseous, or neurogenic tissues. Chest
radiography is very nonspecific for the characterization of chest wall lesions. The modality of choice
for the initial assessment of the chest wall lesions is computed tomography (CT). More advanced
cross-sectional modalities such as magnetic resonance imaging (MRI) and positron emission tomog-
raphy (PET) with fluorodeoxyglucose are usually used for further characterization, staging, treatment
response, and assessment of recurrence. A systematic approach based on age, clinical history, and
radiologic findings is required for correct diagnosis. It is essential for radiologists to be familiar
with the spectrum of lesions that might affect the posteromedial chest wall and their characteristic
imaging features. Although the imaging findings of these tumors can be nonspecific, cross-sectional
imaging helps to limit the differential diagnosis and determine the further diagnostic investigation
(e.g., image-guided biopsy). Specific imaging findings, e.g., location, mineralization, enhancement
pattern, and local invasion, occasionally allow a particular diagnosis. This article reviews the pos-
teromedial chest wall anatomy and different pathologies. We provide a combination of location and
imaging features of each pathology. We will also explore the role of imaging and its strengths and
limitations for diagnosing posteromedial chest wall lesions.

Keywords: chest wall; posteromedial; lesion; imaging; benign; malignant

1. Introduction

Chest wall tumors are uncommon causes of thoracic neoplasms, which are less com-
mon than soft tissue or bony neoplasms elsewhere. Unfamiliarity with the complex pos-
teromedial chest wall anatomy and radiologic features of related neoplasms is a diagnostic
dilemma for radiologists [1]. These tumors are heterogeneous with nonspecific clinical man-
ifestations and different imaging characteristics, which make their diagnosis challenging.
Either a benign or malignant nature and primary or secondary origin are probable [2—4].
Primary chest wall neoplasms originate from chest wall structures, e.g., bony thorax, car-
tilage, muscle, fat, blood vessels, and nerve sheet [3,5]. Secondary chest wall neoplasms
include direct invasion from adjacent malignancies (lung or breast carcinomas) or distant
metastasis [2].
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The posteromedial aspect of the chest wall has complex anatomy due to the presence of
intercostal nerves, sympathetic chain, and vascular structures. Many neoplasms originate
from these structures [6]. Some of them may be almost exclusive to this location. Neurogenic
tumors are more commonly arising from the posteromedial chest wall as they originate from
autonomic ganglia, paraganglia, or nerve sheets. So, they account for the majority of lesions
found in the posterior mediastinum and chest wall [7]. Many of these lesions have specific
imaging characteristics that help make precise diagnoses and avoid invasive sampling. In
other conditions with nonspecific imaging appearance, cross-sectional imaging plays an
essential role in limiting the differential diagnosis and defining the further investigation,
e.g., imaging-guided biopsy. So, it is crucial for radiologists to be familiar with these diverse
group of lesions and their imaging characteristics [4,8].

Previous studies mostly focused on the assessment of malignant lesions of the chest
wall. None of them specifically evaluated the lesions of the posteromedial chest wall [9-11].
Only one review article investigated the paravertebral masses in the thoracic boundary.
This study categorized lesions into neurogenic tumors, non-neurologic tumors, and non-
neoplastic masses [6]. To the best of our knowledge, our review is the only one focusing
on the posteromedial aspect of the chest wall, addressing nearly all of the lesions that
could be found in this anatomic location. This article reviews the posteromedial chest
wall anatomy and different pathologies. We illustrated the imaging features of each
lesion, e.g., the location, presence of calcification, adjacent bone destruction, the pattern
of enhancement, and appearance on magnetic resonance imaging and positron emission
tomography. We also explored the role of imaging and its strengths and limitations for
diagnosing posteromedial chest wall lesions.

2. Posteromedial Chest Wall Anatomy

In this article, we focus on the posteromedial segment of the thoracic wall. The medial
aspect of the posterior chest wall consists of multiple components detailed below (Figure 1):

1.  Osseous/cartilaginous parts: 12 thoracic spine vertebrae, 12 ribs, and intervertebral
discs.

2. Muscles: Intercostal muscles (external, internal, and innermost), subcostalis, and

transverse thoracic.

Nerves: intercostal nerves, dorsal root ganglions, and sympathetic trunk.

Vascular tissues: Intercostal vessels feed above components.

5. Subcutaneous fat: beneath the superficial fascia and builds the padding for underlying
muscles and bones.

6.  Superficial fascia and skin: acting as protecting layers [5,12].

-

Figure 1. Posteromedial thorax anatomy, consisting of multiple components: skeletal components,
muscles, nerves, ligaments, subcutaneous fat, fascia, skin, and vascular feeding tissues.
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3. Classification of Posteromedial Chest Wall Lesions

Chest wall neoplasms are heterogonous lesions, and there is a lack of universally
accepted classification. So, these neoplasms are usually classified according to the tissue of
origin Table 1.

Table 1. Posteromedial chest wall tumors classification based on site of origin.

Origin

Malignant Neoplasm

Benign Neoplasm

Osseous and cartilaginous lesions
- Rib
- Thoracic spine

Osteosarcoma:

- Osseous osteosarcoma
- Extraosseous osteosarcoma

Chondrosarcoma
Ewing sarcoma:

- Ewing sarcoma of bone
- Extraosseous Ewing sarcoma

Bone lymphoma

Askin tumor

Multiple myeloma

Solitary plasmocytoma of bone

Osteochondroma
Aneurysmal bone cyst
Fibrous dysplasia of bone
Ossifying fibromyxoid tumor
Giant cell tumor
Chondromyxoid fibroma
Enchondroma

Langerhans cell histiocytosis

Vascular lesions

Angiosarcoma Lymphangioma
- Aorta Kaposi sarcoma Hemangioma
- Intercostal vessels
. . Lipoma
Adipose tumors Liposarcoma Spindle cell lipoma
Schwannoma
Neurogenic tumors ;
& Malignant peripheral nerve sheet tumor Neurof ibroma
- Intercostal nerve Neuroblastoma Ganghone.uroma
- Sympathetic nerve Paraganglioma
Meningocele

Lung and pleural lesions invading the
chest wall

Mesothelioma
Drop metastasis of thymic malignancy
Lung malignancy with chest wall invasion

Localized fibrous tumor of pleura
Empyema necessitans

Cutaneous lesions

Dermatofibrosarcoma protuberance

Cavernous hemangioma
Epidermal inclusion cyst

Fibrous and muscle tumors

Undifferentiated pleomorphic sarcoma

Fibromatosis

Miscellaneous tumors

Neurofibrosarcoma

Extramedullary hematopoiesis
Castleman disease

Monoclonal immunoglobulin deposition
diseases (MIDDs)

Secondary tumors

Bone metastasis

NA

4. Role of Imaging

Chest radiography is usually the first imaging modality performed when chest wall
lesions are clinically suspected, although it can provide some nonspecific information [4].
More specific cross-sectional modalities such as computed tomography (CT) and magnetic
resonance imaging (MRI) are warranted for better tissue characterization and assessment
of lesion extension [2]. Obtaining high-resolution images as well as a short acquisition
time makes CT the modality of choice for the initial evaluation of chest wall lesions.
Although CT is more precise in assessing bone lesions, MRI has a superior contrast resolu-
tion, revealing more details regarding tissue characterization and tumor extension [2,4,6].
18F-Fluorodeoxyglucose positron emission tomography/computed tomography (18F-FDG
PET/CT) is another complementary modality beneficial in initial staging, evaluation of
response to treatment, and tumor recurrence [2,13].

On the other hand, recent advances in deep learning and artificial intelligence (AI)
provide the ability of automatic classification, disease detection, and segmentation. Chest
radiography and CT scan are excellent candidates for developing deep learning algo-
rithms [14]. Al has the potential to detect visual information and perform quantitative
analyses. Besides, radiomics can be used to characterize the benign or malignant nature of
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Magnetic Resonance Imaging:

-Superior contrast resolusion

a lesion and predict the prognosis and probability of response to treatment of the malignant
lesions (Figure 2) [14,15].

Chest Radiograph:

-First imaging modality in most
conditions

-Nonspecific findings

-Delineate the site of tumors and
osseous destrcuction

Computed Tomography:

-Modality of choice for initial
evaluation of chest wall lesions

-Revenealing more information _ Imaging ﬁ -Better tissue characterization
Modalities

-Better tissue characteriziation

and tumor extension

-Assessment of lesion extension
-Short aquisition time

-Delineate pattern of mineralization

Positron Emission
Tomography:

-Complementary modality
-Initial staging

-Response to treatment, and
tumor recurrence

Figure 2. Tree graph of the most commonly used modalities for posteromedial chest wall lesions.

5. Malignant Bone Tumors

Radiologic characteristics of malignant bone tumors are summarized in Table 2.

5.1. Osteosarcoma

Chest wall osteosarcoma is a high-grade tumor accounting for 10-15% of primary chest
wall malignancies, which can arise from rib or scapula with an extrapleural component.
It has a poor prognosis as the lung and lymph nodes metastases are more frequent than
extremities osteosarcoma [1,2].

A sclerotic lesion with higher central calcification is the most common appearance of
osteosarcoma on radiography. Cortical destruction, expansile remodeling, and periosteal
reaction are other common findings. CT can show soft-tissue destruction with variable
types of calcifications such as cloudy, ivory-like, or dense (Figure 3) [1,2]. On MR], the soft
tissue component of osteosarcoma shows low to intermediate intensity on T1-weighted
and hyperintensity on T2-weighted images. Foci of matrix mineralization have low signal
intensity on both T1-weighted and T2-weighted images. Osteosarcoma demonstrates het-
erogeneous postcontrast enhancement. Invasion of deeper structures, pathologic fracture,
and spinal canal invasion also have been described [1,2].
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Table 2. Imaging manifestations of posteromedial chest wall osseous lesions.

Imaging Findings
Tumor Type
CT MRI
Malignant
Dense central calcification, expansile bone remodeling, T1W: low to intermediate signal (high signal
periosteal reaction, pathologic fracture in hemorrhage)
Osteosarcoma Sparing of the intervertebral disk while decreasing the T2W: hyperintense

height of the vertebral body
Lung and nodal metastasis

Mineralization: hypointense on both TIW and T2W
T1IW FS + C: heterogeneous enhancement

Ewing sarcoma

Lytic bone destruction with ill-defined border, rare
calcification, heterogenous paraspinal soft tissue with
soft tissue larger than osseous component

T1W: iso to hyperintense to the muscle (high signal
in hemorrhage)

T2W: heterogeneous to hyperintense

TIW FS + C: intense homogenous or
heterogeneous enhancement

Well-defined mass: soft tissue+ mineralization

T1W: variable, iso to hypointense to muscle
T2W: overall hyperintense

Chondrosarcoma gi};lsfilgino(;t (;1;;%?1’?2; fstclj;es;lppled or dense Mineralization: hypointense on both TIW and T2W
) T1IWFS + C: heterogeneous enhancement
Five patterns of marrow involvement: normal, focal,
diffuse, combined diffuse and focal pattern, salt and
Osteolytic lesion with endosteal scalloping, diffuse pepp-er appearance. .
Multiple Myeloma osteopenia, multiple small lesions with mottled TIW: hypointense (significantly in the later phase of

appearance, and osteoporotic fracture

the disease)

T2W: intermediate to hyperintense
DWI: hyperintense

TIWES + C: enhancement expected

Solitary Plasmacytoma of
the Bone

Extrapleural mass with well-circumscribed margin and
“soap bubble” appearance and rare calcification,
multicystic expansion

T1IW: hypointense
T2W: hyperintense

Benign

Aneurysmal bone cyst

Well-defined expansile osteolytic lesion with thin
marginal sclerosis and typical fluid-fluid level with
internal septation

Fluid-fluid level

T1W: hyperintense secondary to subacute age of
internal hemorrhage

TIW FS + C: can be seen in solid component of
secondary ABCs

Fibrous dysplasia

Well-defined intramedullary osteolytic lesion with
fusiform bony expansion and endosteal scalloping with
preservation of cortical contour, sclerotic margin,
trabeculation, and cortical thickening, “Ground glass”
appearance, sometimes completely radiolucent

or sclerotic

T1W: hypointense
T2W: variable low to high signal depending on varying
amounts of fibrous tissue

Giant cell tumor

Osteolytic lesion with bone expansion, cortical thinning,
and heterogeneous soft-tissue attenuation with area of
hemorrhage or necrosis

TIW, T2W: low to intermediate intensity representative
of the abundant internal amount of hemosiderin and
collagen

Enchondroma

Focally expansile well-demarcated osteolytic lesion, with
or without cortical bulging, matrix calcification

T1W: significantly hypointense

T2W: significantly hyperintense

T1WFS + C: contrast uptake is uncommon unless in the
small enchondromas or peripheral enhancement.
Internal calcification: hypointense in all sequences

Chondromyxoid fibroma

Cortical expansion with lobulated border, abundant
peripheral sclerosis, and rarely internal
matrix calcification

T1W: isointense with hypointense rim

T2W: intermediate to significantly hyperintense with
hypointense rim

T1WEFS + C: diffuse moderate to intense enhancement

Chondroblastoma

Oval or round well-circumscribed lesion with internal
mineralization and variable aggressiveness. Radiography
is more accurate than MRI for diagnosis.

T1IW: homogenously hypointense

T2W: heterogeneously signal intensity with common
peri-tumoral marrow edema, ABC changes, and
periosteal reaction resembling malignant bone lesions.

Paget’s disease of the rib

Osseous expansion, cortical thickening, and
trabecular coarsening

Blastic phase: hypointense on both TIW and T2W images
Lytic phase: speckled hypointense on TIW and
hyperintense on T2W, TIWFS + C enhancement

TIW = T1-weighted, T2W = T2-weighted, FS = fat saturated, C = contrast; DWI = Diffusion weighted imaging.
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Figure 3. An 18-year-old woman with vague chest pain. The axial plane CT in the bone window ob-
tained at the level of four chambers shows large destructive soft tissue mass within the posteromedial
aspect of the chest wall on the left side with internal ossification that has a “sunburst” appearance
(arrow) (a,b). The coronal view also shows the same large destructive soft tissue mass with internal
calcification (arrow), which is denser centrally (c).

5.2. Ewing Sarcoma

Chest wall Ewing sarcoma is the most common primary chest wall tumor in children,
typically arising from ribs or, less frequently, scapula, clavicle, and sternum. Painful chest
wall mass with fever and malaise are the most common presentations [16].

On CT, Ewing sarcoma appears as a destructive paraspinal soft tissue mass with
internal necrosis and hemorrhage. Calcification is rarely reported, and the soft tissue
component is usually larger than the osseous component [11]. It appears iso to hyperintense
on T1-weighted and heterogeneous to hyperintense on T2-weighted MRI sequences. Intense
homogenous or heterogeneous post-contrast enhancement is expected. Extraosseous Ewing
sarcoma, usually seen in older patients, manifests as a large non-calcified mass within the
paravertebral location (Figure 4) [17]. 18F-FDG PET/CT is a valuable complementary tool
enabling accurate identification of adjacent invasion and distant metastasis [18,19].
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(b)

Figure 4. A 28-year-old man with bilateral leg weakness. The axial non-contrast-enhanced CT in
the bone window (a) demonstrates a destructive mass in the posteromedial aspect of the chest wall
on the left side, with a prominent soft tissue component with the left lateral vertebral body, pedicle,
and lamina destruction (arrow). Axial TIW (b) MRI shows an inhomogeneous mass with iso to
hyperintense signal intensity to paraspinal muscle with extension and invasion to left lateral recess,
adjacent chest wall muscles, and rib (arrow).

5.3. Chondrosarcoma

Chondrosarcoma is the most common primary neoplasm of the chest wall accounting
for 30% of malignant lesions [2]. It develops as either primary or malignant degeneration
of preexisting benign lesions. It usually occurs between the 4th to 7th decades with a male
predilection [1].

The typical CT appearance is a well-defined destructive mass with a mixture of
soft tissue and mineralized components with stippled, dense, flocculent, rings, or arcs
patterns. The invasion of adjacent structures has also been described [17]. On MR imaging,
background cartilage shows iso- to hypointensity on T1l-weighted and hyperintensity
on T2-weighted images. The area of mineralization is low signal on both T1-weighted
and T2-weighted images. Heterogeneous post-contrast enhancement is seen especially
at the periphery of lesions with linear or septa-like patterns [17]. It is supposed that
18F-FDG PET/CT can play a complementary role in characterizing the chondrosarcoma
from chondroma (Figure 5) [20].

(b)

Figure 5. Cont.
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Figure 5. A 35-year-old man with chronic vague chest pain. (a) Frontal chest radiograph shows a
right-sided lobulated mass with a cervicothoracic sign indicating the retro mediastinal location of
the lesions. (b) Coronal TIW image shows lobulated paraspinal mass isointense to muscle (arrow).
(c) Axial T2W fat-saturated image demonstrates heterogeneous high signal intensity with lobulated
margin and internal foci of low signal intensity representing calcifications seen on CT (not shown).
There is no neural foraminal extension.

6. Malignant Plasma Cell Tumors
6.1. Multiple Myeloma

Multiple myeloma (MM) is an infiltrative bone marrow disorder and concurrent bone
lesion predominantly involving the axial skeleton, including vertebral bodies, skull, pelvis,
and ribs [21].

Multiple myeloma radiologic features are osteolytic lesion with endosteal scalloping,
diffuse osteopenia, multiple small lesions with mottled appearance, and osteoporotic
fracture. In contrast to bone metastasis, the sclerotic halo is absent in MM, explaining the
lower accuracy of scintigraphy compared to skeletal survey. Whole-body low dose CT
was recommended as the initial survey for diagnosing osteolytic lesions of MM, which
improved identification of extraosseous involvement and cortical disruption. STIR and
T2-weighted imaging are the most sensitive sequences for depicting marrow signal changes.
The T1-weighted sequence is useful for the evaluation of marrow infiltration [21,22].

Solitary Plasmacytoma of the Bone

Solitary plasmacytoma (SBP) of bone is an uncommon plasma cell neoplasm with lo-
calized bony growth. There are few case reports on solitary plasmacytoma of the rib [23,24].

Its radiologic appearance varies from purely non-expansile osteolytic to multicystic
mass with bony expansion. CT may reveal extrapleural mass with a well-circumscribed
margin and “soap bubble” appearance in advanced cases (Figure 6a,b). MRI shows
T1-hypointensity and T2-hyperintensity (Figure 6c) [16,25]. SBP tends to show metabolic
activity on 18F-FDG PET/CT, which seems to be a risk of multiple myeloma transformation
(Figure 6d,e) [26].
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Figure 6. A 63-year-old woman with incidentally detected mass at the left posteromedial chest wall.
Axial chest CT with mediastinal (a) and bone (b) window show a well-defined expansile mass (arrow)
with the destruction of the adjacent rib. There is no internal calcification. No neural foraminal
extension was seen (not shown). (c) T2W images of another patient with the same pathology show
mildly expansile marrow replacing lesions at proximal posterior rib with high T2 signal intensity
without cortical disruption or soft tissue mass. Increased metabolic activity is present on 18F-FDG
PET/CT (d) Axial and (e) sagittal (arrow).
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7. Benign Bone Tumors
Radiologic characteristics of benign bone tumors are summarized in Table 2.

7.1. Aneurysmal Bone Cyst

An aneurysmal bone cyst (ABC) is an uncommon benign bone tumor that consists of
multiple blood-filled cysts, which can present as a primary tumor or as secondary changes
of other bone tumors [1,16,27]. The most common location of chest wall ABCs is vertebral
bodies with extension through adjacent soft tissue structures [27].

ABC’s imaging appearance on radiography and CT is a well-defined expansile oste-
olytic lesion with thin marginal sclerosis, typical fluid-fluid level, and internal septation [1].
T1-weighted hyperintensity might be found secondary to the subacute timeline of internal
hemorrhage (Figure 7) [16,27].

Figure 7. A 14-year-old boy with neck stiffness and scoliosis. The sagittal pre- and post-contrast
T1IWFS (a,b) demonstrate hypointense destructive spine lesion with low signal rim and heteroge-
neous enhancement of solid component. Axial images (c—e) show an expansile multiloculated mass
(arrow) with the destruction of the vertebral body, spinous process, and lamina of the cervical spine.
Fluid-fluid level and variable signal intensity caused by various-aged hemorrhage also were seen on
T2WFs. It extends through the right lateral recess with canal stenosis. Slight hyperintensity on TIW
is secondary to intratumoral hemorrhage. After injection of contrast, septal enhancements are seen.
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7.2. Fibrous Dysplasia

Fibrous dysplasia (FD) is a developmental bone lesion caused by immature bone and
marrow fibrous tissue replacement. It affects patients during the first and second decades
of life. Rib is the most commonly affected site [1,16].

Fibrous dysplasia presents as a well-defined intramedullary osteolytic lesion with
fusiform bony expansion and endosteal scalloping with preservation of cortical contour
(Figure 8a). Increased trabeculation, thickened cortex, and “Ground glass” appearance
caused by amorphous woven bone formation are other imaging findings (Figure 8c). FD
has typical low intensity on T1-weighted and variable low to high intensity on T2-weighted
MRI sequences depending on varying amounts of fibrous tissue (Figure 8b) [16,28]. FD
metabolic activity on 18F-FDG PET/CT ranges from normal to intense, and it depends on
the number of proliferating fibroblasts [29].

Figure 8. A 24-year-old man with multiple bone lesions. (A) The axial non-contrast CT in bone
window demonstrates expansile lytic bone lesion with intact cortex within the spinous process of
thoracic vertebrae (arrow); no periosteal reaction, cortical disruption, or soft tissue mass was found.
(B) Sagittal TIW image shows expansile bone lesions with hyposignal intensity and intact cortex
within the spinous process of multiple cervical spines (arrow). (C) Frontal image of pelvis shows
bilateral expansile lytic bone lesions with bubbly appearance and typical shepherd’s crook deformity
in the left side.

7.3. Giant Cell Tumor

Chest wall giant cell tumor (GCT) originates from the subchondral region of tubular
or flat bones, e.g., clavicle, ribs, sternum, and vertebrae. It usually affects patients during
the third or fourth decade of age, with a female predilection. Thoracic vertebrae is the most
common location for spinal GCT after sacrum [8,30].

On CT, GCTs manifest as osteolytic lesions, bone expansion with cortical thinning,
heterogeneous soft-tissue attenuation, and area of hemorrhage or necrosis with no inter-
nal calcification (Figure 9a,b) [30]. MRI typically reveals low to intermediate intensity
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on both T1-weighted and T2-weighted sequences, representing an abundant amount of
hemosiderin and collagen deposition. Fluid-level occurrence is less frequent than in ABC
(Figure 9¢,d) [8,31]. 18F-FDG PET/CT may cause misdiagnosis of the GCT as a high-grade
osseous sarcoma [30].

Figure 9. A 52-year-old man with bilateral leg weakness and paresthesia. The axial non-contrast CT
in bone window demonstrates expansile osteolytic bone lesion with destruction and collapse of the
vertebral body with pressure effect over the spinal cord and paravertebral soft tissue; the edge of
vertebral body cortex disappeared (arrow) (a,b). Sagittal T2ZW shows heterogeneous iso signal mass
with the collapse of the T2 vertebral body with compression of the dura and spinal cord (arrow);
anterior soft tissue mass is also shown. The Intervertebral disc was intact. The visible internal
hypointense lines are caused by thickened trabecular or hemosiderin deposition (c). TIW after
injection of gadolinium shows heterogeneous marked enhancement of the tumor (arrow) (d).

7.4. Enchondroma

Enchondroma is the most common benign rib neoplasm after fibrous dysplasia, ac-
counting for 15-20% of benign rib tumors. It typically arises from the costochondral or
costovertebral junction due to its cartilaginous nature [32].

CT reveals focally expansile well-demarcated osteolytic lesion with or without cortical
bulging. MRI helps depict enchondroma, especially when matrix calcification is vague
on CT. Enchondroma has pronounced hypointensity on T1-weighted images as opposed
to adjacent hypersignal fatty bone marrow. Hyaline cartilaginous content [rich in water]
results in hyperintensity on T2-weighted images, and internal calcification foci produce
hypointensity on all sequences [8,32].

7.5. Chondromyxoid Fibroma

Chondromyxoid fibroma is a rare benign cartilaginous tumor that contains various
proportions of fibrous, myxomatous, and chondroid components [1,6]. It infrequently
occurs within the chest wall from the scapula, spine, or ribs [33].

Cortical expansion with lobulated border, abundant peripheral sclerosis, and rarely
internal calcification are the main radiologic appearances of chondromyxoid fibroma on
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radiograph and CT [3,33]. Cortical expansion with lobulated border, abundant periph-
eral sclerosis, and rarely internal calcification are the main radiologic appearances of
chondromyxoid fibroma on radiograph and CT [3,33]. On MRI, varying degrees of sig-
nal intensity can be identified. Isointensity on T1-weighted and intermediate to high
intensity on T2-weighted images have been reported. Peripheral hypointense rim seen
on both T1-weighted and T2-weighted images reflects the sclerotic rim. The absence of
diffusion restriction and diffuse moderate to intense contrast enhancement is noticeable
(Figure 10) [3,33]. The absence of diffusion restriction and diffuse moderate to intense
contrast enhancement is noticeable (Figure 10) [3,33].

(a) ' (b)

Figure 10. A 26-year-old man with right chest pain. The axial contrast-enhanced CT in soft tissue
(a) and bone window (b) demonstrate well-defined oval eccentric lytic bone lesion within the postero-
medial aspect of the chest wall on the right side (arrow) without intracanal extension or periosteal
reaction; adjacent focal vertebral body scalloping is also shown. (c,d) Axial TIW and T2W show low
signal intensity in TIW and intermediate to high intensity in T2W with the peripheral hypointense
rim due to the sclerotic rim (arrow).

7.6. Chondroblastoma

Chondroblastoma is a rare, relatively benign bone neoplasm with a characteristic
intercellular cartilaginous matrix and internal foci of calcification. It is usually found in the
epi-metaphyseal regions of long bones. However, few cases of rib involvement have been
reported [1,34]. It is frequently associated with cortical destruction and periosteal bone
formation resembling malignant bone tumors [1,34,35].

The main radiologic appearance of chondroblastoma on radiograph and CT is an
oval or round well-circumscribed lesion with internal matrix mineralization [1,34]. It
appears homogenously hypointense on T1-weighted and heterogeneous on T2-weighted
MRI sequences [36].
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7.7. Paget’s Disease of the Rib

Paget’s disease is a chronic bone disorder characterized by abnormal osseous remod-
eling with three phases: lytic, mixed lytic and blastic, and sclerotic. It occurs in patients
older than 40 years old with a male predilection. Rib involvement happens approximately
in 1-4% of cases [35].

Imaging findings vary among different stages of the disease. The initial lytic active
phase display osteolysis with no marginal sclerosis. While late blastic phase reveals cortical
thickening and trabecular coarsening with bony enlargement. CT scan is useful in better
delineation of the classic Paget’s disease triad: osseous expansion, cortical thickening, and
trabecular coarsening (Figure 11) [35,37]. Fat-like signal intensity is the most common pat-
tern of the Paget disease seen on MRI, indicating long-lasting disease. Other stage-specific
MRI findings are explained in Table 2 [35,37]. The relationship between 18-F FDG uptake
and Paget’s disease activity is still controversial, but a mild and diffuse pattern of FDG
uptake is beneficial to differentiate it from bone metastasis [38].

Figure 11. A 53-year-old woman with localized chest wall tenderness. The axial non-contrast CT in
the bone window (a) and sagittal (b) images show enlarged vertebral body associated with trabecular
coarsening, osseous expansion, and thickened cortex of right eighth rib (arrow).

8. Spondylodiskitis

Spondylodiskitis is an infectious process that initially affects the anterior portion of
the vertebral bodies and then spreads to the adjacent intervertebral disk via medullary
spaces [39]. Staphylococcus aureus is the most common cause of pyogenic spondylodiskitis,
which commonly presents as a single-level lumbar involvement of two vertebral bodies
and intervertebral disk. Tuberculosis spondylodiskitis, the most common non-pyogenic
spine infection, more commonly involves the thoracic spine [39,40].

8.1. Pyogenic Spondylodiskitis

Pyogenic spondylodiskitis presents with loss of vertebral end plate definition and
marrow edema. It displays hypointensity on T1-weighted images and hyperintensity on
T2-weighted and STIR images. Various types of disk post-contrast enhancement (e.g., ho-
mogenous, patchy, and peripheral) may be detected [39]. Abscess or phlegmons demon-
strate heterogeneous mixed signal intensity on both T1-weighted and T2-weighted images,
with probable spinal cord compression. Rim-like or diffuse post-contrast enhancement are
usually seen within these soft tissues. Diffusion weighted imaging (DWI) is valuable for
differentiating the abscess from other paravertebral lesions (Figure 12) [39,41].
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(c) (d)

Figure 12. A 71-year-old man with back pain and fever. The contrast-enhanced CT in axial plane
(a) demonstrates para-spinal soft tissue mass (arrow) with adjacent vertebral body cortical destruction.
Axial pre-contrast (b) and post-contrast TIWFS (c) images at the level of T6-T7 show hypo to isointense
paravertebral soft tissue mass with peripheral rim enhancement (arrow) after injection of gadolinium
suggestive for paravertebral abscess formation. Sagittal STIR (d) image shows adjacent subchondral
bone marrow edema as hypersignal intensity. Posterior elements are spared with normal signal
intensity. Aspiration was performed and culture was compatible for brucellosis.

8.2. Tuberculosis Spondylodiskitis

Tuberculosis spondylodiskitis has a more gradual and chronic clinical course, which
leads to multi-level involvement and paravertebral cold abscess formation with well-
circumscribed thin wall. Subligamentous spread of infection to adjacent vertebral levels,
relative preservation of intervertebral disk, and kyphotic angulation (gibbous deformity) are
other imaging findings. CT scan is more sensitive in delineating calcification within paraver-
tebral cold abscess, end plate erosion, and bony fragment visualization (Figure 13) [39,42].

(b)

Figure 13. Cont.
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Figure 13. A 65-year-old man with fever, weight loss, and night sweeting. The non-contrast-enhanced
CT (bone window) in axial plane (a) shows paraspinal soft tissue mass with erosion of right lateral
aspect of adjacent vertebral body. Sagittal T2W image of another patient with the same pathology
(b) shows hypersignal intensity within T8-T9 vertebral bodies with also intervertebral disc destruction
and narrowing of spinal canal pushing the spinal cord posteriorly. Axial TIWFS + C (c) identified the
enhancing paraspinal mass with peripheral rim enhancement (arrow) in its left posteromedial side,
which is suggestive of abscess formation. Culture of aspirated pus under guide of CT was compatible
with tuberculosis infection.

9. Soft-Tissue Tumors and Tumor-Like Lesions
9.1. Primary Neurogenic Lesions

Neurogenic tumors of the chest wall can arise from the intercostal nerve, spinal nerve
roots, and even from the distal branch of the brachial plexus. They consist of benign and
malignant groups, including Neurofibroma, Schwannoma, and malignant peripheral nerve
sheet tumors (Table 3).

9.1.1. Schwannoma

Schwannoma is an encapsulated slow-growing peripheral nerve sheet neoplasm
typically occurring in patients between 20-50 years old [6,16]. Chest wall schwannomas
arise from spinal nerve roots with a dumbbell shape appearance and extend through the
course of intercostal nerves, paravertebral region, or spinal canal [7,43].

Schwannoma presents a well-defined homogenous mass on CT scan with attenuation
similar or less than muscle. The “Fat-split” sign caused by adjacent surrounding fat is
indicative of its non-infiltrating growing pattern. It also shows remarkable post-contrast
enhancement except for areas of necrosis or cystic changes (Figure 14). On MR images, it has
intensity equal to or slightly more than muscle on T1-weighted and marked hyperintensity
on T2-weighted images. Scalloping or bony erosions might be the only radiographic
manifestations reflecting its benign nature [6,7,16,43].

9.1.2. Neurofibroma

Neurofibroma is another slow-growing peripheral nerve sheet neoplasm that affects
patients in their 20s to 30s with equal male and female prevalence. Localized Neurofibroma,
which includes approximately 90% of cases, is not typically associated with neurofibro-
matosis type 1 (NF1). However, the majority of cases with plexiform type have underlying
NF1 [7,16].

The main CT findings are well-circumscribed mass with smooth margin, soft tissue
attenuation, possible internal calcifications, and adjacent rib erosion. Neural foraminal
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widening secondary to tumor extension can be accurately identified on multidetector
CT (Figure 15). “Target sign” appears on both T2-weighted and gadolinium-enhanced
MR images. It is related to the peripheral abundant stromal matrix surrounding the
high cellular center, presenting as hyperintense rim and hypointense center, respectively

(Figures 16 and 17) [7,16,43].

Table 3. Imaging manifestations of posteromedial chest wall soft-tissue tumors.

Tumor Type

Imaging Findings

CT

MRI

Primary Neurogenic Tumors

Well-defined mass with homogenous attenuation,
“fat-split” sign, internal calcification in long-standing

T1W: iso or slightly hyperintense; T2W:

Schwannoma schwannomas, postcontrast enhancement except for significantly hyperintense
areas of necrosis.
Well-circumscribed mass with smooth margin and soft
. tissue attenuation, possible internal calcifications, rib T2W, TIWES + C: so-called “target sign” appearance:
Neurofibroma

erosion, neural foramina widening because of tumor
extension along with the spinal nerve roots.

hyperintense rim and hypointense center

Neuroblastoma [7,16,43]

Ill-defined paravertebral soft tissue mass with
heterogeneous attenuation with internal calcification in
at least 30% of cases (spotty calcification).

T1W: hyposignal

T2W: hyperintense

T1WFS + C: heterogeneous enhancement
Calcification has a signal void in all sequences

Ganglioneuroma [7,16,43]

Homogenous or heterogeneous attenuation with
internal calcification in 25% of cases.

T1W, T2W: intermediate signal with the curvilinear
or nodular low signal band making the
whorled appearance

Lipomatosis Tumors

Homogenous similar attenuation to macroscopic fat

T1W, T2W: signal intensity identical to
subcutaneous fat

Lipoma with approximate HU: —100. T1IWEFS + C: no enhancement (mild enhancement can
be visible for septa < 2 mm thickness)
T1W: variable
A heterogeneous mass mixture of fat and soft tissue: hyperintense (myxoid liposarcoma), hypointense
higher attenuation than normal fat (hypercellularity), (well-differentiated), and intermixed hyper and
Liposarcoma necrosis, and calcification in myxoid subtype. hypointense (dedifferentiated subtype)
Attenuation similar to fat in well-differentiated subtype. = T2W: hyperintense (myxoid liposarcoma and
Thick septa, enhancing solid component. dedifferentiated subtype)
T1WFS + C: variable enhancement
Others
. . . T1W: isointense
Invasive, destructive homogenous mass with no T2W: hvperinten: ithh intense areas reflectin
Rhabdomyosarcoma mineralization and rapid growth with adjacent soft L ypermiense w ypomte . &
tissue and bone invasion. area of necrosis (alveolar and Pleomorphlc subtypes)
TIWFS + C: homogenous or ring-like enhancement
Circumferential pleural thickening, bony or T1W: unilateral hyperintense pleural effusion, iso to
Mesothelioma cartilaginous differentiation, unilateral pleural effusion, slightly hyperintense pleural thickening

interlobular septal thickening, tumoral extension,
thoracic and extrathoracic metastasis.

T2W: moderately hyperintense
T1IWEFS + C: typical enhancement is expected

Extramedullary Plasmacytoma

Soft tissue masses with nonspecific

imaging manifestations.

Larger lesions show aggressive behavior such as
infiltration, destruction, and encasement.

T1W: isointense

T2W: iso to hyperintense

T1WEFS + C: variable enhancement (from mild to
marked enhancement)

T1IW = T1-weighted, T2W = T2-weighted, FS = fat saturated, C = contrast; DWI = Diffusion weighted imaging.

9.1.3. Neuroblastoma

Thoracic Neuroblastoma is a non-encapsulated tumor that arises from extra-adrenal
sympathetic ganglia. The mediastinum is the second most common tumor location after
the abdomen that has a better prognosis than other sites.

Neuroblastoma appears as an ill-defined paravertebral soft tissue mass on a CT scan
with heterogeneous attenuation caused by hemorrhage, necrosis, or cystic degeneration.
Internal calcification is seen at least in 30% of cases [7,16]. MRI shows irregular mar-
gin with possible local invasion to the spinal canal, presenting T1-hypointensity and
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T2-hyperintensity with heterogeneous enhancement. Calcification has a signal void in all
sequences (Figures 18 and 19). It is reported that tumors with higher metabolic activity
on 18F-FDG PET/CT have lower overall survival [44,45]. Metaiodobenzylguanidine la-
beled as 1231 (MIBG) is highly sensitive for detecting catecholamine-producing tumors like
neuroblastoma [7,16].

Figure 14. A 39-year-old woman with right vague chest pain. The contrast-enhanced axial CT demon-
strates right-sided well-defined posterior mediastinal paraspinal mass with foci of calcifications
within it. The round configuration is typical for peripheral nerve tumors. The attenuation is equal to
chest wall muscles. Histopathological examination confirms Schwannoma.

a
(d)

Figure 15. A 27-year-old male with scoliosis. Contrast-enhanced CT in the axial plane (soft tissue
window) shows vertebral anomaly and dural ectasia. Left-sided well-defined lobular mass with the
widening of adjacent neural foramen with intra- and extraspinal extension are offered (a—c), coronal
CT (d) shows scoliosis in upper thoracic vertebrae, associated with two well-defined homogenous
masses (arrow) with similar appearance in upper and lower posterior mediastinum.
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(b)

Figure 16. A 31-year-old woman with incidental findings. The axial T2W (a) and TIWFS + C
(b) images show a sharply marginated lobular mass with heterogeneous peripheral hyper signal
intensity in T2W, and internal hyper intensity of cystic changes, extending through the right-sided
neural foramina (arrow). It has heterogeneous enhancement after contrast administration (b); no
adjacent vertebral body scalloping was found.

(d)

Figure 17. A 34-year-old man, with a case of neurofibromatosis type 1. The axial T2W images

(a,b) show multiple confluent infiltrative paraspinal masses within the neck and upper thorax
along the course of sympathetic chain and nerves with high signal intensity and central focus
of hypointensity (target sign) surrounding the mediastinal vessels that are typical for plexiform
Neurofibroma. Sagittal T2W (c) and coronal (d) images show the extensive infiltrative nature of this
lesion with multi-compartment involvement and extension to pharyngeal space and pressure effect
over cervical and thoracic vertebrae.
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Figure 18. A 6-year-old boy with posterior mediastinal mass with histopathological confirmation for
Neuroblastoma. Axial (a) T2W shows an ill-defined lobulated group (arrow) with heterogeneous
and hyper-intense signal intensity and area of a signal void within the posterior mediastinum. It has
intracanal extension via right-sided neural foramina and extradural components at multiple levels.
It displaced the spinal cord anteriorly, as shown in sagittal TIW after gadolinium administration
(arrow) (b).

(a) (b)

Figure 19. A 4-year-old girl with the opsomyoclonus-myoclonus syndrome. Sagittal (a) and axial
(b) T2W images show large lobulated paraspinal masses (arrowhead) crossing the midline within
the posterior superior mediastinum. It shows heterogeneous and hyperintense signal intensity with
internal foci of the signal void caused by calcification. It extends through the spinal canal via neural
foramina (arrow). Right anterolateral displacement of mediastinal great vessels is also identified.

9.1.4. Ganglioneuroma

Ganglioneuromas are differentiated slow-growing neurogenic tumors originating from
sympathetic ganglia that affect young patients. They appear as a paravertebral oval mass
with a smooth border and vertical orientation following the sympathetic chain direction.
Posterior mediastinum is the most common site of involvement of thoracic ganglioneuroma.

It has homogenous or heterogeneous attenuation on CT images with probable internal
calcification (speckled, fine, or coarse). MR imaging displays lesions with intermediate
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signal intensity on both T1-weighted and T2-weighted images with curvilinear or nodular
low signal bands, which form the whorled appearance (Figure 20) [7,16,43].

-

Figure 20. A 26-year-old man with incidental findings. The CT in axial and coronal views (a,b) shows
a well-defined lobulated posterior mediastinal mass with homogenous attenuation and no significant
enhancement after injection of contrast extending about five vertebral bodies length in the right
posterior mediastinum with close contact to vertebral bodies, but with no vertebral erosion. Axial
(c) and coronal T2W (d) of another patient with the same pathology show well-defined elliptical
posterior mediastinal mass with heterogeneously high signal intensity intermixed with internal
patchy and linear hypointensity. It also erodes the left lateral aspect of the vertebral body but with no
intradural extension. Vertical orientation is typical for sympathetic chain tumors.

9.2. Lateral Meningocele

Lateral thoracic Meningocele is a rare condition defined as herniation of meninges
through the vertebral column defect or enlarged neural foramina. It can be unilateral
or bilateral and is usually associated with neurofibromatosis type 1 (Table 4). It is most
common during the 4th to 5th decades of age, with female predominance [46].

Lateral Meningocele presents as a well-circumscribed paravertebral mass with sim-
ilar attenuation to CSE. CT myelography reveals ipsilateral neural foramina enlarge-
ment communicating with subarachnoid space. This is a key differentiation feature
from Neurofibroma [45]. On MR imaging, lateral Meningocele has T1-hypointensity and
T2-hyperintensity with no post-contrast enhancement identical to CSF (Figure 21) [25,46].
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Table 4. Imaging manifestations of posteromedial chest wall soft-tissue tumor-like lesions.

Tumor Type

Imaging Findings

CT

MRI

Neurogenic

Lateral Meningocele

Well-circumscribed paravertebral mass with
attenuation similar to CSF.

CT myelography: ipsilateral neural foramina
enlargement communicating with
subarachnoid space.

T1W: hypointense
T2W: hyperintense (similar intensity to CSF)
T1WES + C: lack of enhancement

Pseudomeningocele

Differentiated from Meningocele by lack of
dura wrapping.

T1W: hypointense
T2W: hyperintense (similar intensity to CSF)
T1WFS + C: lack of enhancement [47]

Others

Extramedullary hematopoiesis

Heterogeneous mass with internal foci of fat with lack
of calcification.

T1W, T2W: heterogeneous with internal foci of
hyperintensity in old lesions (representative of fat),
the intermediate intensity with subtle or no
enhancement in active lesions

Asbestos-related pleural plaques

Calcified or non-calcified focal pleural thickening,
“Comet tail” appearance usually seen in lower
lobes [48].

T1W: hypo to isointense
T2W: hypointense (due to fibrosis or
calcification) [49]

Empyema necessitance

Connection of pleural collection to extrapleural mass,
soft tissue inflammation, rib destruction with
periosteal reaction, and fluid collection.

T1W: hypointense effusion and fluid collection
T2W: hyperintense effusion, increased thickness of
extrapleural fat, and chest wall muscles with
hyperintense on T2ZWFS

TIWFS + C: pleural and septal enhancement

T1W = T1-weighted, T2W = T2-weighted, FS = fat saturated, C = contrast; DWI = Diffusion weighted imaging.

(a)

(b)

Figure 21. A 21-year-old man with Neurofibromatosis type 1. The axial T1FS (a) and T2W (b) show
lateral expansion of CSF-filled sac through T6-T7 level with scalloping of the adjacent vertebral body.
It has similar signal intensity to CSF in both TIW and T2W sequences and hypo and hypersignal
intensity, respectively. No entrapped fat or neural elements were seen. Slightly anterior spinal cord
displacement was also identified, which is compatible with lateral Meningocele.

9.3. Pseudomeningocele

Pseudomeningocele or meningeal pseudocyst is an abnormal extradural CSF collection
that communicates with the brain and spinal canal. It can be congenital (thoracolumbar),
traumatic (cervical), or iatrogenic (laminectomy of the lumbar spine). Congenital Pseu-
domeningocele can be seen in Marfan syndrome or NF1 [25].

The Pseudomeningocele can be differentiated from Meningocele by lack of dura wrap-
ping the collection. The absence of nerve roots within the CSF collection helps in identifying
the brachial plexus Pseudomeningocele. On MR imaging, it has similar intensity to CSF
with a lack of post-contrast enhancement (Figure 22) [25,47]. The Pseudomeningocele can
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be differentiated from Meningocele by lack of dura wrapping the collection. The absence
of nerve roots within the CSF collection helps in identifying the brachial plexus Pseu-
domeningocele. On MR imaging, it has similar intensity to CSF with a lack of post-contrast
enhancement (Figure 22) [25,47].

Figure 22. A 38-year-old man with a history of a remote motor vehicle collision. The axial (a) and
coronal (b) contrast-enhanced CT show abnormal well-defined extraspinal fluid collection at the
level C6-T1, which extends through the left neural foramina (lateral recess), communicating with
CSF space. There is no edema, solid component, or abnormal enhancement within the mentioned
collection or adjacent muscles. Regarding the history of trauma, a Pseudomeningocele diagnosis was
made and was confirmed in MRI (not shown).

10. Lipomatosis Tumors

Radiologic characteristics of lipomatosis tumors are summarized in Table 3.

10.1. Lipoma

Chest wall fatty tumors are relatively common, and lipoma is the most frequent. It is
a well-defined mesenchymal tumor arising from adipose tissue usually seen in patients
between 50-70 years old. Most chest wall lipomas are located deeply, involve intramuscular
or intermuscular layers, and show larger size with less distinct borders than superficial
ones [1,8,16,50].

On multidetector CT scan, lipomas are homogenous and have similar attenuation to
macroscopic fat with approximate —100 HU radiodensity (Figure 23); other non-adipose
components such as calcification and septa might also be seen. On MR imaging, signal
intensity is identical to subcutaneous fat on T1-weighted and T2-weighted images. It
typically does not enhance gadolinium-enhanced MR images except for septa with less
than 2 mm thickness [8,16,50,51].

10.2. Liposarcoma

Liposarcoma consists of lipoblasts with various differentiations. Well-differentiated
type is the most common subtype with near 50-75% internal fat component. The less
frequent subtypes are dedifferentiated, myxoid, pleomorphic, and mixed subtypes. Chest
wall involvement is not common [1,2,8].

On multidetector CT, liposarcoma has higher attenuation than normal fat secondary
to a mixture of fat and malignant cells. Necrosis and calcification are uncommon in well-
differentiated subtypes in contrast to the myxoid subtype (Figure 24). On MR imaging,
Myxoid Liposarcoma has hyperintensity on both T1-weighted and T2-weighted images.
Dedifferentiated subtype should be suspected when an area of T2-hyperintensity and
T1-hypointensity are identified within preexisting well-differentiated liposarcoma [16,50].
Septal thickening of 2 mm or more, older age, larger size, and nodular non-adipose com-
ponents are features that help to categorize liposarcoma over lipoma [16,50]. 18F-FDG
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metabolic activity can predict the liposarcoma grading, although there are some overlap-
ping features [1].

(b)

Figure 23. A 34-year-old man, with a case of SVC thrombosis with incidental finding. (a) Non-contrast-
enhanced CT in axial plane demonstrates well-circumscribed lesion in the right posteromedial aspect
of the chest wall with similar attenuation to subcutaneous fat with no internal septa. Multiple
collaterals are also shown in the anterior aspect of the chest wall, maybe formed due to underlying
SVC occlusion. (b) Axial plane CT of another patient shows large posteromedial chest wall mass with
attenuation similar to adjacent subcutaneous fat compatible with lipoma.

Figure 24. A 58-year-old man with dyspnea. (ab) Axial contrast-enhanced CT shows a large
heterogeneous mass with enhancing non-adipose solid components (arrow). The mass has extensive
fat attenuation that is intermixed with soft tissue density. (c) Coronal image better characterizes the
craniocaudal extension of the mass, which also shows a large inhomogeneous fat-containing lesion
with an internal enhancing solid component.

84



Diagnostics 2022, 12, 301

11. Pleural Diseases
11.1. Empyema Necessitance

Empyema necessitance is a chronic pleural space infection that can affect both immuno-
compromised and immunocompetent people. Empyema leakage to chest wall soft tissues
manifests as an extrapleural collection of empyema. Its usual location is the anterior aspect
of the chest wall. Mycobacterium Tuberculosis is the most prevalent pathogen, with Nocar-
dia Asteroides, Actinomyces Israelii, Staphylococcus, Aspergillosis, and Blastomycosis spp.
being less common [1,8,52,53].

On CT, a communication between the pleural and extrapleural collection is a pathog-
nomonic finding of empyema necessitans (Figure 25). A peripheral rim of soft tissue
inflammation and thickening, draining sinus tracts, and rib destruction with periosteal
reaction are other radiologic findings. MRI is extremely helpful in detecting vertebral and
spinal canal involvement if the posteromedial part of the chest wall is affected (Table 4) [54].

Figure 25. A 46-year-old man with high-grade fever and chills. The axial contrast-enhanced CT shows
significant right-sided pleural effusion with the near complete collapse of the right lung resulting in
a shift of the heart and mediastinum to the left side. There is pleural thickening and enhancement.
There is an extrapleural component within the adjacent chest wall with rim enhancement (arrow).
Aspiration was performed under the guidance of ultrasonography, and diagnosis of empyema
necessitans was made as a complication of Actinomyces Israelii.

11.2. Asbestos-Related Pleural Diseases

Asbestos-induced conditions include non-neoplastic and neoplastic pleural and lung
diseases ranging from pleural effusion, thickening, plaques to malignant mesothelioma,
and lung cancer. Pleural plaques are the most common disease [48,49,55].

Paravertebral and anterior plaques are better delineated on CT scans than radiogra-
phy (Figure 26). On MRI, pleural plaques are hypo to isointense to skeletal muscle on
T1-weighted, and hypointense on T2-weighted images. These findings are representative
of fibrosis and internal calcification (Table 4) [48,49,55].

11.3. Mesothelioma

Malignant mesothelioma is the most common primary tumor of the pleura, which is
related to prior asbestos exposure with a relatively poor prognosis [56].

Multidetector CT effectively reveals the primary tumoral extension, lymphadenopa-
thy, and extrathoracic metastasis (Figures 27 and 28) [56]. Another CT finding is circum-
ferential pleural thickening (most common finding) with extension along the fissures.
Large or punctate osseous or cartilaginous differentiation is more in favor of malignant
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mesothelioma rather than linear calcification that usually occurs within asbestosis plaques.
Dynamic contrast-enhanced computed tomography (DCE CT) enables measuring intratu-
moral capillary permeability and blood flow, which are beneficial in evaluating treatment
response [56-58].

(b)

Figure 26. A 78-year-old man with dyspnea. The axial contrast-enhanced CT (a,b) demonstrates
right-sided calcified pleural plaque (arrow) and small pleural effusion due to previous asbestosis
exposure. Adjacent round atelectasis is also shown.

Figure 27. A 67-year-old man with dyspnea and chest pain. Contrast-enhanced CT in axial (a) and
coronal (b) planes demonstrate left-sided localized enhancing pleural mass (arrow) with internal areas
of necrosis that extend to the posteromedial aspect of the chest wall. Involvement of diaphragmatic
pleura and elevation of left hemidiaphragm are also identified.

MR imaging and 18F-FDG PET/CT are useful in further evaluation of chest wall, di-
aphragm, and mediastinal invasion [56-59]. Malignant mesothelioma appears as unilateral
hyperintense pleural effusion and pleural thickening with iso to slight hyperintensity to
chest wall muscles on T1-weighted and moderate hyperintensity on T2-weighted images.
Post-contrast enhancement is expected (Table 3). It is believed that higher metabolic activity
on 18F-FDG PET/CT is associated with poor prognosis and shorter survival time [25,56-58].
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Figure 28. A 70-year-old man with dyspnea. The non-contrast CT in the axial plane demonstrates
right-sided large pleural effusion, near complete collapse of the right lung (a) after the chest tube
insertion; thick circumferential nodular pleural thickening of parietal pleura was shown (arrow) (b).
Contrast-enhanced CT of the upper abdomen shows the extension of mesothelioma through the
abdominal cavity and wall with indentation over adjacent liver parenchyma (arrow) (c).

12. Other Soft Tissue Lesions
12.1. Rhabdomyosarcoma

Rhabdomyosarcoma is a high-grade sarcoma that mostly affects children and usually
appears before 40. Chest wall rhabdomyosarcomas are uncommon tumors with poor
prognosis and usually manifest as rapidly growing mass with adjacent bone invasion and
nerve compression [1,16].

CT scan demonstrates homogenous mass with no mineralized matrix invading adja-
cent bone and soft tissue structures (Figure 29) [16]. MRI is the modality of choice for better
delineation of tissue characterization, tumor extension, and medullary involvement. It is
isointense to muscle on T1-weighted and hyperintense on T2-weighted images. Typical
homogenous or ring-like enhancements are expected. Non-enhanced areas of hypointensity
are reflective of necrosis (Table 3) [1,16,60]. 18F-FDG PET/CT is valuable in the primary
staging, restaging, prognosis, and therapeutic assessment [61].

12.2. Extramedullary Hematopoiesis

Extramedullary hematopoiesis is a compensatory marrow hyperplasia in conditions
with insufficient red blood cell production. Paraspinal areas are less frequently involved
than lymph nodes, spleen, and liver. It typically arises from posterior ribs in the lower
thoracic and upper lumbar area as unilateral or bilateral masses with no adjacent rib
destruction [62].

On CT, it presents as a heterogeneous mass with internal foci of fat and no calcification.
Lesions with hematopoietic activity demonstrate heterogeneous intermediate intensity on
both T1-weighted and T2-weighted sequences with subtle or no enhancement. However, le-
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sions with no hematopoietic activity might show foci of hyperintensity on both T1-weighted
and T2-weighted images due to fat component or hypointensity on both T1-weighted and
T2-weighted images secondary to iron deposition (Table 4) (Figure 30) [62,63].

Figure 29. A 5-year-old girl with dyspnea. The axial contrast-enhanced CT in soft tissue window was
obtained at the level of the main pulmonary artery (a,b), showing a large infiltrative soft tissue mass
(arrow) with irregular border and slight enhancement encasing great mediastinal vessels. Left-sided
pleural effusion was also identified. Coronal (c) and sagittal (d) CT better delineate the extension
of the tumor and demonstrates infiltrative soft tissue mass within the superior, mid, and posterior
mediastinum extending to the thoracic inlet and neck.

12.3. Extramedullary Plasmacytoma

Extramedullary plasmacytoma accounts for less than 3% of all plasma cell neoplasms
and can occur in any location. It presents as soft tissue masses with nonspecific imaging
manifestations [64].

Larger lesions show aggressive behavior such as infiltration and destruction of adja-
cent soft tissue and encasement of vascular structures. It typically presents as isointense
compared to muscle on T1-weighted images and iso to hyperintensity on T2-weighted
images [64,65].
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(c)

Figure 30. A 42-year-old woman with beta-thalassemia major presented with progressive dyspnea.

PA radiograph (a) shows right basilar mass with meniscus sign and mass-like density over the
mediastinum (asterisk). Surgical clips in LUQ of the abdomen from the previous splenectomy are
noted. Axial CT with intravenous contrast (b) shows large heterogeneous well-defined soft tissue
mass with some areas of internal hypo-density and no internal calcification in the right posteromedial
chest wall; another similar appearing smaller lesion is detectable on the left side (arrow). Sagittal
CT of the chest (c) along the long axis of the lesion demonstrates the craniocaudal extension of the
lobulated retro-mediastinal mass. Biopsy confirmed the diagnosis of EMH.

13. Conclusions

Chest wall neoplasms are a group of heterogeneous lesions, and the posteromedial
chest wall is a source of different pathologies due to its complex anatomy. Many of these
pathologies can be differentiated by imaging. A comprehensive systematic approach with
varying imaging modalities is needed to identify the correct diagnosis or limit the differen-
tial diagnosis and determine the appropriate further investigation. This article illustrates
the various posteromedial chest wall pathologies and their imaging features. Ill-defined
border, heterogeneous enhancement, and local invasion are more suggestive of a malig-
nant lesion. In contrast, well-defined borders and the absence of local invasion or distant
metastasis favor benign nature. The pattern of mineralization helps in the differentiation
of osseous/ cartilaginous neoplasm from other neoplasms. We also explored key imaging
features as well as strengths and limitations of each imaging modality. Therefore, the famil-
iarity of radiologists with the imaging features of posteromedial chest wall lesions is crucial
and can avoid unnecessary invasive procedures. Future investigation is required using
quantitative novel imaging modalities to increase the diagnostic accuracy of radiology.
Furthermore, improvement in deep learning and radiomics may increase patients’ benefit
from reduced need for biopsy and individualized treatment options.
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Abstract: Clinical presentation could be challenging in patients with arthralgia, and imaging plays
an important role in the evaluation of these patients to make the diagnosis or narrow the differential
diagnosis. Radiography of the hands is a commonly available imaging modality that can provide
crucial information with regard to the pattern and pathology of the involved joints. It is important
that radiologists and rheumatologists are familiar with the imaging findings of different rheumatic
diseases to make the diagnosis in the early stages of disease to initiate treatment.

Keywords: imaging; radiographs; inflammatory arthritis

1. Introduction

Hand radiographs are frequently ordered as the first imaging modality in the as-
sessment of patients presenting with peripheral arthritis. They can provide invaluable
information about the bones, joints, mineralization, soft tissues and the distribution of
abnormalities. Given the wide spectrum of rheumatic diseases, it might be challenging to
make the diagnosis solely based on the clinical findings and imaging plays an important
role in narrowing the differential diagnosis. Having the knowledge of the common radio-
graphic manifestations of inflammatory arthritis is of paramount importance for clinicians
and radiologists to diagnose the underlying disease in early stages of disease in order to
start treatment. The purpose of the article is to review the key radiographic findings of
common rheumatic diseases in the hands.

2. Radiographic Views

The standard radiographic views of the hands for evaluation of rheumatic disease
include a posteroanterior (PA), an oblique, and a lateral view. Norgaard view (aka. ball-
catcher view) can be obtained as an alternative to oblique views to evaluate the joints in an
oblique angle [1]. The PA view is useful to assess soft tissues, alignment, mineralization,
erosions and joint spaces. The oblique or Norgaard views are more sensitive for evaluation
of erosions in the corners of the joints that may be obscured on the PA and lateral views
(Figure 1). In Norgaard view, the patient is asked to position the hands similar to holding a
ball with the palms facing up. This maneuver flexes the joints and exposes the corners of
the joints to the X-ray beams.
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Figure 1. Norgaard (ball-catcher) view.

3. Interpretation of the Hand Radiographs

To ensure a thorough assessment of hand radiographs, the mnemonics of “ABCDES”
can be followed. In evaluating the alignment (A), attention should be paid to subluxation,
dislocation, angulation and deviation of the joints. Bones (B) should be evaluated for
trabecular pattern, destruction, and osseous lesions. Joint spaces should be evaluated
for cartilage loss (C) and joint space narrowing, and bones need to be assessed for bone
density and demineralization (D). The evaluation of erosions (E) as well as their pattern
and distribution is also an important step in the assessment of patients with inflammatory
arthritis. Soft tissue (S) swelling and calcifications can add crucial information to narrow the
differential diagnosis. Upon gathering all the information, the clinician will have a better
insight into the nature of underlying disease in the light of clinical findings. Radiographs of
the hands can be used for evaluation of new patients as well as monitoring the progression
of known disease.

The purpose of this note is to review the main radiographic findings of common
rheumatic diseases and their mimics in the hands. Table 1 summarizes the radiographic
findings that will be discussed in further details.

Table 1. Summary of imaging findings of different arthritis in the hand radiography.

Disease Rheumf\t‘md Psoriasis Erosive OA CPPD Gout SLE
Arthritis
. MCP > IP IP > MCP (mostly MCP .
Joints DIP unusual IP > MCP DIP) Radiocarpal Any Typically MCPs
. Juxta-articular . . .
Osteopenia then diffuse No Not primarily No Juxta-articular
Erosions Marginal Marginal and Central Not dominant Well—dgfmed Wlth Typically absent
then central sclerotic margins
Periostitis No periostitis Periostitis
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Table 1. Cont.

Disease Rl:::; ?tti(:d Psoriasis Erosive OA CPPD Gout SLE
. Polyarticular
2/3 asymmetric 4 .
Distribution Polyarticular and mono- Bilateral MCP Asymm'etrlcal Polyarticular
oligoarticular Usually Radiocarpal polyarticular
symmetric
More prominent cysts
Wrong distribution
for primary OA
Sagsage-dlglts Gull-wing (not Elbow' and shoulders Punched out Redugble
Micky-mouse . involved . . deformity and
FA specific, also can erosions with .
Hallmarks Pencil-in-cup. ! . subluxations
be seen in RA and N overhanging
No osteophyte PsA Chondrocalcinosis d
- SA) . . edges e
formation involving the Non-erosive
triangular

fibrocartilage complex
(TFCC), scapholunate
and lunotriquetral
ligaments

4. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a daily disease seen in rheumatology clinics. It predomi-
nantly involves the appendicular skeleton. The axial skeleton is mostly spared except for the
cervical spine where instability can occur and can be carefully assessed with cervical spine
radiographs in flexion and extension. Radiographs may show erosion at the C1-C2 level
with destruction of the transverse ligament that can result in atlantoaxial subluxation [2].

In the early stage of the disease, synovitis and inflammation of the joints result in
fusiform and symmetric juxta-articular soft tissue swelling. Due to hyperemia of the
synovium and soft tissues in the setting of inflammation, bone resorption and peri-articular
demineralization develops. The bare areas of the bones, where no covering cartilage exists,
are exposed to the inflamed synovium and can be eroded [3,4]. These marginal erosions
are the first erosive changes seen through the course of the disease and happen before
joint space loss. Early erosive changes are appreciated as subtle loss and discontinuity in
the cortex in the metacarpal heads as well as the radial base of the proximal phalanges
at the metacarpophalangeal joints [4]. In the wrist, erosive changes are typically seen in
the ulnar styloid, waists of the scaphoid and hamate, as well as the fifth carpometacarpal
joint (Figure 2). As the cartilage destruction continues, symmetric and uniform loss of joint
spaces develops and the underlying bone becomes exposed and eroded, which manifests
as subchondral erosions. In contrast to osteoarthritis, the joint space loss in the RA is
symmetric and mechanical reactive bony changes such as osteophytosis, sclerosis, or cystic
changes are not appreciated as the initial manifestations until a later stage of the disease
when secondary osteoarthritis develops. Rheumatoid arthritis does not typically involve
the distal interphalangeal joints (DIPs) [5] and other possibilities should be entertained
when DIP joints are involved (Figures 3 and 4). Radiographs have low sensitivity in
detection of bone erosions in the early stage of rheumatoid arthritis and some studies
suggest that such findings do not predict the development of inflammatory arthritis in
at-risk individuals with positive CCP (cyclic citrullinated peptide) [6]. Ultrasound and MRI
with contrast are more sensitive imaging modalities to assess inflammation in the early
phase when radiographs are normal.
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Figure 2. 57-year-old female with rheumatoid arthritis. Moderate demineralization with scattered
erosions in the carpal bones (yellow arrowheads) as well as distal radius and ulna (blue circle)
are noted.

Figure 3. 60-year-old female with long-standing rheumatoid arthritis. Hand radiographs shows
erosive changes in the PIP and MCP joints as well as the wrist. Ulnar subluxation of the fingers at
MCP joints is also present. Note the distal interphalangeal joints are spared.
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Figure 4. Frontal view of the hand in a 40-year-old female with rheumatoid arthritis. Severe pancarpal
joint space loss is present as well as juxta-articular demineralization. Distal interphalangeal joints
are spared.

Scoring radiographic findings in rheumatoid arthritis is used as an outcome measure
to help estimate the progress of disease. Findings such as erosions, joint-space narrowing,
demineralization, malalignment, soft tissue swelling, subluxation, ankylosis and cysts are
used in different methods of scoring. The most commonly used scoring methods include
van der Heijde-modified Sharp, Simple Erosion Narrowing Score (SENS) [7].

Inflammation of the tendons and ligaments around the joints of the hands results
in malalignment and deformity of the joints. These deformities include subluxation of
the MCP joints with ulnar and palmar subluxation of the proximal phalanges as well as
boutonniere and swan-neck deformities of the distal phalanges. In the later stages of the
disease, diffuse demineralization and ankylosis of the joints can also occur. Deformity of
the hand can eventually present as arthritis mutilans (Figure 5).
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Figure 5. 59-year-old female rheumatoid arthritis. Hand radiograph shows extensive erosive changes
and osseous loss in the wrist and metacarpophalangeal joints with telescoping and ulnar deviation at
the MCP joints. Severe demineralization is also present. Findings represent arthritis mutilans which
also can be seen in psoriatic arthritis.

5. Psoriatic Arthritis (PsA)

Psoriasis arthritis coincide or develop after skin changes. In 15% of cases, arthritis can
precede skin changes by 2 years [8] and imaging can play an important role in diagnosis
in this timeframe. Hands are the most commonly involved joints in psoriatic arthritis
and interphalangeal joints are the predominantly affected [9]. Fusiform periarticular soft
tissue swelling can be seen and in approximately 25% of the patients soft-tissue swelling
extends beyond the joints and diffusely involves the entire digit resulting in dactylitis that
is commonly known as hot-dog or sausage-digits (Figure 6). PsA mainly involves the
distal and proximal interphalangeal joints [9]. Normal mineralization is usually maintained
through the course of the disease, although early transient juxta-articular demineralization
can be seen. Initially, marginal erosions develop which over time progress to central
erosions with “pencil-in-cup” deformity. Arthritis mutilans occurs in about 5% of the
patients and manifests as destruction of the joints and clinical “telescoping” of the joints
where fingers can be pulled back to normal length. Acro-osteolysis is often a prominent
feature of psoriatic arthritis [10]. Bony proliferation is the main finding in psoriatic arthritis,
which, along with DIP involvement, differentiates it from the rheumatoid arthritis. Erosions
in psoriasis are predominantly marginal, which can help differentiate it from central erosion
in erosive osteoarthritis (Figures 6 and 7). Marginal erosions with periostitis result in a
mouse-ear appearance known as the “Mickey mouse” sign.
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Figure 6. 79-year-old male with psoriatic arthritis. Hand radiographs demonstrate diffuse soft-tissue
swelling in the index finger (sausage finger). Small marginal erosions are present in the DIP joint
along with mild fluffy periosteal reaction.

Figure 7. 59-year-old female with psoriatic arthritis. Hand radiographs show marginal erosions in
the distal interphalangeal joints of the index and middle fingers (yellow arrows). Mild periosteal
reaction is seen at the middle finger DIP joints.
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6. Erosive Osteoarthritis

Erosive osteoarthritis (EOA) is a type of osteoarthritis with a strong inflammatory
component. It occurs most commonly in females over the age of 60 and usually involves the
interphalangeal joints in the hands. Radiographic findings typically include a combination
of bony proliferation and erosions [11]. Distal interphalangeal joints are mostly affected and
metacarpal (MCP) joints are usually spared. The hallmark of EOA is central erosions in the
interphalangeal joints that result in gull-wing or seagull appearance [12] (Figures 8 and 9).
The first carpometacarpal joint is also frequently involved. In later stages, ankylosis of the
joints might occur as well [13]. The main differential diagnosis of EOA includes classic os-
teoarthritis, rheumatoid arthritis, and psoriatic arthritis. Joint erosions and interphalangeal
ankylosis are absent in classic osteoarthritis. While osteophyte formation is a consistent
phenomenon in EOA, it develops secondary to degenerative changes in RA and PsA and is
almost never seen as a primary feature in these two entities [11]. Unlike EOA, the DIP joints
are spared in adult-onset RA; however, DIPs may be involved in juvenile idiopathic arthri-
tis. In addition, RA demonstrates juxta-articular demineralization, a feature that is usually
absent in EOA. Both EOA and PsA involve the DIP joints, but the erosions of PsA are
marginal simiar to RA rather than central in EOA. PsA involves the joints asymmetrically
unlike EOA, which almost invariably has a symmetric distribution [14]. PsA demonstrates
additional features such as skin lesions, sacroiliitis, and enthesophytes followed by fluffy
periostitis and sometimes bone erosions [15]. The DIP erosions in PsA has a “mouse-ear”
appearance rather a “gull-wing” configuration of EOA [14]. Acro-osteolysis, pencil-in-cup
deformity, and arthritis mutilans are absent in EOA [11].

Figure 8. 76-year-old female with erosive arthritis. Severe osteoarthritis of most of the distal and
proximal interphalangeal joints with central erosions and seagull appearance.
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Figure 9. 50-year-old female with erosive arthritis. Severe osteoarthritis of DIP joints with central
erosions and seagull appearance (yellow arrowheads).

7. Calcium Pyrophosphate Dehydrate Arthropathy (CPPD)

Calcium pyrophosphate dihydrate (CPPD) crystal deposition disease, also known as
pseudogout, is the most common crystal arthropathy and is typically seen in the middle-
aged and elderly population. Chondrocalcinosis is the deposition of CPPD crystals in
the cartilage. CPPD arthropathy can present clinically as acute and chronic arthritis or
destructive arthropathy [16]. It can be primary or secondary and the secondary form is the
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consequence of metabolic diseases such as hyperparathyroidism and hemochromatosis [17].
Chondrocalcinosis most frequently involve the knees, symphysis pubis and wrists.

Two main radiographic manifestations of CPPD include calcifications and arthropa-
thy [17]. In the hands and wrists, chondrocalcinosis is mostly seen in the triangular
fibrocartilage and cartilage adjacent to scaphoid, lunate and metacarpophalangeal joints.
Bone mineralization is normal; however, it can be seen due to other etiologies such as
aging. Joint-space loss is noted with subchondral new bone formation. CPPD arthropathy
resembles osteoarthritis but in an atypical distribution. Common radiographic findings
in CPPD include joint-space narrowing, subchondral cyst formation and osteophyte for-
mation. Subchondral cysts are more significant than in primary osteoarthritis and could
be the dominant picture in radiography. In the hands, CPPD arthropathy is usually con-
fined to the metacarpophalangeal (MCP) joints, mostly involving 1st to 3rd MCPs, and
spares interphalangeal (IP) joints. Beak-like osseous projections, also known as “hook
osteophytes” could be seen in the 2nd and 3rd metacarpal head (Figure 10). In the wrist,
CPPD arthropathy most commonly affects the radiocarpal joint and ligaments, including
the lunotriquetral ligament, scapholunate ligament and triagnulat fibrocartilage complex
(TFCC). Involvement and rupture of the scapholunate ligament may result in scapholunate
advance collapse (SLAC) wrist [18].

Figure 10. 80-year-old male with CPPD arthropathy. Severe first carpometacarpal osteoarthritis,
chondrocalcinosis (blue arrow), degenerative changes and hook osteophytes in the second and third
metacarpals (yellow arrows) are findings to lead to the diagnosis.
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The distribution of degenerative changes in CPPD is different from the primary
osteoarthritis and the “wrong” distribution of degenerative changes should raise the
possibility of CPPD arthropathy [19]. In addition, cysts are more prominent in CPPD
than in osteoarthritis and shoulder and elbow joints are involved unlike osteoarthritis
(Figures 10 and 11).

Figure 11. 82 year-old-female with hand pain. Chondrocalcinosis (blue arrow). Severe osteoarthritis
of the first carpometacarpal and sever joint space narrowing in the second MCP with a small hook
osteophyte. Severe osteoarthritis of the DIP joints with central erosions predominantly seen in the
middle finger DIP joint. Patient has findings of CPPD arthtopahy and erosive osteoarthritis.

8. Gout

Gout results from the deposition of monosodium urate crystals, affects males more
frequently than the females and is the most common cause of inflammatory arthritis in men
older than 60 years [20]. The prevalence of gout increases in postmenopausal females after
the protective effect of estrogen begins to fade away. In primary gout, the uric acid level
increases due to inborn error of metabolism. In secondary gout, the level of the uric acid
increases by either increased production or decreased excretion due to various diseases.

The deposition of monosodium urate crystals occurs in tissues with poor blood supply
such as cartilage and tendon sheaths and the radiographic findings depends on the location
of the tophus. Urate crystals are not radio-opaque; however, depending on the degree of
secondary calcium deposition in the tophi, calcifications can be seen with various densities.
It takes an average of 7-10 years for radiographic findings of gout to appear, so in this
timeframe radiographs are mostly normal or show nonspecific joint effusion or juxta-
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articular soft tissue swelling [17]. Serum concentration of uric acid can be normal at the
time of an acute flare in up to one-third of the patients [21], therefore a normal serum uric
acid level does not exclude the diagnosis.

The imaging findings of gout in hand radiography include an asymmetrical polyartic-
ular distribution, juxta-articluar eccentric and lobulated soft tissue masses due to tophus
deposition, normal mineralization, well-defined erosions with sclerotic margins ( punched-
out lesions) and overhanging margins (Figure 12). There is preference of joint involvement
in the hands, and erosions can be intra-articular or juxta-articular. As synovitis is not the
primary pathophysiology in gout, cartilage damage and joint-space loss are not the primary
findings till secondary osteoarthritis develops in the later stages. Extensive erosions from
the long-standing soft-tissue tophi can mimic a “mouse or rat bite” appearance [22]. Gouty
arthritis can mimic other arthritides and can happen anywhere in the musculoskeletal
system so a high index of suspicion should be maintained if the imaging findings are not
typical for other types of arthritis.

Figure 12. 52-year-old male with gout. Mass-like soft tissue densities representing tophi in the second
and third MCP joints as well as the ring and fifth fingers with underlying erosive changes and osseous
destruction. Sclerosis at the margins of some of the erosions are noted giving the “punched-out”
appearance (blue arrows). Overhanging edge is seen in the fifth finger at the margin of the erosion

(yellow arrowhead).

9. Systemic Lupus Erythematous (SLE)

SLE is a systemic autoimmune disease characterized by inflammation of multiple
organs. Articular manifestations range from mild and self-limiting arthralgia to persistent
arthritis, which can be deforming (i.e., Jaccoud’s arthropathy) and/or erosive (i.e., Rhupus;
an entity considered by some clinicians as an overlap syndrome between rheumatoid
arthritis and SLE) [23]. The most frequent imaging finding in the hand radiographs is defor-
mity and subluxation without erosions (Figure 13). Except for Rhupus, SLE is considered
traditionally as non-erosive [23,24]. Deformities are reducible and alignment improves
when the patients” hands are supported on the radiographic cassette [8]. Other features on
radiographs include peri-articular soft-tissue swelling and juxta-articular demineralization.
Soft-tissue calcifications are uncommon.
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Figure 13. 42-year-old female with SLE. Frontal hand radiograph with Boutonniere deformity of the
thumb and ulnar subluxation of the fifth finger PIP joint. Note the absence of erosions.

Jaccoud arthropathy is a non-erosive and deformity arthropathy of the metacarpopha-
langeal (MCP) and proximal interphalangeal joints, wrists and knees. Hand deformities
present as ulnar deviation and subluxation of the MCP similar to RA; however, the defor-
mities are due to ligament laxity and muscle imbalance rather than joint involvement [25].

10. Osteoarthritis (OA)

Osteoarthtritis is the most common arthopathy. In primary osteoarthritis, the change in
the dynamics and mechanics of a joint results in cartilage loss and bony reactive changes. In
secondary osteoarthritis, the cartilage is lost due to the other pathologies such as infection,
inflammatory arthritis, gout, CPPD, trauma and hemophilia. Following the loss of cartilage
and joint space, the articulating bones come into closer contact and undergo reactive
bony changes such as marginal osteophytosis, subchondral cystic changes and sclerosis.
Cartilage pieces can be released into the joint space and continue to grow and ossify over
time to form osteochondral bodies as joint fluid provides nutrients to the chondrocytes.

Radiography remains the gold-standard imaging modality to evaluate osteoarthri-
tis [12]. The findings of primary OA in the hands include normal mineralization, osteophyte
and cyst formation, and asymmetrical joint space loss. Primary OA involves the distal and
proximal interphalangeal joints (DIPs and PIPs) and relatively spares the metacarpopha-
langeal joints (MCPs). Peri-articular soft-tissue swelling along with osteophyte formation
can develop in the PIP and DIP joints, which are known as Bouchard and Heberden nodes,
respectively.
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11. Systemic Sclerosis

Systemic sclerosis, also known as scleroderma, is a multisystem disorder with skin
thickening and vasculitis. Acro-osteolysis (osseous loss of the distal phalanges of the hands
and feet) and soft-tissue calcifications are the main radiographic findings. Acro-osteolysis
is seen in approximately 40-80% of the cases and manifests as resorption of the tufts,
penciling, and resorption of the entire distal phalanx [8]. Other main differential diagnoses
of acro-osteolysis include hyperparathyroidism, psoriatic arthritis, and thermal injuries.
Arthritis is uncommon in early stages of the disease and might develop later on as erosions
and cartilage loss. Digital soft-tissue calcification is seen in 10-30% of patients with systemic
sclerosis [8] (Figures 14 and 15).

Figure 14. 75-year-old female with scleroderma. There is partial osseous loss of the distal tufts of the
middle and ring fingers, known as acro-osteolysis (yellow arrows). Soft-tissue calcifications are noted
in the thumb, index, middle and ring fingers.

Figure 15. 43-year-old female with scleroderma. Early acro-osteolysis at the tip of the middle finger
distal tuft (yellow finger). Foci of soft-tissue calcifications in the thumb, index and middle fingers.

Other conditions mimicking inflammatory arthritis:
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12. Septic Arthritis

Septic arthritis is an important consideration when only one joint is involved (monoarthri-
tis). Infection of a joint can be the result of direct extension of infection from subjacent soft
tissues (e.g., ulcers in diabetes, decubitus ulcer or penetrating injuries) or secondary to
hematogenous spread of pathogens. Radiographic findings include soft-tissue swelling and
joint effusion in early stages. Joint-space narrowing and erosive changes are appreciated
in later stages as the cartilage is destructed due to synovitis and infection. It is important
to diagnose septic arthritis in the early stages, as cartilage and joint destruction can result
in osteoarthritis in untreated cases. In the cases of chronic septic arthritis, indolent infec-
tions such as tuberculosis should be contemplated [26]. Septic arthritis is a diagnosis of
exclusion and should be considered in every case of monoarthritis unless proven otherwise
(Figure 16).

Right

Figure 16. 37-year-old female with septic arthritis of the right wrist. Patient presented with pain and
swelling in the right wrist for a few weeks along with fever and chills. Radiographs show erosive
changes in the right wrist with soft-tissue swelling. No other joints are involved. Septic arthritis is the
diagnosis of exclusion in all patients presenting with monoarthritis and should not be overlooked.
13. Conclusions

Radiography of the hands is a commonly available and cost-effective imaging modality
that can provide invaluable information about the pattern of joint involvement and should
be the first imaging modality of choice in patients presenting with hand and wrist pain.
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Abstract: Foot and ankle surgery is increasingly prevalent. Knowledge of the mechanisms underlying
common foot and ankle deformities is useful in understanding surgical procedures used to restore
normal biomechanics. As surgical techniques evolve, it is important for the radiologist to be familiar
with these procedures, their expected postoperative appearance, and potential complications. This
article reviews the key imaging findings of a variety of common and important foot and ankle
surgical procedures.

Keywords: postoperative foot and ankle; foot and ankle imaging; osteotomy; arthrodesis; articular
implants; post-traumatic fixation

1. Introduction

Foot and ankle surgery is increasingly prevalent. In 2000, a total of 548,214 foot and
ankle surgeries occurred in the Medicare population. An approximate direct economic
burden of USD 11 billion was attributed to these procedures [1]. Additionally, osteoarthritis
is a common reason for primary care visits and surgical consultation. The quantity and va-
riety of foot and ankle surgeries has increased over time. Familiarity with these procedures,
their expected postoperative imaging findings, and common complications are important
for the general radiologist as well as the musculoskeletal subspecialist.

2. Osteotomies
2.1. Hallux Valgus and Metatarsus Primus Varus

Hallux valgus (HV), defined as abnormal fixed abduction of the first metatarsopha-
langeal (MTP) joint, is the most common form of forefoot malalignment. It is often seen
concurrently with metatarsus primus varus (MPV) or abnormal adduction of the first
metatarsal related to the other metatarsals. Both HV and MPV can cause foot pain, stiffness,
and chronic irritation of the overlying skin.

Foot radiographs are the mainstay for preoperative imaging of HV and MPV. As most
foot and ankle deformities have a dynamic biomechanical component, non-weight-bearing
radiographs tend to underestimate deformity severity.

Many radiographic measurements have been described to define HV and MPV. Three
of the most commonly used measurements include the hallux abductus angle (HAA), the
first intermetatarsal angle (IMA), and the metatarsal sesamoid position (MSP) (Figure 1A,B).
Normal HAA and IMA are less than 15 and 10 degrees, respectively [2]. The MSP describes
the relationship between the longitudinal axis of the first metatarsal and the position of
the tibial sesamoid. This is measured on a 7-point scale, with positions 1-3 depicted as
normal [3].

As the abduction deformity progresses, the first metatarsal head slides medially
in relation to the sesamoids, the medial bony prominence (bunion) increases, and the
medial supporting structures attenuate. Many patients do not respond to conservative
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management; subsequently, multiple surgical techniques are used to address the underly-
ing malalignment.

Jal

Figure 1. (A) Anteroposterior (AP) radiograph of the foot demonstrating the longitudinal axis of the
first metatarsal (yellow line), first proximal phalanx (purple line), and second metatarsal (blue line).
IMA is the angle between the first and second metatarsal longitudinal axes. HAA is the angle between
the first metatarsal and first proximal phalangeal longitudinal axes. (B) Schematic of MSP, typically
measured on a 7-point scale that increases with progressive medial angulation of the first metatarsal.

The choice of procedure depends on the severity of the deformity. More severe
deformities generally require more proximal metatarsal osteotomy or first tarsometatarsal
(TMT) arthrodesis. Figure 2 depicts an overview of various techniques used for correction
of HV/MPP.

2.2. Akin Osteotomy

The Akin procedure is a medial-wedge osteotomy of the first proximal phalangeal
base, typically performed in combination with a first metatarsal osteotomy procedure
(Figure 3A,B) [4]. A single screw or cerclage wire are typically used for osteotomy fixation.

2.3. Chevron Osteotomy

Chevron osteotomy, a V-shaped osteotomy of the first-metatarsal head performed in
the medial-to-lateral direction, is best for mild deformities [5,6]. Traditionally, the dorsal and
plantar osteotomy limbs were equal in size, but more recently, the dorsal limb has been cut
longer to accommodate the fixation screw [7]. The distal fragment is then translated laterally
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and typically fixed with one or two bicortical screws (Figure 3A). Postoperatively, lateral
radiographs are important to ensure the screws do not violate the metatarsal-sesamoid
articulation and do not protrude into adjacent soft-tissue structures.

Procedure Summary Description Considerations Diagram (lateral view)
1t MT * V-shaped osteotomy
head stalfragment
1 MT » Longitudinal osteotomy = For moderate to severe
Scarf shaft * Distal fragment deformities - |
Ostectormny | osteotomy translated laterally, fixed .ﬂ‘ !
with 2 screw: .
' ' | MC 15t MT 19 pp
1#* MT base = Lateral wedge closing | = Use lateral radiographs
Lapidus osteotomy osteotomy to ensure screws don't
Arthrodesis |+ 1 TMT | = Fixed with lateral or impede on NC joint j_ 1mMT 17 PP
: arthrodesis plantar plate and screw | * Dorsiflexion of 1% MT is
device commaon complication

= MC = medial cuneiform MTP = metatarsophalangeal 1 = plate and screw device
b MT = metatarsal TMT = tarsometatarsal == = pgsteotomy
for PP = proximal phalanx NC = naviculocuneiform

Figure 2. Surgical options for correction of hallux valgus.

Figure 3. Hallux valgus correction. (A) Postoperative AP radiograph demonstrating Chevron (black
arrow) and adjunct Akin (white arrow) correction of hallux valgus deformity with first metatarsal
head and proximal phalangeal base osteotomies. Two first-metatarsal head screws and one screw in
the base of the first proximal phalanx transfix the osteotomy sites. (B) Postoperative AP radiograph
demonstrating Scarf (black arrows) and adjunct Akin (white arrow) correction of hallux valgus defor-
mity with first-metatarsal shaft and proximal phalangeal base osteotomies. (C) Postoperative changes
related to Lapidus procedure with first-metatarsal base osteotomy and first TMT arthrodesis (black
arrows). (D) First MTP arthrodesis for correction of hallux valgus. (E) Postoperative complication of
first MTP arthrodesis with fractured plate (black arrow).
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2.4. Reverdin Osteotomy

The Reverdin osteotomy consists of medial rotation of the articular surface of the
first metatarsal head [8]. Radiographs lack sensitivity to depict the exact position of the
cartilage-covered metatarsal head. Thus, most surgeons rely on intraoperative findings
when making the decision to perform a Reverdin osteotomy.

2.5. Scarf Osteotomy

A longitudinal osteotomy on the first-metatarsal shaft is performed from medial to
lateral, often for moderate degrees of hallux valgus [9]. The distal fragment is translated
laterally and fixed with two screws (Figure 3B). Lateral postoperative radiographs are
especially useful in depiction of screw orientation.

2.6. First-Metatarsal Base Closing Wedge Osteotomy

For severe HV/MPV deformities, procedures at the base of the first metatarsal may be
required. One such procedure is the first-metatarsal base-closing-wedge osteotomy, which
is a lateral oblique osteotomy fixed with at least one bicortical screw [10].

2.7. Lapidus Arthrodesis

Lapidus arthrodesis is another option for severe deformities, which combines a first-
tarsometatarsal arthrodesis and closing-wedge osteotomy of the first-metatarsal base
(Figure 3C) [11]. A potential complication is excursion of the screws into the naviculo-
cuneiform joint; this is best appreciated on lateral radiographs.

2.8. First Metatarsophalangeal Arthrodesis

Arthrodesis is an option for patients with severe HV/MPV deformities and first MTP
osteoarthritis (Figure 3D,E). Joint instability, as can be seen in patients with rheumatoid
arthritis, is another indication of arthrodesis. The goal postoperative alignment is approxi-
mately 10 degrees of phalangeal abduction (10-degree hallux abductus angle), 10 degrees
of dorsiflexion, and 0-5 degrees of valgus.

2.9. Bunionectomy and Bunionettectomy

Resection of the medial and lateral eminences of the condyles of the first and fifth
metatarsals—termed bunionectomy and bunionettectomy, respectively—are very common
adjunct procedures in the treatment of HV/MPV. They are rarely performed in isolation, as
they do not contribute to realignment of the bones. Postoperative radiographic evaluation
is mainly performed to assess for complications such as infection or bunion recurrence.

2.10. Second-Metatarsal Shortening

Second-metatarsal shortening is often performed for correction of long-second-toe
syndrome and metatarsalgia that has failed conservative treatment. In long-second-toe
syndrome, the second toe is longer than the hallux and third toes, resulting in hammertoe
deformity, callus formation, ungual lesions, and pain [12]. Surgical options include joint-
preserving metatarsal-shortening osteotomy (Weil osteotomy), resection arthroplasty, and
arthrodesis [13]. An osteotomy is made from the dorsal aspect of the metatarsal neck,
parallel to the plantar surface of the foot. The distal fragment is then translated proximally
to achieve the desired shortening (Figure 4A,B). Decreased dislocation rate, pain reduction,
and resolution of soft-tissue callus are advantages of the Weil osteotomy. Postoperative
improvement in range of motion does not always occur, and postoperative extension
contractures and joint stiffness have been reported [14].

2.11. Calcaneal Osteotomy

The calcaneus plays an important role in alignment of the foot during weight-bearing.
Calcaneal osteotomies are extra-articular, joint-preserving procedures utilized in the cor-
rection of pes planovalgus and pes cavovarus. Not only do calcaneal osteotomies correct
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alignment through repositioning of the calcaneal tuberosity, but they also change the di-
rection of the pull of the Achilles tendon, transforming it into a corrective force. A variety
of calcaneal osteotomies exist and can be broadly divided into translational osteotomies
(medializing or lateralizing), closing-wedge osteotomies (Dwyer/modified Dwyer) [15],
and rotational osteotomies (Evans or Z-osteotomy) [16]. A major contraindication to these
procedures is subtalar osteoarthritis. In the presence of subtalar osteoarthritis, subtalar
arthrodesis is preferred.

Figure 4. Osteotomies. (A) Preoperative AP radiograph demonstrating long-second metatarsal
in a patient with plantar pain. (B) Postoperative radiograph showing findings of Weil osteotomy
with screw fixation (black arrows) with decreased length of the second metatarsal (white dashed
lines). Additionally, the patient underwent second PIP arthrodesis (white arrow). (C) Preoperative
lateral radiograph demonstrating altered tarsometatarsal axis (black line) passing plantar to the first
metatarsal. Postoperative lateral (D) and AP (E) radiographs demonstrating healed medializing
calcaneal osteotomy (black arrow) and Evans lengthening osteotomy (white arrows).

2.12. Single-Plane Translational Osteotomy

Single-plane translational osteotomies are simple transverse osteotomies of the poste-
rior calcaneus. The calcaneal tuberosity may be translated medially, laterally, anteriorly, or
posteriorly depending on the type of realignment required.

Medializing calcaneal osteotomy is usually performed for correction of pes planoval-
gus caused by posterior tibialis tendon dysfunction. It reduces strain on the deltoid ligament
and other medial support structures. The osteotomy is usually fixed with two retrograde
screws or a lateral plate and screw construct. A lateralizing calcaneal osteotomy is utilized
for correction of pes cavovarus (Figure 4C,D) [17].

2.13. Closing-Wedge Osteotomy

This procedure, originally described by Dwyer, is performed in cases of mild pes
cavovarus, often in the setting of peroneal tendon pathology, and may be performed
alongside peroneal tendon repair [15]. An 8-12 mm wedge of bone is resected via a lateral
approach osteotomy, theoretically displacing the weight-bearing axis of the hindfoot more
laterally. By reducing stress on the repaired peroneal tendons, closing-wedge osteotomies
reduce the chance of tendon re-tear. This is a more challenging technique as the osteotomy
and tendon repair are often performed through the same incision.

2.14. Rotational Osteotomy

Evans described a lengthening opening-wedge osteotomy of the calcaneal neck to
address an overcorrected clubfoot deformity [16]. A wedge-shaped bone allograft is
inserted into the osteotomy site, which lengthens the lateral column and rotates the hindfoot
and forefoot medially to restore the arch of the foot. This may be performed together with
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a medial translational osteotomy for correction of severe pes planovalgus. Because the
Evans osteotomy accentuates the equinus deformity and leads to varus forefoot alignment,
it is commonly performed with a medial cuneiform osteotomy (Cotton osteotomy) to
correct forefoot varus. Additionally, a lengthening gastrocnemius/soleus procedure is
often performed with the Evans osteotomy to correct ankle equinus (Figure 4E).

Radiographic evaluation of calcaneal osteotomies consists of describing the degree
of alignment correction, appropriate healing of the osteotomy and incorporation of graft
material if present. Weight-bearing radiographs, including the hindfoot (Saltzman) view,
aid the radiologist in describing postoperative alignment [18].

Nonunion or malunion are rare complications associated with calcaneal osteotomies.
According to Greenfield et al., this most commonly occurs in patients with systemic comor-
bidities, including vitamin D deficiency. At-risk patients may receive biologic supplemen-
tation in the form of osteoinductive modalities such as bone morphogenetic protein (BMP)
at the osteotomy site in hopes of achieving better postoperative outcomes [19].

2.15. Medial Cuneiform Opening-Wedge Osteotomy

Medjial cuneiform opening-wedge (Cotton) osteotomy is an adjunct procedure used for
correction of the fixed forefoot varus component of adult pes planovalgus. The osteotomy
is performed at the midpoint of the medial cuneiform from dorsal to plantar, keeping the
plantar cortex intact. A 4-6 mm opening is made in the medial cuneiform to accommodate
a wedge-shaped autograft or allograft. In recent years, insertion of trabecular titanium
wedges has been proposed in lieu of bone grafts (Figure 5) [20]. The osteotomy is usually
fixed with Kirschner wires for 4-6 weeks and the patient is kept non-weight-bearing;
permanent screw fixation is usually not required.

Figure 5. (A) Preoperative and (B) postoperative AP radiographs, and (C) axial CT of the foot
demonstrating changes of Cotton osteotomy at the waist of the medial cuneiform with interposition
of bone graft material (black arrows).

Postoperative weight-bearing radiographs are utilized to evaluate osteotomy healing
and graft incorporation. Meary’s (talus-first metatarsal) and Kite’s (talus-calcaneal) an-
gles are measured on lateral and anteroposterior radiographs to assess restoration of the
plantar arch.
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3. Arthrodeses
3.1. Hindfoot

The hindfoot joints include the talonavicular, subtalar, and calcaneocuboid joints.
Hindfoot arthrodesis is indicated in symptomatic patients with advanced arthritis or severe
hindfoot malalignment (varus or valgus) who have failed conservative management [21,22].
Hindfoot deformity can be painful even in the absence of significant arthritis. In advanced
Charcot-Marie-Tooth disease, hindfoot varus can result in symptomatic adult clubfoot.
Inflammatory disease such as rheumatoid arthritis can also lead to both deformity and
arthritis. Due to the importance of the hindfoot joints in the biomechanics of the foot and
ankle, arthrodesis should not be attempted unless other treatment strategies such as tendon
transfers, corrective osteotomies, and midfoot arthrodesis have failed.

3.2. Subtalar

Subtalar arthrodesis is performed in the setting of severe arthritis of any etiology
(primary, post-traumatic, postseptic, or inflammatory) or in other conditions such as
talocalcaneal coalition and acquired pes planus deformity related to posterior tibial tendon
dysfunction.

Because of the vital role of this joint in foot and gait biomechanics, anatomic alignment
of the fusion is essential with a goal of 5-10 degrees of valgus. Open subtalar arthrodesis
is generally preferred for more severe deformities and when additional arthrodeses are
planned. Fixation is achieved with two large cannulated screws. One of the screws crosses
the joint towards the talar neck. The second screw is placed parallel to the sagittal plane,
superior to the first screw into the subchondral bone of the talar dome.

Postoperative radiographs are acquired to assess for degree of fusion, alighment, and
possible complications, including hardware failure (Figure 6A-D).

-

!

Figure 6. Arthrodeses. (A,B) Preoperative weight-bearing radiographs of the hindfoot. (A) Weight-
bearing lateral radiograph demonstrating the longitudinal axis of the talus (black line) passing plantar

115



Diagnostics 2022, 12, 1090

to the first metatarsal (MT), consistent with severe pes planus. There is also mild subtalar osteoarthri-
tis. (B) Saltzman view of the hindfoot demonstrating the weight-bearing axis of the tibia (white dashed
line) passing far medial to the plantar calcaneus, compatible with hindfoot valgus. (C,D) Postopera-
tive weight-bearing radiographs of the hindfoot following subtalar arthrodesis. (C) Weight-bearing
lateral radiograph demonstrates improved alignment, with the longitudinal axis of the talus (black
line) passing through the first MT. Note the talocalcaneal fixation screws (black arrows). (D) Saltzman
view of the hindfoot demonstrating resolved hindfoot valgus, with the weight-bearing axis of the
tibia (white dashed line) passing near the plantar calcaneus. (E) Postoperative lateral radiograph
demonstrating tibiotalar arthrodesis with plate and multiple screws (white bracket). There is partial

ankylosis (black arrows).

3.3. Triple Arthrodesis

Triple arthrodesis involves fusion of the talonavicular (TN), talocalcaneal (TC), and
calcaneocuboid (CC) joints (Figure 7). The primary goals of a triple arthrodesis are to
relieve pain from arthritic, deformed, or unstable joints. Other goals are the correction of
deformity and the creation of a stable, balanced plantigrade foot for ambulation. A variety
of techniques exist for this procedure and a combination of screws and plates may be
used [23]. Complications include nonunion, hardware failure, malalignment, and adjacent
joint arthritis. In the late postoperative period, special attention should be directed to
hardware integrity and developing arthritis in the unfused joints.

Figure 7. (A) AP and (B) lateral radiographs of the foot demonstrate hindfoot triple arthrodesis with
hardware spanning the subtalar (arrow heads), talonavicular (white arrows) and calcaneocuboid
joints (black arrows). The hardware is intact and there is mature ankylosis with decreased conspicuity
of the joint space.

3.4. Tibiotalar

The goal of tibiotalar arthrodesis is to solidly fuse the tibia and talus in appropriate
alignment, defined as 0-5 degrees of valgus, neutral dorsiflexion, and slight external

116



Diagnostics 2022, 12, 1090

rotation, in order to obtain pain-free weight-bearing and gait improvement. There is
currently no consensus on the best surgical approach for this procedure; hence, a variety
of techniques exist. This procedure is performed both open and arthroscopically. The
arthroscopic approach is usually selected in patients with minimal-to-no malalignment,
whereas the open approach is preferred for patients with moderate-to-severe deformity for
better joint visualization and alignment correction. Both internal and external fixation may
be used in tibiotalar arthrodesis; successful outcomes have been demonstrated with both
methods [24,25].

Various methods of internal fixation have been described, including screws, plates,
and retrograde intramedullary nails. Many surgeons prefer to use screws as the primary
means of internal fixation because screws are easy to use, have low morbidity, and are less
expensive compared to most other methods. However, higher nonunion rates of the ankle
joint have been reported with screw fixation, especially in demineralized bone [26]. Plates
are advantageous for ankle arthrodesis because they are stiffer constructs than screws and
may achieve better union rates; there are also many options available in terms of plate size
and shape. However, the extensive dissection needed to place a plate can lead to a higher
risk of infection and morbidity [27,28]. A combination of plates and screws may also be
used. A recent biomechanical study found that a combination of plates and screws provided
significantly greater stiffness than plates or screws alone [28]. Retrograde intramedullary
arthrodesis is typically reserved for arthrodesis of both the ankle and subtalar joints.

An osteotomy of the distal fibula is often made proximal to the ankle joint. The
resected fibular bone block can be discarded or kept for use as an autologous bone graft
later on in the case. The tibiotalar joint is typically fixed using two to three cannulated
screws after adequate alignment is obtained. Fusion of lateral malleolus to tibia is then
performed using two screws. The fibular bone graft may then be used about the fusion site
to facilitate union (Figure 6E).

Radiographs are obtained at regular intervals postoperatively to assess for complica-
tions at the fusion site and the adequacy of osseous union. The development of osteoarthri-
tis in adjacent joints should also be monitored.

4. Osseous Resection
4.1. Accessory Navicular Resection

Though the majority of patients with an accessory navicular are asymptomatic, a small
fraction of patients may develop pain, which is thought to be related to traction from the
posterior tibialis tendon (PTT). A type II accessory navicular (triangular or semicircular os-
sicle attached to the navicular by a fibrocartilage or hyaline-cartilage synchondrosis) is most
likely to become symptomatic [29,30]. Patients are most often managed conservatively, but
for refractory cases the accessory navicular may be surgically resected. Surgical techniques
can be described with regard to their degree of manipulation of the PTT. In simple excision,
the dorsal PTT is lifted away from the ossicle and the plantar PTT is not disturbed. Any
dissected PTT is reattached to the navicular proper. In the Kidner procedure the ossicle is
resected, the PTT is detached and advanced through a tunnel in the medial navicular and
sutured to itself and the navicular periosteum [31,32].

Preoperative radiographs may demonstrate degenerative changes across the synchon-
drosis associated with a type II accessory navicular. Magnetic resonance imaging (MRI) is
superior in detecting bone-marrow edema in the ossicle and/or navicular proper as well
as posterior tibial tendinosis. Postoperative radiographs are acquired to confirm complete
resection of the ossicle. Postoperative MRI may be obtained as indicated to evaluate the
integrity of the PTT (Figure 8).

4.2. Cheilectomy

Cheilectomy (derived from the Greek word, cheil, meaning tongue) involves the
resection of dorsal osteophytes from the first metatarsal head. Sometimes as much as
one-third of the dorsal-metatarsal head bone stock is resected [33]. Typically, cheilectomy is
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performed for mild-to-moderate first MTP arthritis and results in pain relief and improved
range of motion. For severe first MTP arthritis, arthrodesis is preferred. Postoperatively,
lateral radiographs are helpful in detecting subtotal resection or osteophyte recurrence.

Figure 8. Pre- and postoperative images in a patient with a symptomatic accessory navicular. (A) Pre-
operative axial PD fat-suppressed MR image with mild edema/degenerative changes at the accessory
navicular synchondrosis (arrow). (B) Preoperative radiograph with type II accessory navicular
(arrows). (C) Postoperative changes from accessory navicular resection without complication (arrow).

5. Articular Implants
5.1. Polyvinyl Alcohol Hydrogel Hemiarthroplasty/Synthetic Cartilage Implant (SCI)

The goal of polyvinyl alcohol (PVA) hydrogel hemiarthroplasty, commonly known by
its trade name Cartiva, is to relieve pain and improve range of motion in patients with first
MTP osteoarthritis and /or moderate-to-severe hallux rigidus [33,34]. It can be performed
in patients with mild hallux valgus deformities. The implant is made of polyvinyl alcohol,
a synthetic polymer with biochemical properties similar to cartilage [35]. A precisely
measured cylindrical hole is drilled through the central cartilage and subchondral bone
of the metatarsal head and the implant is pressed into place without screws or cement.
Cheilectomy is often performed concurrently. The phalangeal side of the joint remains
unaltered (Figure 9A).
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Figure 9. Implants. (A) AP radiograph demonstrating postoperative changes related to Cartiva
implant (arrow) with geographic rectangular lucency in the first metatarsal head. (B) AP radiograph
showing silastic implant (arrows) of the first MTP joint. Note flat articular surfaces and triangular
shape of stems.

Postoperative radiographs are obtained at regular intervals to assess for complications,
including implant displacement, loosening, subsidence, and recurrent osteophyte forma-
tion. Radiographically, the implant appears as a geographic rectangular lucency in the
first-metatarsal head. Cross-sectional imaging better demonstrates the cylindrical shape of
the implant.

5.2. Silastic Implant

Arthroplasty utilizing high-performance silicone implants, termed silastic implants,
was originally performed in joints of the hand. In the foot, a single-stem silastic implant
for a first MTP hemi-arthroplasty was first used in 1968. The procedure has undergone
multiple iterations since that time, with current techniques utilizing double-stem, hinged
implants [36]. Indications include severe inflammatory arthritis or osteoarthritis, with or
without hallux limitus or hallux ridigus [36-39]. Some authors advocate for the use of this
technique in older, less active patients, as this population demonstrates the best clinical
outcomes with fewer complications [38]. Prerequisites for silastic-implant placement
include intact collateral ligaments and sufficient bone stock. After resection of the articular
surface, the medullary cavity is opened, taking care to preserve the collateral ligaments. A
trial prosthesis is placed, and the joint is manipulated under fluoroscopy to assess for joint
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subluxation. The final prosthesis is then inserted with a press-fit technique. The implant
acts as a spacer and is not designed to function as a joint replacement. Specific attention
must be given to the rebalancing of the soft-tissue structures in an effort to restore the
balance of the MTP [36].

Radiographically, silastic implants have increased density relative to the adjacent bone
(Figure 9B). The articular surfaces are flat and should closely oppose one another. The
component stems are triangular in shape and should be flush with the native bone. Postop-
erative radiographs should be scrutinized for implant fracture, periprosthetic fracture, and
signs of osteolysis or implant loosening [40]. Importantly, the presence of periprosthetic
cystic changes and osteolysis may be seen in a large proportion of asymptomatic patients.

5.3. Subtalar Arthroereisis

Patients with flexible flatfoot deformity (hindfoot valgus, talar plantar flexion, and
longitudinal arch collapse) who fail conservative management may benefit from surgical
intervention [41]. Arthroereisis is a surgical procedure where a bioabsorbable or titanium
implant is inserted into the sinus tarsi, expanding the subtalar joint and biomechanically
restricting flatfoot deformity [42—44]. The name is derived from the Greek root -ereisis,
translated as the action of supporting or lifting up.

Preoperative weight-bearing radiographs demonstrate the degree of flatfoot deformity
and the morphology of the subtalar joint, and allow for related presurgical measurements.
Intraoperatively, the size of the implant is determined based on the range of motion of the
subtalar joint. Intraoperative fluoroscopic or radiographic images are used to assess implant
alignment and ensure adequate correction of the deformity. Postoperative radiographs
demonstrate the arthroereisis as a radiodense cylindrical implant located between the
anterior and posterior subtalar facets near the angle of Gissane (Figure 10). On the lateral
radiograph, the tip of the implant should be within the subtalar joint with its long axis
parallel to the joint space. On anteroposterior radiographs of the foot, the implant should
project over the middle third of the talus. Its lateral margin should align with or be slightly
medial to the lateral margin of the calcaneus. Postsurgical weight-bearing radiographs
demonstrate the degree of operative correction.

Figure 10. (A) AP and (B) lateral radiographs demonstrating the arthroereisis screw expanding the
subtalar joint (black arrows) positioned between the anterior and posterior subtalar articulations.

Complications such as implant loosening, dislocation, lateral extrusion, and over-
correction of the deformity may be appreciated radiographically (Figure 11) [43]. Subtle
implant migration, fractures, and peri-hardware lucency may be better evaluated with CT,
whereas MRI may demonstrate postoperative soft-tissue abnormalities or bone-marrow
edema [43]. Patients may complain of postoperative pain from sinus tarsi syndrome or
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accelerated subtalar osteoarthritis, which may be severe enough to require implant removal
(Figure 12) [45].

Figure 11. Prior history of subtalar arthroereisis placement. Mortise radiograph of the ankle demon-
strates increased lucency surrounding the hardware concerning for loosening (white arrows).

Figure 12. Prior left arthroereisis placement (A) developed hindfoot pain. Weight-bearing CT
(B) demonstrates accelerated posterior subtalar facet degenerative changes (white arrows). Patient
underwent implant removal and subsequent subtalar arthrodesis (C) with resolution of pain.
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5.4. Total Ankle Arthroplasty

Total ankle arthroplasty was developed as an alternative to arthrodesis in patients with
end-stage tibiotalar arthrodesis who failed conservative management, with the goals of
decreasing pain and restoring ankle alignment while maintaining range of motion. Several
generations of these implants exist, with the second and third generations being the most
commonly used today. The implants are divided into mobile-bearing and fixed-bearing
models based on whether or not the polyethylene spacer is mobile or fixed to the tibial
component [46,47].

As with all implants, postoperative evaluation is focused on potential complications,
not dissimilar to other arthroplasties, and includes periprosthetic lucency/fracture, osteoly-
sis, and subsidence (Figure 13) [48].

Figure 13. Mobile-bearing total ankle arthroplasty. AP (A) and lateral (B) radiographs demonstrating
well-seated tibial and talar components (black arrows) without abnormal lucency or fracture. Fibular
osteotomy (white arrows).
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Abstract: The objective of the study was to assess the changes in nasal soft tissues after RME was
performed with tooth-borne (TB) and bone-borne (BB) appliances. Methods. This study included
40 subjects with a diagnosis of posterior cross-bite who received tooth-borne RME (TB, average
age: 11.75 £ 1.13 years) or bone-borne RME (BB, average age: 12.68 & 1.31 years). Cone-beam
computed tomography (CBCT) was taken before treatment (T0), after a 6-month retention period
(T1), and one year after retention (T2). Specific linear measurements of the skeletal components and
of the soft-tissue region of the nose were performed. All data were statistically analyzed. Results.
Concerning skeletal measurements, the BB group showed a greater skeletal expansion of the anterior
and posterior region of the nose compared to the TB group (p < 0.05) immediately after RME. Both TB
and BB RME induce a small increment (>1 mm) of the alar base and alar width, without significant
differences between the two expansion methods (p > 0.05). A high correlation was found between
skeletal and soft-tissue expansion in the TB group; instead, a weaker correlation was found in the
BB group. Conclusion. A similar slight increment of the alar width and alar base width was found
in both TB and BB groups. However, the clinical relevance of these differences, in terms of facial
appearance, remains questionable.

Keywords: rapid maxillary expansion; bone-borne RME; tooth-borne RME; orthodontic; facial
aesthetics

1. Introduction

Rapid maxillary expansion (RME) is the treatment of choice for the correction of
transverse maxillary deficiency [1]. RME consists of the separation of the mid-palatal
suture, obtained by applying orthopaedic forces through intra-oral devices [2]. The most
common design of RME devices is a tooth-borne (TB) expander [3]. Since the TB expander
is directly anchored to the teeth, generally the upper first molars, the forces generated
by the activation of the appliance can determine undesirable effects on the dentition and
alveolar structures [4]. In this regard, common side-effects in TB-RME have been described,
such as dental tipping, root resorption, marginal bone loss and reduction in buccal bone
thickness [5-7], and to moderate these side effects, it has been proposed to support palatal
expanders with temporary skeletal anchorage devices (TADs) [8,9]. The skeletal effects and
pattern of expansion of TB-RME-RME have been widely documented in the literature [10];
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also, recent evidence has suggested that bone-borne (BB) expander could generate greater
skeletal expansion compared to TB expander [8].

The effects of RME are not limited to the maxilla but can be extended to the cir-
cummaxillary structure as well as several other adjacent structures in the face and the
cranium [11,12]. In particular, it can also influence the anatomy and the physiology of the
nasal structures [13]. Previous studies [14,15] showed that RME enlarges the dimension
of the nasal cavity (about one-third of appliance expansion) and increases its volume by
displacing the nasal lateral walls apart. These changes could explain the improvement
of nasal breathing and the reduction in nasal airway resistance often recorded in treated
subjects [16].

Conversely, the effect of RME on nasal soft tissue has not been deeply investigated,
and the few studies available are mostly related to the evaluation of post-treatment changes
of surgically assisted RME in adult subjects [17,18]. In this regard, it would be interesting to
understand if certain dimensional changes of nasal soft tissue should be expected after RME
even in growing subjects, considering that treatment results, including nasal proportions,
influence patients’ aesthetic appearance [19]. This aspect is of great clinical relevance
considering that transverse skeletal maxillary deficiency is one of the most common skeletal
deformities of the craniofacial region among youngsters [20]. In this respect, the aim of the
present study was to assess the soft tissue changes of the nose after RME was performed on
growing subjects and to evaluate if these changes are different between TB and BB maxillary
expanders. For this purpose, we analysed the 3D rendered facial models obtained from
cone-beam computed tomography (CBCT) scans of the included subjects. Since BB-RME has
shown greater skeletal effects compared to TB-RME [8], we assumed that RME supported by
skeletal anchorage (BB-RME) might determine greater soft tissue nasal changes compared
to TB-RME, and this assumption was the null hypothesis of the present study.

2. Materials and Methods
2.1. Study Sample

The research protocol of this retrospective study was approved by the Ethics Review
Board of Alberta University (IRB protocol number: Pro00075765) and included a sample of
young subjects who completed their orthodontic treatment at the Orthodontic Clinic of the
University of Alberta (Edmonton, Canada). Subjects were recruited between September
2019 and August 2021 and randomly assigned to TB-RME or BB-RME. Moreover, the CBCTs
used for the present study were obtained from previously published materials [21,22] to
avoid unnecessary or additional radiation exposure to the patients. All subjects signed
appropriate forms for consent to the treatment.

Inclusion criteria were as follows: (1) age between 11 and 16 years (to avoid extreme
differences in the skeletal maturation stage among individuals), registered at the first CBCT
acquisition, (2) full permanent dentition (except for the third molar), (3) posterior crossbite,
(4) CBCT scans with the field of view (FOV) including all relevant anatomical areas for head
orientation and measurements, (5) no artifacts, (6) no temporomandibular joint disorder,
(7) no previous orthodontic treatment, (8) no craniofacial anomalies of skeletal and soft-
tissue. Figure 1 shows data recruitment process of the present retrospective study.

2.2. Treatment

The TB group received a Hyrax appliance designed with bands on the first permanent
molars and first premolars. The design of the expander in the BB group includes two mini-
screws (length: 12 mm; diameter: 1.5 mm; Straumann GBR System, Andover, MA, USA)
inserted in the basal bone at the level corresponding to the area between the permanent
first molars and second premolars and joined by a jackscrew.

In both groups, the activation protocol was 0.25 mm/turn with 2 turns per day
(0.5 mm/d) in both groups. Expansion screw activations were stopped when overexpansion
was achieved, i.e., when the mesiopalatal cusps of the maxillary first permanent molars
were in contact with the buccal cusps of the mandibular first permanent molars. The device
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was maintained for a further 6 months to maintain the results obtained, and no other
orthodontic device/therapy was administered to the patient. Parents received a specific
form where they reported each activation performed according to the protocol established.
The parents of all included subjects had strictly followed the prescription.

Assessed for eligibility
(retrospective study)

(n=102)
Not meeting inclusion criteria

2 Excluded (n=26)

)
E  Artifact or no soft tissues definition (n=13)
e * Previous orthodontic treatment (n =9)

= * TMJ symptomps (n = 4)
=

Included
(n=176)

=
4=

=

& TB Group BB Group
= (n=38) (n=38)
<

g- Discontinued analysis (n = 2) Discontinued analysis (n = 2)
3

=  Absence of records at T2 (n = 1) * Absence of records at T2 (n = 2)
Lg * Clinical data missing (n=1)

v

‘@

—4:‘ Analyzed Analyzed

: (n=36) (n=36)

Figure 1. Flowchart showing data recruitment of the present retrospective study.

2.3. Image Acquisition

Cone Beam Computed Tomography (CBCT) was performed before treatment (T0),
after 6 months (T1), and one year after retention (T2). Patients were scanned with the same
iCAT CBCT unit (Imaging Sciences International, Hartfield, PA, USA). The acquisition
protocol was the same for all subjects and included isotropic voxels of 0.3 mm in size, 8.9 s,
wide field of view at 120 kV, and 20 mA. The distance between the 2 slices was 0.3 mm.

2.4. Skeletal Measurements

On multiple planar reconstruction images, the skull was reoriented to the Frankfort
horizontal (FH) as follows (Figure 2): (1) in the frontal view, the mid-sagittal plane was fixed
through the center of the anterior nasal spine (ANS), and the axial plane was constructed
through both infraorbital skeletal landmarks; (2) in the right sagittal view, the axial plane
was placed through the right porion and right infraorbital landmarks. For standardization,
the left sagittal view was not processed to avoid orientation problems due to asymmetrically
positioned portions; (3) in the axial view, the mid-sagittal plane was constructed through
crista Galli and basion [23].
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Figure 2. Head re-orientation on coronal (A), sagittal (B) and axial (C) planes of CBCT scans. The 3D
image (D) shows the head orientation on a 3D space.

Afterward, the transverse dimension of the Apertura Piriformis was measured in the
anterior and posterior regions. In the coronal plane passing through the cephalometric
point N, the linear measurements of anterior nasal width (ANW) and anterior nasal floor
width (ANFW) were performed (Figure 3, Table 1). Similarly, in the coronal plane passing
through the upper margin of the mesial aspect of the Sella Turcica, the linear measurements
of the posterior nasal width (PNW) and posterior nasal floor width (PNFW) were performed
(Figure 4, Table 1). The entire procedure for skeletal measurements was performed by using
the Dolphin 3D software (Dolphin Imaging, version 11.0, Chatsworth, CA, USA).

Figure 3. Linear measurements of anterior nasal width (ANW) and anterior nasal floor width (ANFW)
in the coronal plane.
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Table 1. Description of the linear measurements used in the present study.

Measurements

Description

Skeletal Measurements

ANW
Anterior Nasal Width

Distance between the most lateral points along the inner
surface of nasal lateral walls, taken at the coronal plane
passing through point N

ANFW
Anterior Nasal Floor Width

Distance between the most lateral points along the inner
surface of nasal lateral walls at the nasal floor level, taken
at the coronal plane passing through point N

PNW
Posterior Nasal Width

Distance between the most lateral points along the inner
surface of nasal lateral walls, taken at the coronal plane
passing through point S

PNFW
Posterior Nasal Floor Width

Distance between the most lateral points along the inner
surface of nasal lateral walls at the nasal floor level, taken
at the coronal plane passing through point S

Soft Tissue Measurements

AW Distance between the most lateral points of the alar
Alar Width curvatures on the right (rfLAC) and left (ILAC) sides
ABW Distance between the right point (rAB) and the left point
Alar Base Width (LAB) of the facial insertion of the alar base
NL . . . .
Nasal Lenght Distance between the soft-tissue N point and PrN points
NFL Distance between the PrN and SbN point
Nasal Filter Length istance between the pomnts
NLA Angle between nasal filter and the profile of the upper li
Nasolabial Angle & P pper lip

Figure 4. Linear measurements of the posterior nasal width (PNW) and the posterior nasal floor

width (PNFW) in the coronal plane.
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2.5. Soft Tissue Measurement

The segmentation mask of facial soft-tissue was created, setting the Hounsfield units
threshold between —1024 and —200 and then converted into a 3D rendered model. The anal-
ysis of the nasal soft-tissue region was performed using the following measurements [17]
(Table 1): Alar base width (ABW) (Figure 5), Alar width (AW) (Figure 5), Length of the
nose (NL) (Figure 6), Length of the nasal filter (NFL) (Figure 6), Naso-labial angle (NLA)
(Figure 7).

Figure 5. Facial soft-tissue linear measurements of the alar base width (ABW) and the alar width (AW).

Figure 6. Facial soft-tissue linear measurements of the length of the nose (NL) and length of the nasal
filter (NFL).
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Figure 7. Facial soft-tissue linear measurement of the naso-labial angle (NLA).

The entire procedure for soft tissue measurements was performed by using the Dolphin
3D software (Dolphin Imaging, version 11.0, Chatsworth, CA, USA).

2.6. Statistical Analysis
2.6.1. Sample Size Calculation

In the absence of reference data from the literature, calculation of sample size power
was preliminary carried out on 20 subjects (10 in the TB group and 10 in the BB group)
using the following settings: primary outcome = measurements of ABW parameter, beta
error = 0.20, alpha error = 0.05, comparison = difference in the T0-T1 changes of ABW in the
TB group, software = SPSS® version 24 Statistics software (IBM Corporation, 1 New Orchard
Road, Armonk, New York, NY, USA). The difference detected in the ABW parameter
between T0 and T1 was 0.92 mm (SD = 0.88), and the analysis indicated that 28 patients
were required to reach 80% power to detect the same difference. However, according to the
inclusion criteria, we were able to include 40 subjects which increased the robustness of
the data.

2.6.2. Data Analysis

The normal distribution and equality of variance of the data were preliminarily per-
formed with the Shapiro-Wilk Normality Test and Levene’s test. The one-way analysis of
variance (ANOVA) and Scheffe’s post-hoc comparisons tests were used for inter-timing
assessments; instead, the unpaired Student’s t-test was used for inter-group comparisons.
Linear regression analysis was performed to investigate a cause-effect relationship between
skeletal and soft-tissue changes, i.e., expansion of the Apertura piriformis (independent
variable) and expansion of the alar width and alar base width (dependent variables). A
Chi-square test and Student’s t-test were used to assess the homogeneous distribution of
sex and age variables between the TB and BB groups, respectively.

Ten patients were randomly selected, and the entire procedure was repeated by the
same expert investigator (ALG) after 4 weeks. The same patients were also re-measured
by a second expert operator (VR). Intra-examiner and inter-examiner reliability for the
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absolute agreement was assessed for each measurement using the intraclass correlation
coefficient (ICC). Data sets were analysed using SPSS® version 24 Statistics software (IBM
Corporation, 1 New Orchard Road, Armonk, New York, NY, USA).

3. Results

The demographic characteristics of the study sample are reported in Table 2. No
differences were found between TB and BB groups concerning sex distribution. However,
differences were detected between the two groups according to age distribution; in this
regard, subjects in the TB group were about 1 year younger than those included in the
BB group.

Table 2. Demographic characteristics of the study sample.

. Total Sample TB Group BB Group R
Sample Characteristics (n = 40) (@ = 20) (1 = 20) Significance
Sex: male/female 17/23 9/11 8/12 p=021*
Age, y: mean (SD) 12.21 (1.46) 11.75 (1.13) 12.68 (1.31) p=0.02**

* p value set as <0.05. and assessed by chi-square test; ** p value set as <0.05. and assessed by Student’s t test.

In both TB and BB groups, there was a statistically significant expansion of the Aper-
tura piriformis (ANW and ANFW) between T0 and T1 (p < 0.05), instead no differences
were found between T1 and T2 (p > 0.05), thus maintaining the post-retention changes
(Table 3). The expansion of the Apertura piriformis was significantly greater in the BB
group compared to the TB group (TB) (p < 0.05) at each time point. The same findings were
recorded for the PNW and PNFW measurements (Table 4).

Table 3. Inferential statistics of measurements calculated before treatment (T0), after 6 months (T1)
and one year after treatment (T2).

Measurements N Groups TO T1 T2 Significance
Mean SD Mean SD Mean SD

20 TB 2801 (b  1.69 2913(a) 181  2906(a) 177 p = 0.0003
ANW 20 BB 2832(bc) 207 3033(a) 211  3046(a) 214 p = 0.0002
ANEW 20 TB  17.09(bc) 275 187 (a) 2.66 185 (a) 2.69 p = 0.0003
20 BB 1775(bc) 198 2041() 18  2053(a) 191 p <0.0001
20 TB  3026(bc) 214 31.1 (a) 197  31.02(a) 212 p =0.0072
PNW 20 BB 30.6 (b,c) 416 3256(a) 369  3225(a)  4.05 p = 0.0001
20 TB  2598(bc)  3.46 2709(a) 377  2722(a) 357 p <0.0001
PNFW 20 BB 2622(bc) 410 2871(a) 423  2893(a) 437 p < 0.0001
20 TB 34.6 (b,c) 258 3582(a) 291  3522(a)  3.19 p =0.0035
AW 20 BB 3552(bc) 378 3711() 409  3657(a)  3.50 p < 0.0001
20 TB 3253 (bc) 352 3356 (a) 321 33.6 (a) 3.40 p = 0.0004
ABW 20 BB 33.24 (b) 3,12 34.49 (a) 329 3466 (a) 3.08 p = 0.0002
20 TB 4445 293 4493 3.27 44.40 3.29 p = 0.0881
NL 20 BB 47.12 5.60 47.65 5.44 47.13 5.8 p = 0.059
NEL 20 TB 1830 1.83 1855 1.85 18.32 1.73 p =0.0743
20 BB 20.17 145 20.41 155 20.16 143 p=0.1315
20 TB 123.49 8.46 124.10 8.36 123.53 7.60 p = 0.0625
NLA 20 BB 130.70 10.09 131.44 10.20 130.80 9.49 p = 0.0564

TB = Tooth-Borne group; BB = Bone-Borne group; N = sample number; SD = standard deviation; ANW = Anterior
nasal width, ANFW = anterior nasal floor width, PNW = posterior nasal width, PNFW = posterior nasal floor
width; AW = alar width, ABW = alar base width, NL = nasal lenght, NFL = nasal filter length, NLA = nasolabial
angle. Significance set at p < 0.05 and based on one-way analysis of variance (ANOVA) and Scheffe’s post-hoc
comparisons tests; a, b, ¢ = identifiers for post-hoc comparisons tests.

In both TB and BB groups, the alar width (AW) and the alar base width (ABW) slightly
increased in both groups between T0 and T1 (p < 0.05), while a significant reduction was
found at T2, almost reaching pre-treatment values (p < 0.05) (Table 3). The increment of
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the alar width (AW) and the alar base width (ABW) was slightly greater in the BB group
compared to the TB group both at 6 months (T0-T1) and 1 year (T0-T2) after maxillary
expansion, and such differences were statistically significant (p < 0.05) (Table 4).

Table 4. Comparisons of mean changes obtained after 6 months (T0-T1) and one year after treatment
(T0-T2) between TB and BB groups.

Measurements N Groups T0-T1 T0-T2
Mean SD Significance Mean SD Significance
20 TB 1.12 0.31 1.05 0.28
ANW 20 BB 2.01 0.43 p < 0.0001 2.14 0.37 p < 0.0001
20 TB 1.61 0.28 1.41 0.32
ANFW 20 BB 2.66 0.52 p < 0.0001 2.78 0.53 p < 0.0001
20 TB 0.84 0.21 0.76 0.25
PNW 20 BB 1.96 0.27 p < 0.0001 1.65 0.34 p < 0.0001
20 TB 1.11 0.19 1.24 0.24
PNEW 20 BB 2.49 0.51 p < 0.0001 2.71 0.75 p < 0.0001
20 TB 1.22 0.29 _ 0.62 0.41
AW 20 BB 159 0.35 p = 0.0008 1.05 0.31 p < 0.0001
20 TB 1.03 0.17 _ 1.07 0.15
ABW 20 BB 125 0.23 p=0.0014 142 0.17 p<0.0001
20 TB 0.48 0.16 —0.05 0.13
NL 20 BB 0.53 0.15 p=0314 0.01 0.17 p=04084
20 TB 0.25 0.21 _ 0.02 0.24 _
NFL 20 BB 0.24 0.18 p=0872 o1 0.18 p=07823
20 TB 0.61 0.26 ~ 0.04 0.26 ~
NLA 20 BB 0.74 03 p=0.151 0.10 0.36 p=045493
TB = Tooth-Borne group; BB = Bone-Borne group; N = sample number; SD = standard deviation. ANW = Anterior
nasal width, ANFW = anterior nasal floor width, PNW = posterior nasal width, PNFW = posterior nasal floor
width. AW = alar width, ABW = alar base width, NL = nasal length, NFL = nasal filter length, NLA = nasolabial
angle. Significance set at p < 0.05 and based on Independent Student’s ¢ test.
A small increment of nasal length (NL), nasal filter length (NFL), and nasolabial angle
(NLA) were found in both groups between T0 and T1; instead, a small reduction in the
same measurements was recorded at T2. However, these changes were not statistically
significant (p > 0.05) (Table 3). Finally, no differences were found between the TB and BB
groups in the changes of NL, NFL, and NLA recorded at 6 months (T0-T1) and 1 year
(T0-T2) after maxillary expansion (p > 0.05) (Table 4).
A high correlation was found between skeletal and soft-tissue expansion in TB group
(from 0.903 to 0.941), instead a weaker correlation was found in the BB group (from 0.695 to
0.742) (Table 5).
Table 5. Linear regression tests model using anterior skeletal changes as independent variables
(predictor) and soft tissue changes as dependent variables.
Groups Predictor Variables Dependent Variables R Coefficients
Beta Standard Error
AW 0.916 0.916 0.020
. ANW ABW 0.903 0.903 0.031
ANEW AW 0.927 0.927 0.018
ABW 0.941 0.941 0.015
AW 0.716 0.716 0.082
- ANW ABW 0.695 0.695 0.102
ANFW AW 0,731 0,731 0.079
ABW 0.742 0.742 0.068

TB = Tooth-Borne group; BB = Bone-Borne group; ANW = Anterior nasal width; ANFW = anterior nasal floor
width; AW = alar width; ABW = alar base width.
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Concerning the reliability of the methodology, an excellent correlation was found
between intra-operator readings with values ranging from 0.932 to 0.963 for skeletal mea-
surements and from 0.922 to 0.959 for soft-tissue measurements. Inter-operator reliability
also showed an excellent correlation between the two readings, with values ranging from
0.901 to 0.916 for skeletal measurements and from 0.915 to 0.928 for soft tissue measurements.

4. Discussion

Several studies have demonstrated that RME, both in the form of tooth-borne and
bone-borne anchorage systems, increases the transverse dimension and the volume of the
nasal cavity, with a consequent potential improvement of the respiratory function [16].
Although the main goal of RME is to correct the skeletal transverse maxillary deficiency
and any consequent functional impairment, it would be interesting to understand if this
therapy can determine changes in the soft tissue of the nasal region, being that this aspect
is relevant from the patients’ aesthetic perspective. To the best of our knowledge, this is the
first study in the literature addressing this topic. Previous studies with a similar method-
ology have been published [17,18]; however, they were focused on changes that occurred
after surgically assisted RME, and their findings are far from being comparable to those
obtained in the present study, considering the differences between the two treatment ap-
proaches. Only two studies have investigated the soft tissue nasal changes after tooth-borne
RME using measurements performed on photographic records [24] and in-vivo (clinical
inspection using a digital caliper), respectively [25], thus without providing information
on the underlying skeletal changes occurring in the tested sample. In this regard, CBCT
images allow the analysis of both skeletal and soft tissue changes and perform comparative
evaluations, as reported in the present study.

4.1. Post-Retention Transverse Changes

Concerning skeletal measurements, the BB group showed a greater skeletal expan-
sion compared to the TB group, which was consistent with previous findings [8]. The
TB group showed a greater expansion of the pyriform aperture width compared to the
posterior region confirming the wedge-shaped opening of the suture [4]; instead, BB
groups showed a more parallel sutural opening [21]. Furthermore, both groups showed
a cranio-caudal pattern of expansion (T0/T1 TB: ANW = 1.12 mm, ANFW = 1.61 mm;
T0/T1 BB: ANW =2.01 mm, ANFW = 2.66 mm), confirming the “V” shape opening of
the mid-palatal suture [26]. It should be mentioned that subjects in the BB group were
slightly older than those included in the TB group (<1 year); thus, they could present
an advanced maturational stage of the mid-palatal suture that would have increased the
skeletal resistances compared to TB group [27].

Both TB and BB RME induce a small increment (>1 mm) of the alar base and alar
width. Such an increment was slightly greater in the TB group with statistical significance;
however, it should be considered irrelevant from the clinical perspective. These data are
close to those reported by Johnson et al. [25] and were below the increment of 2 mm of the
alar base found by Berger et al. [24] with a TB expander. In the latter study, the authors
found that the expansion of the soft tissue alar base was in a 1 to 1 ratio with the skeletal
increment. Accordingly, in the TB group of the present study, the expansion of the alar base
and of the alar width was similar to that of the Apertura piriformis (T0/T1 ANW=1.12 mm,
ANFW =1.61mm, AW =1.22 mm, ABW = 1.03 mm), instead, in the BB group, the expansion
of the alar base and of the alar width was remarkable below that of the Apertura piriformis
(ANW = 2.01 mm, ANFW = 2.66 mm, AW = 1.39 mm, ABW = 1.25 mm). Considering that
the transverse skeletal increment was greater in the BB group while both groups showed
a similar amount of expansion of the soft tissue, it can be assumed that the response of
the soft tissue of the alar region could follow skeletal expansion up to a certain threshold,
beyond that further expansion is prevented. Such limitation can be influenced by intrinsic
tissue characteristics, such as tension, tone, and thickness of the soft tissue, which may
also contribute to the relapse forces. This assumption would be confirmed by the different
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values of the linear regression between skeletal and soft-tissue expansion found in this
study in the TB group (from 0.903 to 0.941) and BB group (from 0.695 to 0.742).

4.2. Post-Retention Sagittal Changes

Another assumption of this study is the possibility that RME, in the form of TB and/or
BB anchorage, can change the sagittal projection of the soft tissue in the nasal region. A
small increment of nasio-labial angle, nasal filter, and nasal length was found in both TB
and BB groups; however, these findings were not statistically significant as well as they did
not differ between the two groups. As far as we know, the only study that looked at the
height of soft tissue in the nose was that of Magnonson et al. [18]. In that study, the authors
found an insignificant increase (p > 0.05) of 0.18 mm, but in contrast to our study that
observed changes after RME, they were observing changes following surgical disjunction.
Nevertheless, despite being not statistically significant, the increment of nasio-labial angle,
nasal filter, and nasal length data were consistent and could be attributed to adaptive
postural changes to accommodate the width and thickness of the expander appliance [24].

4.3. Long-Term Changes

One year after appliance removal, all the skeletal and soft-tissue transverse changes
obtained after RME were maintained, suggesting that most of the relapse occurred during
the retention period, as widely confirmed by literature [10]. Instead, we found a significant
reduction in the soft tissue nasolabial angle, nasal length, and nasal filter length, reach-
ing almost pre-treatment values, confirming that the changes recorded during appliance
wearing were due to adaptive postural changes of the soft tissue.

Facial aesthetics is a primary concern for patients and clinicians, and consequently,
soft-tissue analysis has been integrated into modern orthodontics, being a fundamental
aspect of the diagnosis, treatment plan, and decision-making process. Furthermore, in case
of documented changes in the facial soft tissue during/after treatment, they should be
evaluated and discussed with patients to improve patients” compliance and confidence
in the treatment [28]. In this regard, treatment results including nasal proportions, are
considered to have an important influence on patients’ macro-aesthetic appearance [19].

According to the present findings, RME could induce a small increment of the diame-
ter between alar cartilages, and patients with narrow and constrained nasal structures may
benefit from the nasal widening effects of surgically assisted rapid maxillary expansion
(SARME). Moreover, patients should not be expected to see relevant changes in the nasal
soft tissue when undergoing RME assisted by skeletal anchorage. However, the clinical rele-
vance of these findings remains questionable. It is difficult to judge the patients’ perception
of the soft tissue changes occurring after RME. There are no established threshold values
in the literature for assessing a layperson’s perception of variations in nasal width [29].
Different results may be observed in different patients as a result of the same treatment,
with deterioration in one case and improvements in another [18]. In this regard, further
studies involving patients’ self-perception of facial changes after RME are recommended to
elucidate this aspect; also, studies with long-term follow-up, even using non-invasive 3D
imaging digital technology, are warmly encouraged to evaluate soft-tissue behavior years
after RME treatment.

4.4. Limitations

The study sample consisted of CBCT scans taken with Full Filed of View (FOV), which
means that the scans included anatomical areas that are beyond the diagnostic and research
interest addressed. In this regard, the usage of ionizing radiations beyond the area of
interest should be discouraged according to the ALADAIP principle [30]. However, CBCTs
used for the present study were obtained from previously published materials [21,22] to
avoid unnecessary or additional radiation exposure to the patients.

The comparative data obtained in the present study may be biased by the different
craniofacial skeletal patterns and related muscles characteristics [31], as well as patients’
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ages and skeletal maturation stages. Accordingly, caution must be taken in the interpre-
tation of the present findings, and any generalization should be avoided. The absence
of matched groups according to the skeletal growth stages, is another limitation of the
present investigation. However, growth should not be considered a significant variable
in the changes observed in both TB and BB groups, at least between pre-treatment and
post-retention stages.

5. Conclusions

A similar slight increment of the alar width and alar base width was found in growing
subjects treated with TB-RME and BB-RME. However, the clinical relevance of these
differences, in terms of facial appearance, remains questionable.
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Abstract: The purpose of our retrospective article is to review the CT imaging features of chon-
drosarcomas of the chest wall with pathologic correlation. For 26 subjects with biopsy-proven
chondrosarcomas of the chest wall, two musculoskeletal radiologists retrospectively reviewed 26 CT
scans in consensus. Descriptive statistics were performed. The mean tumor size was 57 mm. Twenty
(20/26, 77%) chondrosarcomas were located in the ribs and six (6/26, 23%) in the sternum. The
majority were lytic (19/26, 73%) with <25% calcification (15/26, 58%), and with a soft tissue mass
(22/27, 85%). In this study CT features of grade 1 chondrosarcoma overlapped with those of grade
2 tumors. In conclusion, chondrosarcomas of the chest wall are generally lytic with an associated soft
tissue mass, showing little calcified matrix and low-to-intermediate grade.

Keywords: chondrosarcoma; chest wall tumor; bone tumor; CT scan

1. Introduction

Chondrosarcomas (CS) of the chest wall are rare lesions, but they represent the most
common primary malignant bone tumors of the chest wall [1,2]. Both primary [3-10] and
secondary forms of CS [11-13] have previously been reported.

The imaging features of CS of the chest wall have been insufficiently described, with
limited reports depicting the imaging features for radiography [6,7,9], cross-sectional imag-
ing [2,4,6-9,12,14], and PET [4,15-17]. There are, however, several reports in the surgical
literature regarding the clinical features and prognosis of CS of the chest wall [5,8,13,18-20].
It is important for the imaging interpreter to consider CS in the differential diagnosis of a
chest wall mass, especially due to the knowledge that some histologic features of CS can
overlap with enchondroma, as has already been described in the extremities [21].

While radiography of a chest wall mass is often the first-line imaging modality for
tumor detection, it is often inadequate for characterization. Therefore, cross-sectional
imaging techniques are important modalities for the detection and characterization of CS
of the chest wall. The purpose of our study was to retrospectively review the CT imaging
features of chondrosarcomas (CS) of the chest wall with pathologic correlation.

2. Materials and Methods
2.1. Patients

The study was approved by our institutional review board (IRB). Informed consent
was waived. Details of subjects who had a surgical specimen with a diagnosis of chest wall
CS at our institution from 1988 to 2016 were retrieved from a pathology database. Inclusion
criteria were patients with a histologically proven chest wall CS, cross-sectional imaging
with CT exam and no neoadjuvant therapy prior to their imaging studies. Exclusion criteria
were patients without histology or CT imaging documentation, and those with imaging
that was performed following surgery or other treatments.
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2.2. Image Acquisition

CT protocols were heterogenous, depending on the institution where the exams had
been performed. All CT exams included axial CT, and 16/26 (62%) patients had sagittal
and coronal reconstructions.

2.3. Image Analysis

Two musculoskeletal radiologists (SA and FDG) with 7 and 17 years of experience in
musculoskeletal imaging interpretation, respectively, reviewed the CT imaging features
of 26 biopsy-proven chondrosarcomas (CS) of the chest wall in consensus and blinded to
clinical information.

The size, location, character (lytic, with chondroid matrix calcification or mixed),
calcification percentage (none, 1-25%, 26-50%, 51-75%, >75% lesion calcification), location
(central or peripheral, related to the bone), as well as the presence or absence of a soft
tissue mass or fracture were recorded. Lesions growing outside the bone with soft tissue
Hounsfield units were considered soft tissue masses.

2.4. Pathologic Interpretation

One pathologist (EM) with more than 40 years” experience in bone tumors reviewed
all specimens and graded tumors as grade 1, 2, or 3 based on the following scheme:
Grade 1 chondrosarcomas showed minimal cellular atypia with occasional binucleated
cells; rarely, a few cells had slightly larger nuclei and more cytoplasm. Abundant extracel-
lular matrix was present and there was no evidence of myxoid change or mitotic activity.
Grade 2 chondrosarcomas had larger and pale nuclei with visible chromatin. There was
mild nuclear polymorphism and the cytoplasm was more abundant. Mitotic figures were
extremely rare. Grade 2 lesions were slightly more cellular and, rarely, myxoid change
was present. Grade 3 chondrosarcomas had significant cellularity with pleomorphic nuclei.
There was often extensive myxoid change with abundant spindle-shaped tumor cells. Mi-
totic figures were present at the rate of 2 to 10 per high-power field, and, focally, the exterior
cellular matrix was sparse. Biopsy material was available, either from surgical excision or
percutaneous sampling. In nineteen out of twenty-six (73%) cases, samples from surgical
biopsies were available, and in 7/26 (27%) cases, samples from percutaneous core needle
biopsies were available. All imaging was available during pathological interpretation.

2.5. Statistical Analysis

Descriptive statistics were tabulated manually in an Excel file for demographics (age
with mean and range, and gender), location and size of the lesion, as well as imaging
features and histologic grades as detailed above. The Mann-Whitney U test and Fisher’s
exact test were used to perform comparisons between grade 1 and 2 CS using STATA17
(StataCorp., College Station, TX, USA). Statistical significance was set at 5% (p < 0.05).

3. Results

We retrieved reports of 54 subjects with chest wall CS. Twenty-eight subjects (28/54,
52%) were excluded due to the lack of a complete CT. According to our inclusion criteria,
we identified 26 (26/54, 48%) patients with CT images and chest wall CS (17/26 males, 9/26
females), with a median age of 61 years (age range: 25-88 years old). A histologic analysis
revealed 10 grade 1 CS (10/26, 38%), 16 grade 2 CS (16/26, 62%), and no grade 3 lesions.

No statistically significant differences were detected between grade 1 and 2 CS.

Table 1 summarizes the demographics and general tumor characteristics separated
by grade.

The mean tumor size was 57 mm (range: 20-151 mm) (Figure 1).
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Table 1. Demographics separated by grade.

Imaging Variables Grade 1 Grade 2 Value All CS
Feature 11/26 (42%)  15/26 58%)  F 26/26 (100%)
Age Meair;fy“e‘ir‘":“ge 60 (33-84) 62 (25-88) 0.788 61 (25-88)
Gender Males 9/11 (82%)  8/15 (53%) 0217 17/26 (65%)

Females 2/11(18%)  7/15 (47%) : 9/26 (35%)

Figure 1. A 72-year-old male patient with grade 2 costochondral junction chondrosarcoma. Contrast-
enhanced axial chest CT shows a large (90 mm) soft tissue mass at the right costochondral junction
with small calcifications, necrotic areas, mediastinal invasion and right pleural effusion.

Nineteen lesions were located at the costochondral junction (19/26, 73%), six lesions
were located in the sternum (6/26, 23%) (Figure 2), and one lesion (1/26, 4%) was located
in the posterior rib adjacent to the costovertebral joint (Figure 3).

The typical appearance of CS was lytic (16/26, 62%). More than half of the subjects
(15/26, 58%) showed less than 25% calcifications, and only one subject (1/26, 4%) had more
than 75% calcifications in the lesion. Commonly, CS were associated with a soft tissue mass
(22/26, 85%) (Figure 4), and only two CS (2/26, 8%) had pathological fractures.

Fourteen CS (14/26, 54%) (13 located at the costochondral junction and one on the
posterior rib) were considered to be peripherally located, whereas 12 CS (12/26, 46%) were
considered to be centrally located (6 located in the sternum and 6 at the costochondral
junction). The six CS located in the sternum were all centrally located. Out of 19 CS of the
osteochondral junction, 14 (74%) were peripherally located.

The vast majority of the lesions (4/5, 80%) showed less than 25% heterogeneity after
contrast medium injection. None of the CS showed evidence of perilesional bone marrow
edema, perilesional enhancement, and/or perilesional soft tissue edema. Table 2 shows the
CT imaging features separated by the grade of the tumor.
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Figure 2. A 49-year-old female patient with grade 2 chondrosarcoma (long white arrow) of the
sternum. Contrast-enhancement axial CT with soft tissue window (a) shows a lytic lesion with
a few punctate calcifications. Gross pathology specimen resection of the sternum (b) showing a
white-yellow tumor surrounded by bone marrow. Based on imaging, it is not possible to differentiate
the lesion from an enchondroma. Enchondromas in the sternum are extremely rare and a solid lesion
in the sternum should raise concerns for malignancy until proven otherwise.

s
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Figure 3. A 62-year-old female patient with grade 2 chondrosarcoma at the posterior rib adjacent
to the costovertebral junction. Axial chest CT shows a soft tissue mass at the posterior rib with
calcifications.
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Figure 4. A 74-year-old male patient with grade 1 costochondral junction chondrosarcoma. Axial
chest CT (a), and coronal (b) and sagittal (c¢) multi-planar reconstruction (MPR) CT show a large
soft tissue mass at the costochondral junction. Gross pathology specimen (d) resection of the rib
with chondrosarcoma.

Table 2. CT imaging features of CS, including separation by grade.

. . Grade 1 Grade2 All CS
Imaging Features Variables 11/26 (42%) 15/26 (58%) p-Value 26/26 (100%)
Costochondral junction 9/11 (82%) 10/15 (67%) 19/26 (73%)
Tumor location Sternum 2/11 (18%) 4/15 (27%) 0.804 6/26 (23%)
Posterior rib 0/11 (0%) 1/15 (6%) 1/26 (4%)
T . Mean in mm (range) 56 (31-151) 57 (20-127) 0.435 57 (20-151)
umor size Median in mm (range) 40 (31-151) 46 (20-127) : 45 (20-151)
Lytic only 0/11 (0%) 3/15 (20%) 3/26 (12%)
Character mixed 11/11 (100%) 12/15 (80%) 0.238 23/26 (88%)
chondroid matrix only 0/11 (0%) 0/15 (0%) 0/26 (0%)
0-25% 5/11 (45%) 10/15 (67%) 15/26 (58%)
) ) 25-50% 4/11(36%) 3/15 (20%) 7/26 (27%)
Chondroid Matrix 50-75% 1/11 (9%) 2/15 (13%) 0.551 3/26 (12%)
75-100% 1/11 (9%) 0/15 (0%) 1/26 (4%)
. No 9/ 11(82%) 15/15(100%) 0169 24/26 (92%)
racture Yes 2/11 (18%) 0/15 (0%) : 2/26 (8%)
Tumor location Central 5/11 (45%) 7/15 (47%) 1000 12/26 (48%)
within the bone peripheral 6/11 (55%) 8/15 (53%) : 14/26 (52%)
Soft & No 3/11(27%) 1/15 (7%) 0279 4/26 (15%)
oft tissue mass Yes 8/11(73%) 14/15 (93%) : 22/26 (85%)
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4. Discussion

In our retrospective series, we found that grade 1 and grade 2 chest wall CS are
typically lytic lesions located at the costochondral junction, with an associated soft tissue
mass, and with little mineralization. Grade 1 and 2 CS were not statistically different for
tumor location in the chest wall, tumor size, tumor location within the bone, presence or
absence of chondroid matrix, fractures and/or soft tissue masses.

Compared with prior reports in the literature, our findings are corroborated by Al-
Refaie et al., who reported the demographics and treatment of 45 chest wall CS, without
a comprehensive assessment of the imaging. The authors found that CS were slightly
more common in male than female patients, and were mostly located at the costochondral
junction, similarly to our investigation. Histologically, the majority of CS were low-grade
lesions, with a minority of intermediate-grade lesions, and no high-grade lesions were
reported in the latter study [18].

Cross-sectional imaging features of chest wall CS have only been insufficiently de-
scribed [2,4,6-9,12,14]. Some cross-sectional imaging features that we observed are similar
to the imaging features described in chondrosarcomas elsewhere in the body, and, as such,
were expected. In particular, as commonly observed in chondroid lesions, the majority of
the lesions showed a low-to-isointense signal on spin-echo T1-weighted sequences and
a high signal intensity on fluid-sensitive sequences. Following contrast enhancement,
a ring-like pattern was more common than a solid pattern of enhancement.

Several features of CS of the chest wall observed in our study were different from
those that have been reported in the aicular skeleton and other sites of the axial skeleton.
Unlike CS of the pelvic bones and extremities, in which calcification is common [22,23], in
CS of the chest wall, calcification is much less common. In one prior investigation, almost
every CS of the aicular skeleton showed more than one third calcified matrix, but the chest
wall CS in our series showed surprisingly less calcification, with the majority of the patients
having less than 25% of their lesions containing calcification [22]. We can speculate that
the difference in calcification pattern between extremity CS and chest wall CS is probably
attributed to the overall relatively low percentage of calcification in large chest wall soft
tissue masses.

Interestingly, the CT imaging features were similar between low-grade and intermediate-
grade lesions. In other words, due to our small series and limited imaging availability, the
lesion appearance, percentage of calcification, presence of soft tissue mass, and size of the
lesions could not be used to draw any conclusions regarding tumor grade. Furthermore, in
some previous reports, the pattern and the degree of contrast medium enhancement did
not discriminate between CS and enchondroma [22,24].

In order to avoid unnecessary biopsies or inadequate treatments, it is crucial to iden-
tify imaging features in order to discriminate between enchondroma and low-grade CS
throughout the body. Similarly to CS, enchondroma are usually located in the rib or at
the costochondral junction [2,25], but enchondromas of the sternum are very rare, with
only isolated reports [26-29]. In the chest wall, enchondromas generally appear as small
(typically less than 3.5 cm), well-defined lytic lesions [30], while we showed that CS of
the chest wall are generally associated with more aggressive features, including a soft
tissue mass. In addition, demographic and clinical information has been reported to be
useful for differentiating between enchondromas and CS elsewhere in the body, including
older patient age, male gender, and pain [22]. It is also worth noting that pathologists
cannot always differentiate enchondroma from low-grade chondrosarcoma by cytology
and histology, further accentuating the importance of imaging features, and the integration
of imaging studies and clinical information with a pathologic diagnosis [21]. Therefore, in
the management of chondroid lesions, a percutaneous biopsy is not routinely performed in
many centers, as it is prone to sampling error and the final histologic diagnosis is strongly
reliant on the imaging features.

A correct diagnosis is paramount in starting a correct therapeutic approach, in decreas-
ing the recurrence rate, and in increasing patient survival. Although chest radiography is
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typically the first-line study of evaluation for osseous lesions, the location of chest wall CS
requires cross-sectional imaging for the characterization and definition of tumor extent.
CT imaging of the chest is, therefore, the next modality of investigation, as CT offers
information for the characterization of the tumor as chondroid. Subsequently, MRI is
useful for defining additional aggressive features (such as perilesional edema), as well as
the full extent of the tumor within the bone marrow for optimal treatment planning and
identification of the margins. It should be noted that CS of the chest wall are relatively
resistant to chemotherapy and radiotherapy, and, as such, a radical resection with wide
margins is favored [31] (Figures 5 and 6).

Figure 5. A 67-year-old male patient with a high-grade chondrosarcoma of the costochondral junction.
Axial contrast-enhanced CT image (A) shows a large chondrosarcoma of the left costochondral
junction with less than 25% calcified matrix and a large soft tissue mass. Little left pleural effusion
is also present. Intraoperative views show radical resection (B), reconstruction by composite rigid
prosthesis (C), and latissimus dorsi flap reconstruction (D). Courtesy of Prof Francesco Petrella,
Istituto Europeo di Oncologia (IEO), Milan, Italy.

Following adequate wide-margin resection, patients have been reported to have
a 10-year recurrence rate of 7-17%, whereas patients with a local excision only had a
reported recurrence rate of 50-57%. Similarly, ten-year survival rates of 96-100% and
65-68% have been reported for patients treated with wide resection and with local excision,
respectively [32,33].

Our study has some limitations. Firstly, our sample size is relatively small, but chest
wall CS are rare lesions, even in a tertiary referral center. In addition, understanding the
proportion of chest wall lesions present with similar features to those we have described as
features of chest wall CS would be valuable information, although our study design does
not allow exploration of this topic. Secondly, the imaging protocols were heterogeneous,
due to the long time span over which the cases were retrieved. Thirdly, clinical presentation,
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such as the presence of pain, was available for only a small portion of the patients, and was,
therefore, not reported.

Figure 6. A 35-year-old male patient with a low-grade chondrosarcoma of the sternum. Chondrosar-
coma of the sternum with pre- and post-radical resection axial contrast-enhanced CT images (A,B).
Intraoperative views (C,D) show radical resection and reconstruction by composite rigid prosthesis.
Courtesy of Prof Francesco Petrella, Istituto Europeo di Oncologia (IEO), Milan, Italy.

5. Conclusions

In conclusion, chest wall CS are usually lytic lesions with associated soft tissue masses,
and have little calcification. The location, lesion size, calcification size and percentage,
associated soft tissue mass, and peripheral or central location within the bone are similar
for grade 1 and grade 2 CS.
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Abstract: Arch angle is used to indicate flatfoot, but in some cases, it is not easily defined. The
presence of flatfoot deformity remains difficult to diagnose due to a lack of reliable radiographic
assessment tools. Although various assessment methods for flatfoot have been proposed, there
is insufficient evidence to prove the diagnostic accuracy of the various tools. The main purpose
of the study was to determine the best radiographic measures for flatfoot concerning the arch
angle. Fifty-two feet radiographs from thirty-two healthy young females were obtained. Five angles
and one index were measured using weight-bearing lateral radiographs; including arch angle,
calcaneal pitch (CP), talar-first metatarsal angle (TFM), lateral talar angle (LTA), talar inclination
angle (TTA) and navicular index (NI). Receiver-operating characteristics were generated to evaluate
the flatfoot diagnostic accuracy for all radiographic indicators and Matthews correlation coefficient
was calculated to determine the cutoff value for each measure. The strongest correlation was between
arch angle and CP angle [r = —0.91, p < 0.0001, 95% confidence interval (CI) (from —0.94 to —0.84)].
Also, significant correlations were found between arch angle and NI [r = 0.62, p < 0.0001, 95% CI
(0.42 t0 0.76)], and TFM [r = 0.50, p < 0.0001, 95% CI (from 0.266 to 0.68)]. Furthermore, CP (cutoff,
12.40) had the highest accuracy level with value of 100% sensitivity and specificity followed by NI,
having 82% sensitivity and 89% specificity for the cutoff value of 9.90. In conclusion, CP angle is
inversely correlated with arch angle and considered a significant indicator of flatfoot. Also, the NI
is easy to define radiographically and could be used to differentiate flat from normal arched foot
among young adults.

Keywords: flatfoot; X-rays; pes planus; diagnosis; evaluation

1. Introduction

Flatfoot is a common foot pathology characterized by a collapse of the medial longi-
tudinal arch (MLA) of the foot. As a result, the entire sole of the foot makes total contact
with the ground [1]. Additionally, it is characterized by the abduction of the forefoot and
eversion of the calcaneus [2]. The MLA has a concave shape that acts as a shock absorber
during walking, jumping, and running on different surfaces [3]. The prevalence of flatfoot
was reported to be approximately 3-10% among the adult population [4]. Among adults,
flatfoot can be asymptomatic or symptomatic, resulting in various clinical consequences [5].
Flatfoot may lead to many deformities or disabilities if it remains undiagnosed [6], and
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further consequences may include pain in the lower extremities [7], back pain [8], stress
fractures [9], and hallux valgus deformities [10].

The foot is an important component of the body that maintains adequate balance when
people move in their gaits. Individuals with foot deformities are more susceptible to falls
and loss of balance, which affect their quality of life (QoL) [11-13]. In clinical practice, foot
structural deformities have a high prevalence of 50% to 80% among adults [14]. Several
studies reported the negative impacts of different foot deformities on the QoL. A recent
study conducted by Lopez-Lopez et al. (2021) [15] investigated the relationship between
QoL and foot health among individuals with and without foot pathologies. The researchers
stated that foot disorders negatively affect people’s daily life activities. Additionally,
another study highlighted the importance of considering the relationship between QoL and
foot structure deformities [16]. In that context, the present study was conducted to discover
the best radiographic measure for detecting flatfoot, which may assist in improving the
quality of care among young adults.

Clinically, there are several approaches to identifying flatfoot deformity, including clin-
ical diagnosis [17], footprint, and radiologic assessment [18]. In radiographic assessment,
the weight-bearing MLA has been utilized as a diagnostic assessment tool to determine
the presence of flatfoot [19]. While it is considered the standard diagnostic method, nu-
merous studies have found discrepancies in MLA radiographic measurements among
subjects [20-23]. Many radiological measurements can be determined from the weight-
bearing X-ray [24]. A set of radiological measurements can be defined from a posterior
or lateral radiographic view of the weight-bearing foot to identify flatfoot deformity. The
arch angle and calcaneal pitch angle (CP) have been used radiographically to evaluate
the MLA [25]. In a study conducted in Taiwan, military recruits were determined to have
flatfoot if the arch angle was >165°. However, researchers revealed that the assessment of
arch angle was restricted because the image quality was affected by the superimposition of
the metatarsal bones [6]. It was recommended that the CP angle should be measured to
distinguish flatfoot from a normal arch when it is challenging to define the arch angle.

Today, several radiographic assessment techniques are proposed for use in the MLA
assessment, such as: talar-first metatarsal angle (TFM), lateral talar angle (LTA), talar
inclination angle (TIA), and navicular index (NI) [22,23,26,27], however none of these
measures are universally agreed on. In this study, we aimed to find the best radiographic
measurement for diagnosing flatfoot among healthy females. According to the available
studies, there is limited literature regarding the measurement of flatfoot angles among
healthy, young females. This study was conducted to provide information about cutoff
values for the five radiographic measures (CP, TFM, LTA, TIA, and NI), to facilitate the
improved interpretation and evaluation of flatfoot radiographs. Additionally, we aimed to
identify the relationship between these sets of radiographic measures by keeping the arch
angle as the reference value. This study hypothesized that radiographic measures represent
simple and easy tools to use to diagnose flatfoot with a high level of sensitivity and
specificity. Furthermore, the researchers of this study hypothesized that relationships exist
between the five radiographic measures (CP, TEM, LTA, TIA, and NI) and the arch angle.

2. Materials and Methods
2.1. Subjects and Setting

Researchers of this study used the Foot Posture Index (FPI > +6) to screen for the
flatfoot. Subjects who scored +6 or above on the FPI for one or both feet were included
in the study. Subjects who had any history of surgery or restricted foot and/or ankle
range of motion were excluded from the study. After fulfilling the criteria, only thirty-
two healthy young females aged between 18 to 25 years were recruited for the study.
The minimum sample size was calculated by using G-power 3.1 software (G-power v3.1.
https:/ /gpower.software.informer.com/3.1/ (accessed on 28 March 2022)) to achieve a
power of 0.80. In G-power, a correlation test was selected for a priori power calculation with
a medium effect size of 0.7 and significance level of 0.05. Thirty-nine feet were estimated
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to be the minimum sample needed to reach a power of 0.8 and in the current study
fifty two feet were included for the analysis. This cross-sectional study was conducted
in the Department of Physical Therapy, King Abdulaziz University. The report of this
study has been written according to the Standards for Reporting Diagnostic accuracy
studies (STARD) [28] and the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) guidelines (Table S1) [29].

2.2. Procedure

Ethical approval was obtained from the Center of Excellence in Genomic Medical
Research (number: 05-CEGMR-Bioeth-2019), approved by the National Committee of
Bioethics (KACST: HA-02-]J-003). Also, a written informed consent was obtained from
each subject before they were included in the study. Demographic characteristics of the
subjects including age, gender, BMI, and FPI-6 were documented for each of the subjects.
Then, subjects were asked to take off their shoes and socks for barefoot examination to
determine subjects’ eligibility for the study. FPI-6 is considered a good reliable clinical
flatfoot measurement tool with inter-rater reliability between 0.62 to 0.91 and intra-rater
reliability of 0.81 to 0.91 [30], and it is used to determine the presence of flatfoot in either
right or left foot. The first author FK, who is a senior author with 15 years of experience,
screened the subjects. Also, an experienced radiologist who was blinded to the study
took the foot X-rays. The first and second author M.C, who has 20 years of experience in
the musculoskeletal field, measured the angles using RadiAnt DICOM software (RadiAnt
DICOM v4.2. https:/ /www.radiantviewer.com/ (accessed on 12 April 2022)).

Figure 1 shows a flowchart of the subject selection process. All subjects were instructed
to walk a few steps, then stand in a relaxed—static standing position with head in a neutral
position and both arms by their sides. The six components of the FPI-6 are: (a) palpation
of the talonavicular head, (b) observation and comparison of the superior and inferior
lateral malleolus curves, (c) observation of the inversion and eversion of the calcaneus in
the frontal plane, (d) protrusions in the region of the talonavicular joint, (e) height and
congruence of the medial longitudinal arch, and (f) abduction/adduction of the forefoot on
the rearfoot. Each component of the six observations was measured and graded as 0 for a
neutral foot position, at least —2 for a clear indication of foot supination, and at most +2 for
a clear indication of foot pronation. The total FPI score for all components was between
—12 and +12. Foot posture was classified as normal if the total score was between 0 and +5,
supinated if the score was between —1 and —12, or pronated if it was scored from +6 to
+12. Only subjects who scored +6 and above were included in the study [31,32].

After determining the eligibility of the subjects, foot X-rays were taken by an experi-
enced radiologist who was blinded to the study. A lateral weight-bearing radiograph was
taken for each foot separately while the subject was standing straight (in an upright neutral
position) on a table and the other foot was raised. The X-ray system used for the study was
a DR Definum 6000 machine (General Electric Company, Boston, USA) with a 17 x 14-inch
cassette. The placement of the cassette was between the medial borders of the hindfoot,
maintained vertically in the groove. From a fixed distance of 100 cm, the X-ray tube was
directed vertically toward the cassette. The exposure was set at 52 kV and 4.5 mA for the
lateral projection. The central X-ray beam was aimed toward the navicular bone.
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Figure 1. Flowchart of the study selection procedure and design.

In our study, five angles and one index were measured to determine flatfoot on the
radiographs, including the arch angle, CP, TFM, LTA, TIA, and NI The arch angle was
used as the reference standard for all other radiographic measures in this study. The arch
angle was measured at the intersection of two lines: the calcaneal line (a line drawn along
the inferior surface of the calcaneus) and the fifth metatarsal line (a line drawn along the
inferior edge of the fifth metatarsal bone) [33]. Subjects were determined to have flatfoot
if the arch angle was >165° [34]. The CP angle was drawn by a horizontal line (a line
drawn horizontally from calcaneus to the inferior surface of the 5th metatarsal head inferior
surface) and the calcaneal line [33]. The TFM angle was made by the intersection of the
two longitudinal axes of the first metatarsal and talus. The talus longitudinal axis was the
line connecting the centers of the talar head and neck parts in its narrowest width [35,36].
The lateral talar angle was the angle created between the talus line, which runs through the
center point of the body and neck of the talus, and the calcaneal line. The talar inclination
angle was made between the horizontal line and the talar line [22]. To determine the NI, the
longitudinal arch length was divided by the navicular height measured from the floor [26]
(Figure 2a,b).
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(b)

Figure 2. (a): Lateral radiographic assessment of a normal weight-bearing foot demonstrating the
arch angle = 153.3°, CP angle = 26.6°, TEM = 12°, TIA = 14.4°, LTA = 45.3°, and NI = 9.68. (b): Lateral
radiographic assessment of a flatfoot weight-bearing foot demonstrating the arch angle = 168.7°, CP
angle =7.8°, TFM = 20.3°, TIA = 33.5°, LTA = 43.4°, and NI =19.5.

2.3. Statistical Analysis

The data were analyzed using the Statistical Package for Social Sciences version 21.0
(Statistical Package for Social Sciences v21.0. https://www.ibm.com/support/pages/
downloading-ibm-spss-statistics-21 (accessed on 24 May 2022) and GraphPad Prism
(GraphPad Prism v7.0. https:/ /www.graphpad.com/guides/prism/7/user-guide/ (ac-
cessed on 18 June 2022)). Descriptive statistics were used to describe the demographic
characteristics of the sample. Mean, median and standard deviation were calculated for age,
BMI, FPI and all radiographic measurements. Correlation analyses were used to identify the
associations between arch angle and the five radiographic measurements. Correlation coef-
ficients (r) were classified as follows: little or no association (r = 0-0.24), fair (r = 0.25-0.49),
moderate—good (r = 0.50-0.74), and good—excellent association (r = 0.75-1) [37]. Before
conducting the correlation analysis, data were checked for normality to perform the suitable
test by conducting the Shapiro-Wilk test. The receiver-operating characteristic (ROC) test
was conducted for the CP, TFM, LTA, TIA and NI measures, compared to the arch angle for
predicting flatfoot. Matthews correlation coefficient (MCC) was used to define the cutoff
value for all flatfoot radiographic measurements. A p-value of 0.05 or less was considered
statistically significant for all analyses.

2.4. Receiver-Operating Characteristic (ROC) Curve

The ROC test is a popular and widely used method to evaluate the performance of a
binary classifier model. The ROC curve is generated by plotting the true positive rate (TPR)
versus the false positive rate (FPR) with various cutoff settings for the binary classifier.
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The area under the curve (AUC) or ROC space provides a measure of the effectiveness of
the binary classifier. An ideal classifier will cover 100% area (AUC = 1.0) and a random
classifier will cover 50% area (AUC = 0.5) with all the points along the diagonal.

2.5. Matthews Correlation Coefficient (MCC)

The MCC or phi coefficient is a measure of the quality of a binary classifier, calculated

as follows:
TP x TN — FP x FN

\/(TP+FP)(TP+ FN)(TN + FP)(TN + FN)

The value of MCC ranges between —1 and +1. The value of MCC + 1 represents an
ideal classifier, 0 a random classifier, and —1 a total disagreement between prediction and
observation. The maximum value of MCC was used to determine the cutoff value for
each classifier.

MCC =

3. Results

The radiographic data of fifty-two feet images were included in the analysis. The
mean age of the subjects was 20.69 £ 1.15 years (range = 18-25 years) and their mean BMI
was 23.02 & 3.79 kg/m? (range = 16.20~33.30). The mean values of the five radiographic
angles and the NI are illustrated in Table 1.

Table 1. Demographic characteristics and baseline scores (1 = 52).

Variables Mean + SD Median (Range) 95% CI

Age (years) 20.69 + 1.15 21 (18-25) 20.37-21.01
BMI (kg/m?) 23.02 +3.79 23.01 (16.20-33.30) 21.96-24.08
FPI-6 722 +2.76 9 (6-11) 6.45-7.99
Arch angle 159.1 + 6.74 157.8 (141-171.6) 157.2-161
CP 15.14 £+ 4.66 15.70 (5.2-24.9) 13.85-16.44
TFMA 11.06 £ 5.37 10.50 (1.5-26.00) 9.56-12.55
LTA 43.50 £ 6.04 44.45 (25.60-54.60) 25.29-27.82
TIA 26.56 + 4.54 26.65 (14.10-36.40) 25.29-27.82

NI 9.54 +5.82 8.03 (4.42-39.44) 7.92-11.16

SD: standard deviation; 95% CI: confidence interval.

All radiographic measurements were significantly correlated with the arch angle
(p <0.05). All the angles and NI had a positive correlation with the arch angle, except
for the CP angle, which had a negative relationship. We found the strongest correlation
was between the arch angle and the CP angle (r = —0.91, p < 0.0001, 95% CI (from 0.94 to
—0.84)). Additionally, a significant relationship was found between the arch angle and the
NI (r = 0.62, p < 0.0001, 95% CI (from 0.42 to 0.76)), and the TEM (r = 0.50, p < 0.0001, 95%
CI (from 0.27 to 0.68)). However, we found a weak relationship was found between the
arch angle and the LTA (r = —0.49, p = 0.0002, 95% CI (from —0.67 to —0.24)), and the TIA
(r=0.32, p =0.021, 95% CI (from 0.05 to 0.55)) (Figure 3).

The ROC test showed that the CP angle and NI were perfect classifiers for flatfoot,
with AUCs of 1 and 0.9, respectively (Figure 4 and Table 2). We found a CP angle cutoff of
12.40 yielded high accuracy, with a sensitivity and specificity of 1 for the flatfoot diagnosis,
while NI with a cutoff value of 9.90 yielded 0.82 sensitivity and 0.89 specificity. Meanwhile,
the LTA (0.76 sensitivity and 0.83 specificity) had a cutoff value of 41.8 and MCC of 0.58,
while the TFM angle (0.65 sensitivity and 0.86 specificity) had a cutoff value of 13.4 and
MCC of 0.51. Similarly, the TIA angle (0.88 sensitivity and 0.37 specificity) had a cutoff
value of 24.60 and MCC of 0.26 (Table 2).
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Table 2. ROC measures including AUC or ROC space and MCC cutoff values for the four radiographic
parameters. The MCC cutoff column shows the cutoff values, with the MCC values in parentheses.

MCC FPR TPR
Parameter AUC Cutoff (1-Specificity) (Sensitivity) PPV NPV
CP 1.00 12.40 (1.00) 0 1 1 1
NI 0.90 9.90 (0.70) 0.11 0.82 0.78 0.91
LTA 0.8 41.8 (0.58) 0.17 0.76 0.68 0.88
TFM 0.76 13.4 (0.51) 0.14 0.65 0.69 0.83
TIA 0.66 24.60 (0.26) 0.63 0.88 0.40 0.87

4. Discussion

The aim of this study was to determine the best radiographic measures for diagnosing
flatfoot concerning arch angle measurements. Although numerous flatfoot diagnostic
procedures have been proposed in the literature, there remains no standard diagnostic
measure to determine the presence of flatfoot. According to the available studies, the
accuracy levels of these flatfoot diagnostic measures have not yet been determined [25].
In our study, we discovered that the CP angle was the best flatfoot indicator among all
radiographic measures, which was indicated by its perfect sensitivity and specificity, as
well as its PPV and NPV values. In addition, the CP angle had a strong negative correlation
with the arch angle, and it had an AUC value equal to 1. Our findings were consistent with
the results of Huan-Chu Lo et al., who found that the CP angle was a significant indicator
of flatfoot. Our findings further suggested that the CP angle might be the best radiographic
measure to predict flatfoot after the arch angle. In our study, the CP angle cutoff of <12.40°
was determined to identify flatfoot, with a sensitivity and specificity of 1, which was in line
with the results of Huan-Chu Lo et al., who determined the cutoff value for the CP angle to
be <12.30°. The CP angle represents a useful indicator to distinguish a normal foot from
flatfoot because it can be defined easily on the foot radiograph by the intersection of the
calcaneal and horizontal lines [6].

An important finding of this study was the significant association between the NI and
arch angle. The NI had a cutoff value of 9.90, with 0.82 sensitivity and 0.89 specificity. To
the best of our knowledge, no previous studies assessed the NI as a diagnostic measure
for adult flatfoot. However, a study was conducted by Roth et al. on children to identify
the association of NI with other flatfoot diagnostic measurement angles, and they stated
that a NI cutoff value of 6.74 distinguished flatfeet from normal feet among children, with
0.86 sensitivity and 0.75 specificity, which was similar to our findings [26]. Amongst the
different flatfoot measuring angles described in the literature, the NI represents an easy and
quick method to determine flatfoot because the determination procedure does not require
high-quality X-ray images; instead, the NI can simply be obtained by dividing the height of
the longitudinal arch by the navicular bone height. Therefore, the NI might offer a valuable
radiographic measuring tool to determine flatfoot among young adults.

On the lateral radiographic view, the TFM angle was determined by measuring the
talar inclination and heel pronation, and it was moderately associated with the arch angle.
In this study, the TFM cutoff value was found to be 13.4°, with 0.65 sensitivity and 0.86
specificity, which was a slightly higher cutoff value than that found previously in the
literature (9.58, with a high specificity of 0.90) [6]. The cutoff value discrepancy might be
attributable to the different flatfoot screening criteria used, i.e., FPI > 6 in our study vs.
arch angle >165° in the study of Huan-Chu Lo et al. [6].

In contrast to all other radiographical measures, the LTA and TIA were weakly cor-
related with the arch angle reference. Additionally, the AUC values for both angles were
below 0.9, signaling they were inefficient indicators of flatfoot, in keeping with the previous
findings [20,23,27]. The LTA was not easily determined because of the irregular shape of
the calcaneus and talus. This was highlighted in a recent study by Hamel et al., who noted
the difficulty of defining this angle on foot radiographs [27].
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References

It is not easy to identify adult flatfoot and there are no definitive diagnostic tools
for that purpose. The results of this study defined several radiographic measures that
can be used in clinical settings. A key strength of this study was discovering that the NI
offers an easy and precise radiographic measure for flatfoot thanks to the simplicity of
its measurement, i.e., dividing the length of the foot arch by the navicular height. Yet, as
with any research, there were some limitations to the findings of this study. Our sample
was limited to healthy, young females, which may limit the applicability of the findings to
other populations. Future studies may compare males and females to assess and confirm
the results of this study. Additionally, further research could include a wide range of ages
among both genders, which is recommended to confirm the results presented in this report.
Furthermore, our study was limited to the radiographic assessment methods; to go beyond
this, future studies may compare the radiographic measures with other flatfoot diagnostic
methods such as footprint analysis. Additionally, this study failed to investigate whether
there was a significant difference in radiographic or demographic features of adult flatfoot,
which could be investigated in the future.

In conclusion, the study findings suggest that the CP angle and the NI can be used as
indicators to determine the presence of flatfoot. Moreover, the study findings demonstrate
strong correlations between the arch angle, CP angle, TFM angle, and NI. The CP angle and
NI may represent the best radiographic measuring tools to evaluate the presence of flatfoot
among young adults. The results of this study produce a baseline for the radiographic
measures that can be used to indicate flatfoot. The CP angle and NI are simple and accurate
identifiers of flatfoot that can be easily applied in clinical settings. It is essential to highlight
the importance of determining flatfoot because of its association with fall risk and balance
problems among adults.
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N G R W N e

Abstract: Objective: To assess the reliability of the myeloma spine and bone damage score (MSBDS)
across multiple readers with different levels of expertise and from different institutions. Methods: A
reliability exercise, including 104 data sets of static images and complete CT examinations of patients
affected by multiple myeloma (MM), was performed. A complementary imaging atlas provided
detailed examples of the MSBDS scores, including low-risk and high-risk lesions. A total of 15 readers
testing the MSBDS were evaluated. ICC estimates and their 95% confidence intervals were calculated
based on mean rating (k = 15), absolute agreement, a two-way random-effects model and Cronbach’s
alpha. Results: Overall, the ICC correlation coefficient was 0.87 (95% confidence interval: 0.79-0.92),
and the Cronbach’s alpha was 0.93 (95% confidence interval: 0.94-0.97). Global inter- and intra-
observer agreement among the 15 readers with scores below or equal to 6 points and scores above
6 points were 0.81 (95% C.I.: 0.72-0.86) and 0.94 (95% C.1.:0.91-0.98), respectively. Conclusion: We
present a consensus-based semiquantitative scoring systems for CT in MM with a complementary
CT imaging atlas including detailed examples of relevant scoring techniques. We found substantial
agreement among readers with different levels of experience, thereby supporting the role of the
MSBDS for possible large-scale applications. Significance and Innovations e Based on previous
work and definitions of the MSBDS, we present real-life reliability data for quantitative bone damage
assessment in multiple myeloma (MM) patients on CT. e In this study, reliability for the MSBDS,
which was tested on 15 readers with different levels of expertise and from different institutions, was
shown to be moderate to excellent. ® The complementary CT imaging atlas is expected to enhance
unified interpretations of the MSBDS between different professionals dealing with MM patients in
their routine clinical practice.

Keywords: multiple myeloma; computed tomography; quantitative imaging; bone

1. Introduction

In multiple myeloma (MM), there is an abnormal and excessive production of mon-
oclonal immunoglobulin M derived from plasma cells. The pathological alteration of
bone marrow, shown in both histopathology and medical imaging, is due to the increased
presence of plasma cells, which is the main feature of MM [1-6]. In addition, in MM,
there is an imbalance in the activation of osteoclasts and osteoblasts often, but not only,
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derived from a single tumoral clone. Medical imaging, such as computed tomography
(CT), is normally used to detect bone disease in MM, which is responsible for a reduction
in quality of life mainly due to pain and pathological fractures. Bone disease is also related
to increased mortality. In addition, new therapies for MM are going to be developed and
tested in clinical trials, where imaging techniques can be considered as a surrogate end-
point, especially in patients with early disease [2,3,6-10]. Alongside these developments in
medical therapies, imaging tools have been showing progressive improvements over the
last decades, with increased complexity. Indeed, imaging is clearly crucial in the diagnosis,
management, and follow-up of patients with MM, as has been reported in the most recent
guidelines [1,5,6,9,11]. Due to these developments, numerous randomized controlled trials
on disease-modifying drugs and other treatment strategies for MM are expected to be
implemented or are already under preparation. The use of CT for MM is widespread in
most oncological centers, is readily available and is amenable to second-look evaluations
in order to increase reliability [12]. Therefore, CT-based scoring systems could be suitable
instruments for use in clinical trials if reliability is assured. Unfortunately, there is little or
even no consensus yet on CT scoring systems, even with regards to the most elementary
MM lesions [1,8,12]. In 2020, a preliminary CT-based scoring system, called the “myeloma
spine and bone damage score” (MSBDS), was developed and included semi-quantitative as-
sessments of elementary lesions using descriptive criteria with the aim of harmonizing
total body CT interpretation in MM [13]. Despite the good results obtained by the authors,
it should be noted that this scoring system was tested by a limited number of readers [3] on
a small series of patients. Therefore, the aim of the current study was to test the reliability
and the inter- and intra-observer agreement of the MSBDS with multiple readers with
different levels of expertise and from different institutions in order to simulate the real-life
application of this system.

2. Methods
2.1. Patients

Approval from the institutional review board was obtained (054REG2019). The pa-
tients involved in this study provided written informed consent for this retrospective
research before CT examinations were performed. Due to the nature of this study, data anal-
ysis for this study was not used to influence patient care. CT examinations were acquired
with different CT scanners: (1) two 128-slice scanners (Siemens SOMATOM Definition
Flash), using the following parameters adjusted according to patients’ characteristics: colli-
mation 64 x 0.6 mm; spatial resolution: 0.30 mm; scanning time: 36 s; length of scanning;:
650 mm; rotating time: 0.33 s; tube current: 100/140 kV, 50/60 mAs; effective dose: 2.6 mSy,
(2) one 64-slice scanner (GE Optima 660) and (3) one 16-slice scanner (GE Lightspeed). Of
the 150 consecutive patients (mean age, 59 years; range, 35-79 years; 72 females; 78 males)
admitted to the hospital (BLIND for REVIEW) in the last three years, because of suspicions
of MM that were later confirmed by bone biopsy, anonymized images and complete CT
examinations were collected from 104 patients with relevant bone abnormalities (diffuse
pattern or focal lesions). This pool of 104 patients with complete CT examinations was
selected by two authors (who were not involved in the reading sessions) to represent all de-
grees of pathology related to the osseous involvement of MM, including localizations with
extraosseous extension. The proportion of CT images acquired using different scanners
was balanced across all of the images that were evaluated in this study: 30% of the images
were obtained using the 128-slice CT, 30% with the 64-slice CT and 40% with the 16-slice
CT. A lytic lesion, in both axial and extra-axial skeletons, had to be >5 mm in diameter
to be considered significant, as per the most recent guidelines [2,4-7,11-13]. Patient risk
stratification was performed using the Revised International Staging System (ISS), combin-
ing serum beta2-microglobulin and serum albumin, lactate dehydrogenase for three-stage
classification and cytogenetics to determine a binary normal-high risk stadiation [5-7].
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2.2. CT Imaging Atlas

A preliminary CT atlas was developed for use in the web-based evaluation (see fur-
ther) and was edited according to evaluations made by three radiologists with expertise in
musculoskeletal imaging (ER, B.B and C.V. with 5, 6 and 7 years of experience, respectively).
Images were collected from the inpatients who underwent a whole-body CT at the univer-
sity and hospital Hematologic Unit. After collection, the CT images were anonymized for
the web-based evaluation.

2.3. Web-Based Evaluation

A web-based reliability study was performed using the CT atlas containing a pool of
104 CT exams that were selected by a radiologist with 15 years of experience in muscu-
loskeletal radiology (A.T.) who was not involved in the MSBDS assessment. The CT images
and exams were selected to have a balanced degree of pathology involving the bones and
the adjacent tissue. For the inter-reader reliability assessment, the MSBDS was assigned to
every item available to readers. Subsequently, for intra-reader reliability, 44 images were
randomly chosen and redistributed two months after the first round in order to guarantee
sufficient wash-out. In this way, each reader evaluated a reduced sample of CT images that
were randomly selected from the previous patient’s cohort. MSBDS is a semiquantitative
additive scale where the total score is the sum of the single items related to the abnormal-
ities detected. MSBDS values range from 0 (minimum) to values >10, where 10 or more
is represented by high-risk patients requiring immediate surgical or radiation oncologist
evaluation [13]. The MSBDS scoring systems are briefly recalled in Table 1. In this study,
15 readers were selected from different institutions and with different expertise, not only
regarding their expertise in bone evaluation using CT images, but also regarding their
medical specializations. Among these readers, there were eleven radiologists (three of
whom subspecialized in musculoskeletal radiology), one vascular surgeon, one radiation
oncologist, one expert in legal medicine and one hematologist. An expert with 15 years
of experience in musculoskeletal radiology (with a strong track record and a diploma
from the European Society of Musculoskeletal Radiology) led a training session for every
reader before they commenced the web-based reliability exercise, a number of whom were
present for the training (10/15 readers) and a number completed the training remotely
(5/15 readers).

Table 1. MSBDS (Myeloma Spine and Bone Damage Score). Interpretation: High-risk: >10, requiring
immediate surgical or radiation oncologist consultation. Medium risk: >5-10, possible instability
and a medium risk of pathological fracture. Low-risk: <5. * Bone abnormalities not sufficient to give
high-risk scores, if isolated. ** 1 point for every segment according to MY-RADS [13].

Location Points
Junctional Spine (C0-C2, C7-T2, T11-L1, L5-51)
Mobile Spine (C3-C6, L2-L4) * only 1 point for semi-rigid (T3-T10)

Collapse/involvement >50%

Collapse <50% *

Posterolateral (facet, pedicle) involvement monolateral

Posterolateral (facet, pedicle) bilateral monolateral

Spinal Canal involvement

Trochanteric region focal lesions <10 mm

Femoral neck or entire trochanteric region

More than 2/3 of bone diameter

Focal lesion >5 mm at any site *

R R, QAN @I N|W[N W

*
¥

Diffuse Pattern
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2.4. Statistical Analysis

As a measure of MSBDS reliability for both the degree of correlation and agreement
between measurements, the intraclass correlation coefficient (ICC) was calculated as an
index [14]. The aim of this paper was to generalize the results from our reliability exercise to
any raters or readers who possess the same characteristics of expertise as the selected raters
in this reliability study. Therefore, we used a two-way random-effects model according
to Shoukri [15] MM et al. [15]. As a commonly suggested rule of thumb, we obtained
far more than 30 heterogeneous samples (104 samples in this study) and involved more
than 3 raters (15 raters) to conduct this reliability study. ICC values that were less than 0.5
were considered indicative of poor reliability. ICC values between 0.5 and 0.75 indicated
moderate reliability, whereas ICC values between 0.75 and 0.9 indicated good reliability.
Finally, ICC values greater than 0.90 indicated excellent reliability [16]. In this study, ICC
estimates and their 95% confidence intervals were calculated based on a mean rating
(k = 15), absolute agreement and a two-way random-effects model. Cronbach’s alpha was
used to assess the internal consistency of the method; values of alpha that were above
or equal to 0.90 were considered useful for clinical purposes. Statistical analyses were
performed using software for Windows (MedCalc—version 12.3.0) [17].

3. Results

The main characteristics of the 104 MM patients enrolled in the study, including clinical
data, are shown in Table 2.

Table 2. Clinical data of the 104 MM patients included in the study. High-risk defines MM pa-
tients carrying HR features, including dell7p, t(4;14) or t(14,16), according to the FISH analysis.
International Staging System includes stage I-III based on beta2-microglobulin and albumin levels.

Number Percentage
Patients 104 100
Age (mean years) 58
Age Standard Deviation 8.1
Males 62 59.6
Females 42 40.4
Cytogenetics
Normal 72 69.2
High-risk 32 30.8
Relapsed
71/104 68
Days before relapse (mean) 1173
Days of follow-up (mean) 1466
International Staging System
Stage I 48 46
Stage 11 28 27
Stage III 28 27

3.1. CT Imaging Atlas

A CT imaging atlas of lesions that were detectable using the MSBDS was prepared,
including a comprehensive version that was available for the reliability assessment, and
was prepared using a complete spectrum of lesions broad enough to give coverage of all
possible lesions, ranging from small lytic (<5 mm), diffuse patterns to large lesions with
destructive and extra-medullary patterns (Figure 1).
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Figure 1. Scoring bone damage and instability: spectrum of findings. (A) Focal lytic lesions >5 mm in
diameter located at the left sacrum (white arrows). In this case the MSBDS was 2 (1 + 1). (B) Single
focal lytic lesion >5 mm in the vertebral body (white arrow) with no vertebral collapse (sagittal not
shown). The adjacent smaller focal lytic lesion (green line) is <5 mm (no points in the MSBDS). In this
case, the MSBDS was 1. (C) Large lytic lesion at the junctional spine (L5-51) with cortical erosion,
collapse/involvement >50%, posterolateral (facet, pedicle) involvement and more than 2/3 of bone
diameter. In this case, the MSBDS was 11 (3 + 3 + 2 + 3): the lesion was considered “high-risk”
and immediate surgical or radiation oncologist consultation was warranted. In this case, there was
also possible spinal canal involvement. (D) Lytic lesion >5 mm (white arrow) at the junctional
spine (thoracic spine) with collapse/involvement <50% and a small (small white arrow) focal lesion
at the anterior arch of the right rib cage with extraosseous extension. In this case, the MSBDS
was 6 (3 +2 + 1): the lesion was considered “medium-risk” (5-10 with medium risk of pathologic
fracture). (E) Large lytic lesion at the junctional spine (thoracic spine) with collapse/involvement
>50%, posterolateral (facet, pedicle) involvement and more than 2/3 of bone diameter. In this case,
the MSBDS was 11 (3 + 3 + 2 + 3): the lesion was considered “high-risk” and immediate surgical
or radiation oncologist consultation was warranted. In this case, there is spinal canal involvement.
(F) Lytic lesion at the left femoral neck (white arrow). This lesion alone warrants 5 points in the
MSBDS: the lesion was considered “medium-risk”, although immediate fracture seems unlikely.
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3.2. Web-Based Reliability Assessment

Overall, the 15 readers completed the web-based reliability assessment of the scoring
systems. The staging and the spectrum of bone lesions were sufficiently broad in order to
give acceptable coverage of the severity of the disease as reported in the staging system.
The distribution of the degree of pathological findings according to the MSBDS is reported
in Figure 2. The coefficient of variation of the lesions analyzed was 0.8, the mean score
was 5.5 and the interquartile range (25-75) was 6. The entire spectrum of possible bone
disease, according to the MSBDS, was present, but there was a low prevalence of the highest
score, thus reflecting the peculiar robustness of the method and the possible clinical impact,
particularly in the lower stages. The mean time to perform the analysis was 2 min per
patient.

Spectrum of lesions of the MSBDS in percentage

1

21

Figure 2. Frequency of bone lesions in the web-based reliability assessment. In this graph, the
distribution of the degree of pathological findings, according to the MSBDS, is presented. The range
of the MSBDSs was between 1 and 18. Most lesions (21%) were small lesions with an MSBDS of 1.

3.3. Overall Agreement for MSBDS

Overall, the ICC correlation coefficient was 0.87 (95% confidence interval: 0.79-0.92),
reflecting the degree of consistency among measurements. The ICC for the single mea-
sure was 0.69 (0.61-0.77). Overall, Cronbach’s alpha was 0.93 (95% confidence interval:
0.94-0.97). The inter-reader agreement was 0.68 (0.56-0.79) with a standard error of 0.05.
Global inter- and intra-observer agreement among the 15 readers considering the MSBDS
with scores below or equal to 6 points and scores above 6 points are reported in Table 3.
Some examples of images where maximal discrepancies were found are reported in Figure 3.
The ICC was not influenced by different CT scanners.
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Table 3. Global inter- and intra-observer agreement among the 15 readers considering the MSBDS
with scores below or equal to 6 points and scores above 6 points. K values are reported as weighed
with linear weights.

Inter-observer IccC 95% Confidence Interval
MSBDS < 6 points 0.81 0.72-0.86
Intra-observer Icc 95% Confidence Interval
MSBDS > 6 points 0.94 0.91-0.98

Figure 3. Scoring bone damage and instability: spectrum of findings with maximum disagreement
among readers. Discrepancies with an MSBDS > 6. (A) Focal lytic lesions >5 mm in diameter located
at the left sacrum (white arrow) with another small lesion in the sacrum near the sacroiliac joint. In
this case, the MSBDS was 7 with a standard deviation of 4.9. (B) Single large focal lytic lesion >5 mm
in the vertebral body (white arrow) with no vertebral collapse (sagittal not shown) but possible spinal
canal infiltration. In this case, the MSBDS was 11 with a standard deviation of 5.3 due to difficulties
in spinal canal assessment mainly by non-specialists. In these cases, a sub-specialized second reading
should be recommended. Discrepancies with an MSBDS < 6. (C) Multiple lytic lesions >5 mm (white
arrows and the black arrow) at the junctional spine (T11-L1 level) with involvement of the vertebral
body and pedicle. In this case, the MSBDS was 4 with a standard deviation of 2.6. (D) Single large
focal lytic lesion >5 mm in the vertebral body (white arrow) with no vertebral collapse. In this case,
the MSBDS was 5.7 with a standard deviation of 3.3 due to difficulties in spinal canal assessment,
bone diameter and extraosseous involvement (asterisks).

4. Discussion

In this study, we developed and assessed a consensus-based scoring system for MM
bone lesions detectable with CT using a previously validated methodology [18,19].

Based on previous CT evaluations of MM-related lesions, we scored the clinically
relevant lytic lesions, which are >5 mm in diameter, with the aim of creating a simple,
reliable, reproducible and semiquantitative method consistent in radiological reporting [13].
This scoring system is a novel scoring system of bone lesions tailored specifically for use in
MM with the purpose of being used with standard whole-body CT in daily clinical practice
and to complement common evaluations. Indeed, bone damage is a typical target area in
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patients who are affected by MM, and numerous trials investigating potential structure-
modifying or bone-protective treatments and other management strategies for MM are
anticipated. Our scoring system may be an instrument for the domains determined by
the Revised International Staging System. Bone lesions, such as lytic lesions detected by
radiography, CT or PET/CT, are the myeloma-defining events belonging to the standard
CRAB criteria (calcium elevation, renal failure, anemia, lytic bone lesions) [6,20]. In MM
patients, imaging the bone is crucial because the detection of an osteolytic lesion provides a
reason to treat. In patients with confirmed MM, medical imaging can be used to localize
the source of pain and to prevent any eventual complications that are usually related
to bone destruction [21]. The focal lesions detected on medical imaging are a strong
prognostic marker and mark the need for treatment, even in the absence of cortical bone
destruction [22-24]. Despite the diagnostic value of CT for the detection of bone marrow
lesions, it is limited and MRI is superior. However, the possibility to use a reliable score
to evaluate computed tomography images with acceptable agreement among different
readers, such as the MSBDS, could be clinically helpful. In addition, the complementary CT
imaging atlas is expected to enhance unified interpretations of the grading scales between
radiologists and clinicians across countries and departments. Indeed, MM-associated bone
disease impacts quality of life, with increases in both morbidity and mortality [3,25-29].
CT, as well MR, is important when diagnosing MM, especially in the detection of bone
lesions when they are small and when they are amenable to intervention, even to prevent
pathological fractures or neurological complications due to the compression of the medulla
or nerves [3,5,7,10,25-32]. CT-proven MM lesions were tested in a web-based exercise with
substantial to excellent agreement. The CT images selected for the web-based exercises
were of high quality, were pre-selected and did not include image selection and acquisition.
The current semiquantitative score may be more helpful in clarifying the role of CT in
MM bone and bone marrow imaging compared to the standard reporting of CT imaging,
which is improved by sub-specialized second-opinion reading [12]. Indeed, in MM CT
evaluation, discrepancies when interpreting a clinically important abnormality, such as
the presence of a lytic lesion >5 mm, could be present in up to 21% of patients and has the
potential to impact treatment planning [12]. The database was comprised mostly of stage
I and II lesions, and most of them (22%) were small lesions (MSBDS 1), as is expected in
normal clinical practice. Some variation in intra-class reliability is probably due to initial
difficulty in applying new definitions of the ‘real life” application of anatomical terms which
are not so defined when dealing with 5 mm lesions. For example, it is difficult to clearly
define the borders or limits of a posterolateral facet or pedicle involvement, the limit of
spinal canal involvement or the “entire” trochanteric region, especially when the readers
are not radiologists involved in medical imaging assessment and reporting on a daily
basis. To reduce further variability when reading CT images, we believe that appropriate
training could be useful, but, when possible, double reading of CT images could be the
best choice, even for lesion identification. In this study, the MSBDS scoring system had a
high concordance among many readers. The number of readers involved in this study and
their different levels of expertise is very high, which is a strength of the current analysis. In
addition, the scoring system was fast and suitable for routine clinical practice, and can be
applied in clinical practice when reading or reporting CT in patients with MM. As opposed
to the first application of the MSBDS, which was performed on a relatively high number of
patients with advanced stages of disease for demonstrative and academic applications [13],
in this work, the majority of lesions (22%) were small lesions with an MSBDS of 1, and we
aimed to enhance the clinical utility of the scoring systems. Indeed, at least in theory, it is
very important to correctly stratify patients at early stage of disease. We have to remember
that MSBDS is strongly correlated with the Myeloma Response Assessment and Diagnosis
System (MY-RADS) [13], confirming the relevance of the MSBDS scoring system [33-36].
The MSBDS is suitable for CT images, is typically more available than MRI and has the
potential to be highly applicable for large scale clinical trials with imaging parameters
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as endpoints. The prospective clinical validation of MSBDS criteria regarding its clinical
impact on patients is underway.

In conclusion, we presented a consensus-based semiquantitative scoring system for
CT in MM together with a complementary CT imaging atlas, in which detailed examples
of relevant scoring techniques are provided. We found substantial agreement among
readers with different levels of experience, supporting the role of MSBDS for large scale
applications. MSBDS is specifically tailored for use with patients who are affected by MM
and differs from other scoring systems that have been developed in orthopedic literature
for bone metastasis [37].
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Abstract: Osteonecrosis of the Femoral Head (ONFH) is a disabling disease affecting up to
30,000 people yearly in the United States alone. Diagnosis and staging of this pathology are both
technically and logistically challenging, usually relying on imaging studies. Even anatomopathologi-
cal studies, considered the gold standard for identifying ONFH, are not exempt from problems. In
addition, the diagnosis is often made by different healthcare specialists, including orthopedic sur-
geons and radiologists, using different imaging modes, macroscopic features, and stages. Therefore,
it is not infrequent to find disagreements between different specialists. The aim of this paper is to
clarify the association and accuracy of ONFH diagnosis between healthcare professionals. To this
end, femoral head specimens from patients with a diagnosis of ONFH were collected from patients
undergoing hip replacement surgery. These samples were later histologically analyzed to establish
an ONFH diagnosis. We found that clinico-radiological diagnosis of ONFH evidences a high degree
of histological confirmation, thus showing an acceptable diagnostic accuracy. However, when the
diagnoses of radiologists and orthopedic surgeons are compared with each other, there is only a
moderate agreement. Our results underscore the need to develop an effective diagnosis based on a
multidisciplinary approach to enhance currently limited accuracy and reliability.

Keywords: avascular necrosis of the hip; diagnosis; radiological tests; reproducibility; reliability;
accuracy; histopathology

1. Introduction

Osteonecrosis of the Femoral Head (ONFH) is a disabling condition that usually results
in the collapse of the femoral head and secondary osteoarthritis (OA) in young adults and
middle-aged individuals, with a mean age of presentation of 38 years [1]. To date, there is
no epidemiological report on ONFH worldwide, however, some countries have already
performed studies on the incidence of this disease. In the United States the number of
new cases each year is estimated to be greater than 30,000 [2], with these numbers steadily
increasing yearly. Importantly, ONFH seems to be the direct cause of between 5 and 18%
of all the hip arthroplasties performed annually in the United States [3]. Apart from the
important healthcare costs associated with the surgical treatment of the ONFH, the fact
that this disease causes severe pain and disability mainly in adults at a productive age
also translates into an important socioeconomic burden [4]. Clinical presentation of ONFH
is generally asymptomatic in early stages, although occasionally patients could indicate
hip or groin pain. At initial stages, negative plain radiographs are common, therefore,
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ONFH must be suspected if patients present any of the reported risk factors [5]. Thus, a
precise diagnosis and staging of ONFH to treat our patients optimally becomes critical.
Presumably, the optimal therapeutic approach might include a multimodal treatment
regime, or a patient tailored plan from hip surgery to rehabilitation [6-8].

In the early stages the disease can be treated with conservative approaches, such
as drugs, biological therapies, or extracorporeal shock wave therapy, to delay or stop its
progression. Unfortunately in many cases this condition will lead to loss of integrity of the
subchondral bone, requiring surgical treatments, typically a total hip arthroplasty within
two years after the development of hip pain [9]. To avoid this outcome, an early and
accurate diagnosis that would allow us to treat this pathology in its early stages is key [10].
However, the early diagnosis of ONFH is highly challenging, as the onset of symptoms
and imaging characteristics are insidious and subtle [11], frequently posing a diagnostic
problem to orthopedic surgeons. The difficulty associated with ONFH diagnosis often
results in the presentation of advanced cases of this disease, when femoral-head-conserving
surgical treatment is no longer indicated [12].

Longitudinal studies of patients with various forms of osteonecrosis and osteochon-
dritis show that the history of mild cases of ONFH (abnormal alterations in soft tissues
observable only by MRI) is to naturally heal, with only the most severe cases requiring a
hip arthroplasty and being susceptible to histological studies [13]. Ideally, therefore, ONFH
diagnosis should be made by non-invasive means, such as imaging techniques. However,
to be able to perform an accurate diagnosis using these non-invasive tests, an adequate
correlation with the gold standard, the anatomopathological exam [13], should be clearly
stablished. ONFH diagnosis currently relies largely on imaging techniques. The imaging
study is usually initiated by a common radiographical analysis. However, as previously
mentioned, plain radiographs are usually negative in early disease, since only a minor
osteopenia might be present at this stage. If the findings are inconclusive, more imaging
techniques, such as magnetic resonance imaging (MRI), computerized tomography (CT),
or bone scan are normally requested. MRI is considered the method of choice for ONFH di-
agnosis, with the highest sensitivity and specificity [1]. In recent decades, various scientific
societies have developed different classification systems for grading the evolution of the
process [14]. However, despite these efforts, the controversy regarding the optimal way for
classifying osteonecrosis of the femoral head remains. Apart from data such as the etiology,
age, occupation, or hip functionality, clearly clarifying the staging of the osteonecrosis is
also key in the diagnosis as well as in developing treatment strategies.

The fact that the diagnosis of the ONFH can be performed by different specialists,
using different diagnostic tools adds to the challenge of the diagnosis itself. The aim
of this paper is to clarify the association and accuracy of ONFH diagnosis between all
the professionals involved in its diagnosis including orthopedic surgeons, radiologists,
and pathologists.

2. Materials and Methods
2.1. Study Design

This was a prospective case-control study conducted at the Marqués de Valdecilla
University Hospital, in which femoral heads of image-diagnosed ONFH and OA patients
undergoing arthroplasty were collected from the operating room for 3 years, to later
perform a confirmatory histological analysis. The study sample was determined following
the guidelines of other studies in this line made in the field of osteonecrosis [15-21].

2.2. Patients

Patients who met the following criteria were included: (1) between 40 and 90 years
old, (2) clinico-radiological diagnosis of ONFH or hip OA, (3) indication of hip replacement
surgery [2,22]. Exclusion criteria included: (1) systemic glucocorticoids and/or bisphos-
phonates treatment history, (2) past or present heavy alcohol consumption, (3) hip trauma
or radiation history, (4) storage disorders, pancreatitis, hemoglobinopathies, or dysbarisms
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history; as we intended to study idiopathic cases of AVNH, with no obvious etiologic
factor [10,23] (secondary osteonecrosis).

All patients gave informed written consent. Study protocol was approved by the
institutional review board (Comité de Etica en Investigacién Clinica de Cantabria, February
2018). Identification Code 2018.014.

2.3. Diagnosis

Our study population was triply diagnosed by experienced and certified orthopedic
surgeons, radiologists, and pathologists. Orthopedic surgeons diagnosed patients accord-
ing to signs and symptoms, imaging studies, and macroscopic evaluation of femoral head
specimens from the operating room. Plain radiographs and/or MR images were reported
by general and musculoskeletal radiologists. Radiographic scoring by the Ficat and Arlet
system was used.

From all femoral head specimens macroscopically affected, cylindrical samples un-
derwent anatomopathological analysis. From the histological point of view, a positive
diagnosis of ONFH was considered as the presence of significant and diffuse trabecular
necrosis (>50% of empty osteocytic lacunae) and necrotic hematopoietic bone marrow in
the absence of other specific lesions [18]. For a better histological characterization, other de-
generative signs, such as fatty infiltration and medullary fibrosis or heterotopic ossification
presence, were graded in qualitative manner (“1-absence”, “2-presence”, “3-moderate”,
and “4-intense”) [16].

2.4. Histological Analysis

Samples of bone were isolated from the macroscopically affected areas of femoral
head specimens (Figure 1A), sectioned in the coronal plane. Bone cylinders were extracted
from the sample with the help of a trephine. These samples were preserved and sub-
sequently used for the anatomopathological analyses. For preservation, the cylindrical
biopsies were immediately placed in 10% neutral buffered formalin at room temperature for
24 h and subsequently decalcified in 10% ethylenediaminetetraacetic acid at room temper-
ature following standard procedures [24,25]. Decalcified specimens were embedded in
paraffin and paraffin sections (4 mm thick) were cut using conventional methods. Sections
were stained with Mayer hematoxylin and eosin and Masson trichrome [15,16]. The total
number of empty osteocyte lacunae was quantified by two unaware examiners in four
non-overlapping regions of interest. At least 300 osteocyte lacunae were quantified in
each specimen.

AVNH 4 OA

Figure 1. (A) Gross specimen of advanced femoral head osteonecrosis with associated osteoarthritis,
showing complete loss of articular surface and collapse of the central region of the head. (B) Hema-
toxylin and eosin-stained sections showing trabeculae; (A) partially necrotic trabecula: bone showing
empty lacunae in ONFH samples. (20x). (B) Osteoarthritis (control group) trabecula showing lacunae
containing viable osteocytes, necrotic osteocytes, and empty lacunae (20x). (C) Hematoxylin and
eosin-stained section showing dense medullary fibrosis in ONFH bone samples (20x).

2.5. Statistical Analysis

Statistical comparison was performed using chi-square and Fisher’s exact test analysis
for categorical data, Student’s t-test for mean comparison (for normally distributed vari-
ables), Spearman’s coefficient for rank correlation, the Mann-Whitney U test to compare
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two related samples (for non-normally distributed variables), and Cohen'’s kappa coefficient
for inter-rater and intra-rater reliability. A P value probability threshold of less than 0.05
was considered statistically significant. All statistical analyses were performed using SPSS
software (SPSS Inc, Chicago, IL, USA).

3. Results

Between 2017 and 2020, a total of sixty femoral head specimens were collected from
patients undergoing hip replacement surgery at the Marqués de Valdecilla University Hos-
pital. Of those sixty samples, twenty-six corresponded to patients that have had a previous
diagnosis of ONFH and thirty-four of them, used as controls in this study, corresponded to
patients that have been diagnosed with OA. Clinico-radiological diagnosis was confirmed
by anatomopathological analysis which was considered the definitive reference diagnosis.
Of all the collected samples, only twelve ONFH and twelve OA specimens met further
selection criteria, that is, to have a radiologist-reported imaging study, and a correctly
preserved bone sample with enough quality to perform an appropriate histological anal-
ysis. Samples lacking a certified radiologist report or showing poor histological quality
were excluded.

Histological examination of the femoral head specimens collected confirmed radiolog-
ical diagnosis in twenty of the twenty-four hips analyzed (84%) (Table 1). Regarding the
samples with a diagnosis of ONFH that comply with our selection criteria, only one of the
twelve radiologically diagnosed cases of ONFH (8%) was not confirmed by anatomopatho-
logical analysis. Interestingly, we found that three of the twelve samples with a radiological
diagnosis of OA, representing a 25% of the OA analyzed samples, met the histological
diagnosis criteria for ONFH. Furthermore, only 25% of the patients misdiagnosed had been
subjected to an MRI scan, highlighting the early reported superior diagnostic capability of
this technique. This result, however, could not be considered statistically significant.

Table 1. From the initial sixty femoral heads collected, only twenty-four met our selection criteria,
twelve with a previous diagnosis of ONFH and twelve controls with an OA diagnosis. The table
illustrates the diagnosis of every sample according to different specialists: orthopedic surgeons,
radiologists, and pathologists.

Specimen Surgeon Pre-Surgery  Surgeon Post-Surgery = Radiologist Pathologist Disagreement
1 (CASE) AVNH AVNH AVNH AVNH NO
2 (CASE) AVNH AVNH AVNH AVNH NO
3 (CASE) AVNH AVNH OA AVNH Radiologist vs. others
4 (CASE) AVNH AVNH AVNH AVNH NO
5 (CASE) AVNH AVNH AVNH AVNH NO
6 (CASE) AVNH AVNH AVNH AVNH NO
7 (CASE) AVNH AVNH AVNH AVNH NO
8 (CASE) OA OA OA AVNH Pathologist vs. others
9 (CASE) OA OA AVNH AVNH Surgeon vs. others
10 (CASE) AVNH AVNH AVNH AVNH NO
11 (CASE) AVNH AVNH AVNH AVNH NO
12 (CASE) OA OA OA AVNH Pathologist vs. others
13 (CONTROL) OA AVNH OA OA Surgeon vs. others
14 (CONTROL) OA OA OA OA NO
15 (CONTROL) OA OA OA OA NO
16 (CONTROL) OA OA OA OA NO
17 (CONTROL) OA OA OA OA NO
18 (CONTROL) OA OA OA AVNH Pathologist vs. others
19 (CONTROL) OA OA OA OA NO
20 (CONTROL) OA OA OA OA NO
21 (CONTROL) OA OA OA OA NO
22 (CONTROL) OA OA OA AVNH Pathologist vs. others
23 (CONTROL) OA OA OA OA NO
24 (CONTROL) OA OA OA OA NO
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A statistically significant difference in the number of empty osteocytic lacunae
(t=5.13; p < 0.05) was found between the ONFH (mean =+ SE = 68.16 £ 10.57) and the con-
trol group (mean =+ SE = 40.91 £ 15.03) (Figure 1B and Table 2). There was also a statistically
significant difference (U = 35; p < 0.05) between medullary fibrosis (Figure 1C) presence
between the ONFH (mean 4 SE = 2.75 + 1.21) and the control (mean 4 SE = 1.66 £ 0.98)
group (Table 2). The histological analysis of other degenerative signs, such as fatty infiltra-
tion and heterotopic ossification, indicated no statistically significant differences between
the two groups analyzed.

Table 2. Histological analysis data from femoral head specimens.

ONFH Control p Value Intergroup
(Mean =+ SE) (Mean =+ SE) Differences

Age (years) 65.88 + 12.6 63.84 +10.9 0.262991

Empty osteocytic lacunae (%) 68.16 £ 10.57 40.91 £ 15.03 0.000019

Fatty infiltration (1-4) * 35+09 2.83 +0.83 0.08914

Medullary fibrosis (1-4) * 275+ 1.21 1.66 = 0.98 0.03486
Heterotopic ossification (%) t 25+ 045 25+ 0.45 1
Age (years) 65.88 +12.6 63.84 +10.9 -

*: “1-absence”, “2-presence”, “3-moderate”, and “4-intense”. *: significative presence yes/no.

Importantly, the association between the number of empty osteocytic lacunae with
the Ficat and Arlet staging could not be considered statistically significant (Table 3). When
the diagnoses of radiologists and orthopedic surgeons were compared with each other,
twenty-one of the twenty-four diagnoses agreed (k = 0.58; percentage agreement of 85.71%),
expressing moderate agreement. Interobserver diagnosis reliability did not differ signifi-
cantly between the different Ficat and Arlet stages.

Table 3. Data comparing Ficat and Arlet imaging stage and the average number of empty osteocytic
lacunae in our ONFH specimens.

Ficat and Arlet Number of Samples Empty Osteocytic
Stage Analyzed Lacunae (%)
I 2 63
I 1 80
I 3 73
v 6 65

For orthopedic surgeons, the rate of agreement between the pre-surgery and the
post-surgery diagnosis was 91.67% (kappa value for intra-observer reproducibility of 0.75),
expressing substantial agreement.

When the diagnoses of radiologists and orthopedic surgeons were compared with
each other, twenty-one of the twenty-four diagnoses agreed (k = 0.58; percentage agreement
of 85.71%), expressing moderate agreement. Interobserver diagnosis reliability did not
differ significantly between the different Ficat and Arlet stages.

4. Discussion

Early diagnosis of ONFH is key to achieving satisfactory therapeutic results that
allow prompt selection of an effective joint-preserving treatment. However, accurate di-
agnosis of ONFH is challenging, especially at the early stages. Normal plain radiographs
and physical exams can be falsely reassuring and delay appropriate referral [11,26]. In
this context, several studies have found suboptimal diagnostic accuracy, reproducibility,
and reliability [13,14,25,27-29]. The aim of this paper is to specifically clarify the associ-
ation and accuracy of ONFH diagnosis between orthopedic surgeons, radiologists, and
pathologists, considering imaging modes, microscopic and macroscopic bone features, and
disease staging.
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Non-specific initial imaging findings and confusing prevalence data are probably the
most important causes of ONFH diagnosis disregard. In addition, imaging pitfalls and lack
of anatomopathological analysis consensus led to misdiagnosis. Regarding histological
diagnosis, there are no established quantitative criteria (number of blocks, trabeculae, or
lacunae to quantify) and surgeons’ requisition forms usually lack important information.
Therefore, there is a need for a consensus definition of the histological features of ONFH
and improvement of samples collection [13].

Empty osteocytic lacunae evaluation is a legitimate method for ONFH diagnosis, not
always related directly to age and without a clear relationship with disease stage. In our
study, there was a statistically significant difference in the number of empty osteocytic
lacunae found between the ONFH and the control group, thus contributing to validate our
samples and their histological diagnosis. However, in the present work, the association
between age and empty osteocytic lacunae, widely described in the literature [15,30], could
not be considered statistically significant. These findings might be explained by the fact that
the distribution of empty lacunae in relation to age is quite heterogeneous, compared to
the complete loss of osteocytes observed in ONFH [30]. On the other hand, no statistically
significant difference was found between the number of empty osteocytic lacunae and Ficat
and Arlet stage for ONFH [20]. Although several studies have shown the link between
imaging features and osteonecrosis severity [17,20,31], a direct relationship between the
proportion of empty osteocytic lacunae and radiological staging has not yet been reported.

The presence of dense medullary fibrosis is significantly greater in necrotic femoral
heads when compared to osteoarthritic ones. These results agree with previous findings that
describe this degenerative sign in advanced stages of the disease [16,17,20]. In addition,
necrosis of the fatty marrow was consistently present in most of the ONFH samples.
This result is part of the histological features spectrum of osteonecrosis, with fatty and
haemopoietic marrow becoming ghosted [16,30]. Other non-specific degenerative signs
examined, such as fatty infiltration and heterotopic ossification, showed no statistically
significant difference between both groups (Supplementary Table S1).

Importantly, three of the twelve osteoarthritis controls (25%) met the histological
diagnosis criteria for ONFH. This finding agrees with previous works, in which 21-31%
of cases of ONFH were seen pathologically but not radiographically [27,32]. A study
investigating the presence of secondary osteonecrosis in osteoarthritis of the hip confirmed
it microscopically in 38.2% of the femoral heads, identifying two different histological
patterns: ‘shallow’ osteonecrosis (probably pressure necrosis as a result of eburnation) and
‘deep wedge-shaped’ osteonecrosis (a less frequent, independent phenomena related to
primary osteonecrosis) [33].

The ONFH diagnosis varies among medical specialties, and it is not uncommon to find
literature failing to mention which methods were used for the diagnosis. Previous works
have evidenced a distribution of ONFH diagnosis by specialty of 13% for pathologists
(pathology report), 15% for orthopedic surgeons (clinical record), and 19% for radiolo-
gists (radiology report) [13]. In our specimen selection, we found a proportion in ONFH
diagnosis of 26% for pathologists, 46% for surgeons, and 26% for radiologists.

ONFH diagnosis relies mostly on the assessments performed by the orthopedic sur-
geon, involving physical examination, medical history, and plain radiographs, or on the
radiologist report [27]. However, histological, or even gross pathologic evaluation of hip
arthroplasty specimens, is not consistently practiced in medical centers, since the imple-
mentation of those analyses is not considered cost-effective [4]. Thus, clinical diagnosis of
ONFH remains most of the time unconfirmed. In the hips, a concordance rate of 81.2% in
clinical diagnosis verified histologically has been reported [4]. According to the literature,
in ONFH this concordance rate varies from 68% to 93% [4,27,31,32]. In the present study,
histologic examination of the femoral head specimens confirmed clinico-radiological di-
agnosis of ONFH in 84% of the cases, hence showing correlation with previous reports.
On the other hand, we found that 25% of samples with a radiological diagnosis of OA
met histologic diagnosis criteria for ONFH. Previous works have evidenced this kind of

178



Diagnostics 2022, 12,1731

false positive in 16% of cases. Misdiagnosis of ONFH can occur if clinician is unaware
of potential pitfalls, such as persistent hematopoietic red marrow, the fovea centralis or
synovial herniation pits, or existence of pathologic processes that can mimic osteonecrosis,
such as subchondral cysts, transient osteoporosis, insufficiency subchondral fractures, os-
teochondral lesions, and metastasis [10]. Additionally, in agreement with previous reports,
we verified that MRI improves diagnostic performance and reduces misdiagnosis of ONFH,
with the highest sensitivity and specificity compared to plain radiographs, computed to-
mography, or scintigraphy. MRI is also highly effective in depicting the early stage and
staging lesions accurately [9].

In the present study, when diagnoses of radiologists and orthopedic surgeons were
compared with each other, there was only a moderate agreement. Twenty-one of the
twenty-four diagnoses agreed (interobserver kappa reliability coefficient of 0.58; percentage
agreement of 85.71%), expressing moderate agreement. Literature regarding ONFH inter-
observer reliability has focused mainly on imaging staging correlation, with average kappa
values ranging from 0.39 to 0.56, thus evidencing a poor interobserver reliability, especially
among the intermediate stages [25,29,34,35]. In the present work, interobserver diagnosis
reproducibility did not show a statistically significant difference when considering the
different Ficat and Arlet stages.

Reported evaluations of intra-observer diagnosis variation in ONFH, based mainly
in disease imaging staging, have evidenced fair reproducibility, with mean kappa values
ranging from 0.43 to 0.88 [25,29,34,35]. Regarding histology, we are not aware of any
studies that have looked at intra- or inter-observer variability in the pathological diagnosis
of avascular necrosis of the femoral head. This diagnosis was based on macroscopic features
of the resected femoral head, an information usually overlooked in literature. Preservation
of femoral head sphericity, the presence of degenerative changes or identification of necrotic
areas are some of the useful data that a gross evaluation in the operating room can provide,
thus contributing to a better diagnosis [30]. In summary, diagnosis of ONFH requires a
multidisciplinary approach to enhance currently limited accuracy and reliability. Prompt
diagnosis of ONFH may lead to morbidity and costs avoidance, and due to an increased risk
of developing the disease contralaterally, an accurate postoperative pathologic diagnosis
may be essential [18].

Study limitations: Albeit the aim of the present work was to underline the key role of
multidisciplinary diagnoses of patients with ONFH suspicion, some limitations should be
considered before drawing conclusions. The complexity of the process of samples collection,
preservation, and preparation allowed us to analyze only twenty-four suitable specimens,
and thus, the limitations of a small sample size and that of it being a monocentric study
should be considered.

5. Conclusions

To enhance current diagnostic precision of ONFH we propose a closer collaboration
between clinicians and a greater participation of pathologists. Macroscopic evaluation of
the femoral head in the operating room and a more extended use of MRI are also suggested.

Regarding anatomopathological analyses of ONFH, our findings support the quan-
tification of diffuse empty osteocytic lacunae as a valid diagnostic criterion of trabecular
necrosis. According to our results, this parameter is not directly related to age or imag-
ing stage significantly. Further investigation of intra- or inter-observer variability in the
pathological diagnosis of ONFH is needed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/diagnostics12071731/s1, Table S1: Anatomopathological exam from
selected bone samples.
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Abstract: Background: Dual-energy computed tomography (DECT) allows direct visualization of
monosodium urate (MSU) deposits in joints and soft tissues. Purpose: To describe the distribution of
MSU deposits in cadavers using DECT in the head, body trunk, and feet. Materials and Methods: A
total of 49 cadavers (41 embalmed and 8 fresh cadavers; 20 male, 29 female; mean age, 79.5 years;
SD =+ 11.3; range 52-95) of unknown clinical history underwent DECT to assess MSU deposits in
the head, body trunk, and feet. Lens, thoracic aorta, and foot tendon dissections of fresh cadavers
were used to verify MSU deposits by polarizing light microscopy. Results: 33/41 embalmed cadavers
(80.5%) showed MSU deposits within the thoracic aorta. 11/41 cadavers (26.8%) showed MSU
deposits within the metatarsophalangeal (MTP) joints and 46.3% of cadavers demonstrated MSU
deposits within foot tendons, larger than and equal to 5 mm. No MSU deposits were detected in
the cranium/intracerebral vessels, or the coronary arteries. Microscopy used as a gold standard
could verify the presence of MSU deposits within the lens, thoracic aorta, or foot tendons in eight
fresh cadavers. Conclusions: Microscopy confirmed the presence of MSU deposits in fresh cadavers
within the lens, thoracic aorta, and foot tendons, whereas no MSU deposits could be detected in
cranium/intracerebral vessels or coronary arteries. DECT may offer great potential as a screening
tool to detect MSU deposits and measure the total uric acid burden in the body. The clinical impact of
this cadaver study in terms of assessment of MSU burden should be further proven.

Keywords: gout; monosodium urate deposits; cardiovascular; musculoskeletal; dual-energy com-
puted tomography; ocular lense; tendons; kidney

1. Introduction

Gout is a crystal-induced inflammatory arthritis with increasing incidence and preva-
lence in recent decades [1]. It represents a major healthcare burden, given its association
with metabolic syndrome, coronary heart disease, and diabetes mellitus [1].

Dual-energy computed tomography (DECT) is a well-established method for the
detection of MSU deposits in peripheral joints and tendons and has been implemented in
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the American College of Radiology/European League Against Rheumatism (ACR/EULAR)
2018 gout classification criteria [2-5].

Chhana et al. [6] described DECT as an advanced imaging method for the assessment
of crystal proven tophaceous gout in 12 different joints but only in one cadaveric specimen.
A recent study by Klauser et al. [7] demonstrated the usefulness of DECT for the detection of
cardiovascular MSU deposits in patients with gout and a control group of patients without
a previous history of gout or inflammatory rheumatic disease, as verified by microscopy
in fresh cadavers. Especially in the last few years, studies concerning extraarticular gout
manifestations have become more and more frequent [8,9]. Nevertheless, there is still a broad
discussion regarding subclinical or vascular deposits [10-12]. A general consensus regarding
the optimal DECT protocol has not yet been established. it remains questionable how many
of the MSU deposits found in the DECT are actual urate or merely artifacts [13-16].

To our knowledge, direct imaging of MSU deposits of the head, body trunk, and feet
in embalmed cadavers by DECT has not been reported to date.

The detection of artefacts in DECT is a frequent point of discussion and several typical
artefacts have been well described in the literature, e.g., finger nails [17,18]. Due to the lack
of verification by microscopy, we do not yet know, if the MSU deposits are always true
or artefacts. To exclude artefacts and verify the MSU deposits found with DECT, crystal
characterization with polarizing light microscopy was performed in the lens, aorta, and
feet tendons in fresh cadavers.

2. Materials and Methods
2.1. Cadavers

A total of 49 cadavers, 41 embalmed (16 male, 25 female, mean age, 82 years; SD =+ 16.4;
range 52-91) and 8 fresh (4 male, 4 female, mean, 75 years; SD + 13.2; range 72-95) were
enrolled from 1 January 2017, and through 1 November 2018.

Informed consent was provided according to the last wills of the donors, who had
donated their bodies to human research studies. Institutional review board approval was
obtained. All embalmed and fresh cadavers were referred to DECT after death and were in
legal custody of the Anatomy institution.

No medical history was available including gouty arthritis or hyperuricemia. DECT
examinations of the head, body trunk, and feet were performed.

2.2. DECT Scan Parameters

The evaluation was performed with a 128-row dual-source CT scanner (Somatom Defi-
nition Flash; Siemens Healthineers, Forchheim, Germany) at two energy levels
(80 and 140 kV) using two separate sets of X-ray tubes and detectors positioned 90 to
95 degrees apart without the use of contrast media. The standardized protocol settings
included 80 kV/100-140 mAs for tube A and 140 kV /200-250 mAs for tube B, with a ratio
of 1.36, range of 4, minimum HU of 150, and maximum HU of 500. Scan parameters were
2 x 64 x 0.625 mm acquisition, rotation time of 1 s, DLP 219 mGycm, CTDI vol 11.01 L,
total mAs 3415, slice thickness of 0.75 mm, and increment of 0.5 mm. Axial, coronal, and
sagittal reformations were reconstructed from the DE datasets at a resolution of 0.4 mm
with soft tissue kernel (D30) and bone kernel (B60). D30 kernel was used for DE processing
and MSU detection.

The acquired datasets were reconstructed in the desired planes and processed with
dual-energy software utilizing a standardized two-material decomposition algorithm de-
signed for specific clinical applications [19]. The two-material decomposition algorithm is
based on the principle that materials with a high atomic number such as calcium would
demonstrate a higher increase in attenuation at higher photon energies than does a material
composed of low atomic number materials such as MSU crystals. Once separated and
characterized, the materials were color-coded and overlaid on multi-planar reformatted
cross-sectional images [19]. We choose green pixels for MSU deposit demonstration when
using the software of the Syngovia workstation (Siemens Healthineers).
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Pre-processed and processed images were transferred to the picture archiving system
(PACS). Corresponding pre-processed grey-scale images are reviewed for the presence of
deposits (8).

2.3. CT and DECT Scoring

Two radiologists with experience in gout imaging by DECT of 5 and 7 years evaluated
the DECT images in consensus.
Anatomic locations of calcified plaques and MSU deposits were determined as follows:

+ Head /Neck:

1.  Cranium/intracerebral vessels, ear cartilage and orbits (lens)
2. Supraaortal vessels (Subclavian and Carotid arteries)

+ Body trunk

1.  Ascending aorta, descending aorta, aortic arch, aortic root, abdominal aorta

2. Right coronary artery (RCA), left main artery (LM), circumflex artery (CX) and left
anterior descending artery (LAD)

Tricuspid valve and mitral valve

Iliac vessels

Rib cartilages

Kidney

AN

Cardiovascular calcified plaques with a CT attenuation >130 Houndsfield Units
(HU) [20] and MSU deposits in the thoracic aorta, coronary arteries, valves, abdominal
aorta, and iliac vessels were graded according to Gondrie et al. [21] as follows:

Score 0 = absent, score 1 = 5 or fewer foci, score 2 = between 6-8 foci and extending
over 3 section, score 3 = more than 9 foci extending over 3 sections.

+ Feet:

1.  Joints: Metatarsophalangeal (MTP) joints, interphalangeal joints (IP), tibiotalar joint.

2. Tendons: Extensor hallucis longus tendon (EHL), tibialis anterior tendon (TAT), tibialis
posterior tendon (TPT), flexor hallucis longus tendon (FHL), peroneal tendons (PT),
and Achilles tendon (AT).

MSU deposits in MTP joints and foot tendons were graded as follows:

Score 0 = absent, Score 1 = MSU deposits < 5 mm, Score 2 = MSU deposits between
5-10 mm, Score 3 = MSU deposits > 10 mm.

According to ACR/EULAR guidelines nail bed deposits, submillimeter deposits, skin
deposits, and deposits by beam hardening and vascular artefacts were not classified as
positive findings in our study [3].

2.4. Polarizing Microscopic Evaluation

In 8 fresh cadavers with DECT positive MSU deposits within the lens, thoracic aorta,
or foot tendons, gross anatomical sectioning according to defined landmark was performed,
cut unfixed to pieces of 5 mm x 5 mm, embedded using Tissue-Tek®® O.C.T.™ compound
medium and sectioned at 5 pm using a Leica CM1950 S cryostat. After mounting on
microscope slides and covering using Glycerine/Phosphate-Buffered Saline (PBS) solution,
cryostat section examination was performed with compensated polarized light microscopy
at 400x magnification. First order red compensation was performed to recognize MSU
crystals by their needle-like appearance and strong negative birefringence.

2.5. Statistical Analysis

Statistical analysis was performed using R Project for Statistical Computing 3.5.1 [R
Core Team (2013). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. http:/ /www.R-project.org]. The presence of
MSU deposits and calcified plaques for the different anatomical locations was tabulated
together with the individual scores. To analyze the relationship between MSU deposits
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and the occurrence of calcified plaques contingency tables were generated and a Fisher’s
Exact Test for count data was performed. To test scoring results for age dependence Spear-
man’s rank correlation coefficients were calculated. Results were considered significant for
p-values less than 0.05.

3. Results
3.1. Fresh Cadavers

1 cadaver demonstrated MSU deposits within the orbits (Figure 1), 1 cadaver showed
MSU deposits within the thoracic aorta (Figure 2) and all cadavers showed MSU deposits
within the foot tendons (AT, PT, FHL, TAT) (Figure 3). MSU deposits detected by DECT
were histologically proven to be present by polarized light microscopy in a total of 10/10
biopsies (100%).

Figure 1. 80-year-old male cadaver. Axial DECT image showing Score 1 MSU deposit in the left lens
(white arrows). Corresponding microscopic image taken from the lens, showing diffuse packed and
patchy MSU deposits with strong negative birefringence (bluish structures).

Figure 2. Axial DECT images showing histologically verified Score 1 MSU deposits in thoracic aorta
(white arrows). Note: MSU deposits in anterior costochondral cartilage and intervertebral disc.
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Figure 3. (A) Axial DECT image showing MSU deposits within the TAT, PT, AT, and TPT (white
arrows) with corresponding microscopic image taken from the AT, showing large diffuse packed
and patchy MSU crystals with strong negative birefringence (bluish structures). (B) Axial DECT
image demonstrating MSU deposits within the TAT and PT (red arrows) with corresponding micro-
scopic image taken from the PT. (C) Axial DECT image showing MSU deposits within the FHL and
flexor digitorum longum tendon (yellow arrows) with corresponding microscopic image taken from
the FHL.

3.2. Embalmed Cadavers

In the head, 4/41 (9.8%) cadavers showed MSU deposits within the lens and 40/41
(97.6%) of the cadavers demonstrated MSU deposition within the ear cartilage. No MSU
deposits were detected within the neurocranium and intracerebral vessels. 30/41 cadavers
(73.2%) showed MSU deposits within the thoracic aorta and all cadavers demonstrated
calcified aortic wall plaques (Table 1). Only 1/41 cadavers (2.4%) showed MSU deposits
within the abdominal aorta.
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Table 1. Localization and scoring of calcified plaque (first line) and MSU deposits (second line) in
embalmed cadavers.

Anatomical
Location

Score 0

Score 1

Score 2

Score 3

Aorta

root

6/41 (14.6%)
31/41 (75.6%)

0/41 (0%)
10/41 (24%)

11/41 (26.9%)
0/41 (0%)

24/41 (58.5%)
0/41 (0%)

ascending

13/41 (31.7%)
34/41 (82.9%)

0/41 (0%)
7/41 (17.1%)

7/41 (17.1%)
0/41 (0%)

21/41 (51.2%)
0/41 (0%)

arch

1/41 (2.4%)
31/41 (75.6%)

0/41 (0%)
10/41 (24%)

3/41 (7.3%)
0/41 (0%)

37/41 (90.2%)
0/41 (0%)

descending

2/41 (4.9%)
13/41 (31.7%)

0/41 (0%)
22/41 (53.7%)

3/41 (7.3%)
2/41 (4.9%)

36/41 (87.9%)
4/41 (9.8%)

abdominal

0/41 (0%)
40/41 (97.6%)

2/41 (4.9%)
1/41 (2.4%)

0/41 (0%)
0/41 (0%)

39/41 (95.1%)
0/41 (0%)

Supraaortal vessels

2/41 (4.9%)
28/41 (68.3%)

0/41 (0%)
12/41 (29.3%)

6/41 (14.6%)
1/41 (2.4%)

33/41 (80.5%)
0/41 (0%)

Tliac vessels

0/41 (0%)
36/41 (87.8%)

2/41 (4.9%)
5/41 (12.2%)

0/41 (0%)
0/41 (0%)

39/41 (95.1)
0/41 (0%)

Valves

tricuspid

41/41 (100%)
41/41 (100%)

0/41 (0%)
0/41 (0%)

0/41 (0%)
0/41 (0%)

0/41 (0%)
0/41 (0%)

mitral

41/41 (100%)
41/41 (100%)

0/41 (0%)
0/41 (0%)

0/41 (0%)
0/41 (0%)

0/41 (0%)
0/41 (0%)

Coronary arteries

LAD

2/41 (4.9%)
41/41 (100%)

0/41 (0%
0/41 (0%)

3/41 (7.3%)
0/41 (0%)

36/41 (87.9%)
0/41 (0%)

LM

11/41 (26.8%)
41/41 (100%)

0/41 (0%
0/41 (0%)

3/41 (7.3%)
0/41 (0%)

27/41 (65.9%)
0/41 (0%)

RCA

8/41 (19.5%)
41/41 (100%)

0/41 (0%
0/41 (0%)

5/41 (12.2%)
0/41 (0%)

28/41 (68.3%)
0/41 (0%)

CX

8/41 (19.5%)
41/41 (100%)

0/41 (0%
0/41 (0%)

4/41 (9.8%)
0/41 (0%)

29/41 (70.7%)
0/41 (0%)

Note: Score 0 = absent, score 1 = 5 or fewer foci, score 2 = 6-8 foci, >3 section, score 3 >9 foci, >3 sections.
LAD = left anterior descending artery, LM = left main artery, RCA = right coronary artery, CX = circumflex artery.

For the ascending aorta, Fisher’s Exact Test showed a significant association between
MSU deposits and calcified plaques (p = 0.02). Spearman’s rank correlation showed
a weak but significant positive dependence on age for calcified plaques (rtho = 0.332,
p = 0.034); however, no dependence on age was demonstrated for MSU deposits
(rho = —0.07, p = 0.68). All other vessels or regions in the body trunk demonstrated
no significant association or age dependence for calcified plaques or MSU deposits.

None of the cadavers were positive for MSU deposits in the coronary arteries and
valves (Table 1). Only calcified plaques within the LAD showed a weak but significant
positive dependence on age (rtho = 0.387, p = 0.012); all other coronary arteries showed no
dependence on age. In all 41 cadavers (100%) MSU deposits were detected in costochon-
dral cartilages (Figures 2 and 4), and 3/41 (7.3%) showed MSU deposits within kidney
stones (Figure 4).
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Figure 4. Axial DECT images showing MSU deposits in kidney stones (white arrows) and MSU
deposit in renal calyx (arrowhead).

11/41 (26.8%) cadavers showed MSU deposits within the MTP joints (Table 2). The
first MTP joint was the most commonly involved joint in 6/11 MTP positive cadavers
(54.5%) (Table 2).

Table 2. Scoring of MSU deposits in foot joints of embalmed cadavers.

Anatomical

L . Positive Joints Score 0 Score 1 Score 2 Score 3

ocation

MTP joints 11/41 (26.8%) 30/41 (73.2%) 2/41 (4.9%) 6/41 (14.6%) 3/41(7.3%)

MTP 1 6/11 (54.5%) 1/6 (16.7%) 3/6 (50%) 2/6(33.3%)

MTPI -V 4/11 (36.4%) 0/4 (0%) 3/4 (75%) 1/4 (25%)
MTPI1+V 1/11 (10%) 1/1 (100%) 0/1 (0%) 0/1 (0%)

Interphalangeal joint 0/41 (0%)

Ankle 0/41 (0%)

Tarsus 0/41 (0%)

Note: Score 0 = absent, score 1 =5 or fewer foci, score 2 = 6-8 foci, >3 section, score 3 > 9 foci, >3 sections. MTP =
metatarsophalangeal.

46.3% of cadavers demonstrated MSU deposits within foot tendons, larger than 5 mm
(Table 3). The most common Score 3 MSU deposition site was the AT at 31.7%, followed by
TAT at 19.5% (Table 3).

Table 3. Scoring of MSU deposits in foot tendons of embalmed cadavers.

Anatomical Location Score 0 Score 1 Score 2 Score 3
EHL 1/41 (2.4%) 24 /41 (58.5%) 11/41 (27.5%) 5/41 (12.2)
FHL 1/41 (2.4%) 31/41 (75.6%) 8/41 (19.5%) 1/41 (2.4%)
TAT 1/41 (2.4%) 13/41 (31.7%) 19/41 (46.3%) 8/41 (19.5%)
TPT 1/41 (2.4%) 31/41 (75.6) 8/41 (19.5%) 1/41 (2.4%)
PT 1/41 (2.4%) 19/41 (46.3%) 18/41 (43.9%) 3/41 (7.3%)
AT 1/41 (2.4%) 22/41 (53.6%) 5/41 (12.2.%) 13/41 (31.7%)

Note: Score 0 = absent, Score 1 = MSU deposits < 5 mm, Score 2 = MSU deposits between 5-10 mm,
Score 3 = MSU deposits > 10 mm. EHL = extensor hallucis longus, FHL = flexor hallucis longus, TAT =
tibialis anterior tendon, TPT = tibialis posterior tendon, PT = peroneal tendons, AT = achilles tendon.

4. Discussion

DECT screening for gout deposits in cadavers shows a high prevalence. Histological
correlation in fresh cadavers could confirm these positive DECT findings as MSU deposits
(and not artefacts). MSU deposits are predominantly seen within vessel walls in calcified
plaques (however not in the brain), in rib cartilage, and in foot tendons.

In hyperuricemia, supersaturation leads to the precipitation of urate crystals in the
plasma and within joints. Additionally, all other interstitial fluids will be supersaturated
as well and may drive crystal-induced inflammation. Tophi can present in unexpected
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anatomical locations; therefore vigilance is required when unusual symptoms or signs
occur in a patient suspected to have gout [22].

DECT has emerged as a useful diagnostic imaging modality for the diagnosis of gout,
by offering the advantage of directly assessing MSU deposits as well as displaying the
anatomic extent of the disease [2,5]. DECT can be used to monitor response to drug therapy
and maximize clinical management, thus optimizing patient outcomes [23]. It has been
impacted in patients to urate lowering therapy [24].

DECT detects MSU deposits in peripheral joints with sensitivities of 78 to 100%
and specificities of 78 to 100% [25-27]. MTP 1 joint is the most affected joint in gouty
arthritis [28], consistent with our findings in 6/11 (54.5%) MTP positive embalmed cadavers.
Pascart et al. [29] showed that the extent of the MSU burden in peripheral joints (knee joint
and feet joints) measured with DECT predicted the risk of flares.

However, in the last 30 years, only one study evaluated cadaveric MTP 1 joints [30]
and reported that 12/70 (17.1%) consecutive autopsies showed MSU crystal deposits in
polarizing light microscopy. 2/12 (16.7%) subjects had a history of podagra or gouty
arthritis pre-mortem in this study. This suggests a possible post-mortem crystallization
since the level of serum uric acid necessary for supersaturation decreases with a reduction
in body temperature from 6.8 mg% at 37° to 2.4 mg% at 30° as previously reported by
Loeb et al. [31]. Post-mortem crystallization could therefore also explain higher numbers of
positive MTP 1 joints (6/11 positive MTP joints) in our DECT study.

Tendon involvement in patients with gout is frequent and affects joint stability and
flexibility. Racide et al. [32] postulated that tendons rupture at the sites of MSU crystal
deposits because the urate crystals lead to a reduction in the tensile strength of the tendon.
Tendon rupture due to tophus infiltration has been described in patients with chronic gout,
although this is an uncommon event [33].

In a study by Dalbeth et al. [34] in 92 patients, MSU deposits in tendons occurred in
tophaceous gout. The most commonly involved tendon in the foot was the AT (39.1%), fol-
lowed by the PT (18.1%). The TAT and the extensor tendons were involved less commonly
in 7.6-10.3%. These findings are in line with our study, where the most commonly involved
Score 3 MSU deposition site was the AT at 31.7%, followed by TAT at 19.5%.

Yuan et al. [35] also reported tendons as the most frequent anatomical location of
MSU deposits, in up to 41.4%, consistent with our findings. It is unknown if small MSU
deposits (Score 1 and 2) in tendons are of clinical importance; this should be investigated in
future studies. Furthermore, postprocessing seems to take an important role, to increase
sensitivity for MSU deposits not only in joints but especially in tendons, as seen in previous
studies [16,36], which should also be assessed in further investigations.

The gouty infiltration of tendons and soft tissues should hence also be considered a
rare differential diagnosis for nonspecific soft tissue masses, even in asymptomatic patients
with unknown hyperuricemia prior to their first tophaceous manifestation [37].

Previous studies have shown a high incidence of uric acid kidney stones with the
highest prevalence in the middle east and in Europe [38]. DECT is useful in discriminating
uric acid stones and other stone types with 92-100% accuracy, a positive predictive value
of 100%, and a negative predictive value of 98.5% [39]. In a recent study by Li et al. [40]
nephrolithiasis was reported in 27/84 (32.1%) patients with gout, with a high incidence of
pure uric acid (UA) kidney stones in 17/27 (63%). DECT imaging may permit patients with
UA stones to benefit from conservative treatment and avoid interventional procedures. We
detected a low number of 3/41 (7.3%) UA stones in our cadaveric study.

Confirmed urate crystals in the eyes have been rarely reported in the past 40 years [41].
The majority of gout patients” ocular abnormalities are asymptomatic [42]. Precipitation
of urate crystal has been described in eyelids, tarsal plates, conjunctiva, cornea, sclera,
tendons of extraocular muscles, orbit, and lens. It has been reported that tophi can be
deposited in the iris or in the anterior chamber, causing anterior uveitis or glaucoma [43].
Lin et al. [42], found uric acid crystals on the ocular surface in 3/380 (0.79%) consecutive
gout patients. They further reported that patients with UA crystals in their ocular surface
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also showed many tophi in both ears, finger roots, feet, and kidneys, but this was not
confirmed by DECT. In our study 1/4 lens positive embalmed cadavers also showed UA
kidney stones, 2/4 MSU deposits in MTP joints, and all of them (4/4) showed MSU deposits
in rib cartilages and were positive for MSU deposits in foot tendons. A possible correlation
should be investigated in further studies.

In general, we demonstrated MSU deposits in the lens in 4/41 embalmed cadavers
(9.8%), which was proven by polarizing light microscopy in fresh cadavers. Ferry et al. [44]
reported in 69 severe gout patients that the most common abnormality was bilateral ocular
redness caused by hyperemia of conjunctival and episcleral vessels. When evaluating
a patient with bilateral chronic conjunctival redness, the clinician should consider MSU
deposits in the differential diagnosis. A statistically significant difference in subconjunctival
hemorrhage in gout patients and other groups was reported, whereas the subconjunctival
hemorrhage in gout patients was not absorbed after three months. This underscores the
importance of early detection of ocular MSU deposits [42].

Only one DECT study by Carr et al. [45] evaluated extensive MSU deposits in rib
cartilage, in 19/20 gout patients (95%) without any difference between patients and controls
indicating that it is not a disease-specific finding but instead represents a physiologic
process. This is consistent with our findings, where all cadavers (100%) were positive
for MSU deposits in rib cartilages. Further studies should prove whether physiologic
MSU deposits in rib cartilage occur. MSU deposits in ear cartilage have only been scarcely
reported in a few case reports. We found a high frequency of MSU deposits in ear cartilage in
40/41 cadavers (97.6%). Tophi in the external middle ear or ear helix should be considered
in the differential diagnosis of ear masses alongside common pathologies [46].

Kumral et al. demonstrated that high uric acid levels are strongly associated with
CAD and that elevated uric acid might be injurious for large cerebral arteries [47]. To our
knowledge, this is the first study performing DECT imaging of the neurocranium and
intracerebral vessels in cadavers. Interestingly MSU deposits in intracerebral vessels could
not be detected in our study and also have not been reported to date. Karagiannis et al. [48]
showed that serum UA is an independent predictor for early death after acute stroke and UA
lowering therapy improved outcomes in stroke patients receiving intravenous thrombolysis
followed by thrombectomy. McFarland et al. [49] reported an inverse association between
urate levels and Parkinson Disease, Lewy body dementia, and possibly Alzheimer’s disease.

Among patients with gout, characteristic gout severity factors are associated with
cardiovascular disease (CVD). Disveld et al. [50] showed that crystal-proven gout is strongly
associated with an increased prevalence of CVD. This underscores the importance of early
detection of cardiovascular MSU deposits. Andres et al. [51] reported a significant increase
in coronary calcification and MSU deposits in the knees and MTP 1 joints in patients with
asymptomatic hyperuricemia. However, these calcifications were not evaluated in terms of
cardiovascular MSU deposits, as assessed in our study. In contrast, Pascart et al. [52] found
that the extent of MSU burden in knees and feet detected by DECT and ultrasound did not
increase the estimated risk of a cardiovascular event in 42 gout patients.

Only a paucity of gouty tophi in the mitral valve, aortic valve, and pulmonal valve
has been previously reported [53]. In our study, mitral and tricuspid valves were evaluated
and did not show any MSU deposits. Our preliminary findings can support the hypothesis
of an association between calcified plaques and cardiovascular deposition of MSU in the
ascending aorta in 30/41 cadavers (73.2%), but not in coronary arteries, supraaortal vessels,
and valves, which has recently been described in assessing gout patients using DECT [7,54].
Several studies reflect the suboptimal care received by gout patients and suggest an urgent
need to optimize treatment and prevent adverse outcomes. As previously reported, DECT
provides the option of quantifying the MSU burden [55] and hence can be used to monitor
the response of patients during MSU lowering therapy [56]. In future studies, it may be
interesting to characterize and volumetrize the deposits, especially in the vessel walls.
Artificial intelligence sofware could also be used to facilitate the analysis, which has already
been successfully applied in other regions [57-59].
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Limitations

Prior medical history of the cadavers was not available.

Volume rendering imaging of MSU deposits was not performed and should be investi-
gated in further clinical studies to quantify gouty burden.

This study is limited by the small sample size for cardiovascular studies and therefore
larger cohorts are stringent necessary in order to define the prognostic value of MSU
deposits for CVD outcomes.

5. Conclusions

DECT can be used to detect MSU deposits in both fresh and embalmed cadavers.
DECT showed MSU deposits within the lens, thoracic aorta, and foot tendons of our
cadavers, whereas no MSU deposits could be detected in neurocranium/intracerebral
vessels and coronary arteries. Findings were confirmed with microscopy. In addition to
detecting MSU deposits within the peripheral joints and tendons, DECT offers the potential
to image MSU deposits in the other body parts and organ systems and thus may be feasible
as a screening tool to detect MSU deposits and to measure total uric acid burden in the
whole body.

The clinical impact of this cadaver study should be further investigated.
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Abstract: Temporomandibular disorder (TMD) is a common musculoskeletal condition that causes
pain and disability for patients and imposes a high financial burden on the healthcare system. The
most common cause of TMD is internal derangement, mainly secondary to articular disc displacement.
Multiple other pathologies such as inflammatory arthritis, infection, and neoplasm can mimic internal
derangement. MRI is the modality of choice for evaluation of the TMJ. Radiologists need to be familiar
with the normal anatomy and function of the TMJ and MR imaging of the internal derangement and
other less common pathologies of the TM]J.

Keywords: TMJ; temporomandibular joint; imaging; temporomandibular disorder; radiologist;
internal derangement; arthritis; neoplasm

1. Introduction

The temporomandibular joint (TM]) plays a crucial role in mastication, jaw mobility,
verbal, and emotional expression. The prevalence of chronic TMJ pain ranges from 5 to
31%, and the incidence of first-time pain is 4% per year [1,2]. Temporomandibular disorder
(TMD) is a term used to describe several pathologies that involve the TMJ and surrounding
bone and soft tissues. TMD is the second most common musculoskeletal condition after
back pain to cause pain and disability with an annual cost of $4 billion in the United
States [3]. The incidence of TMD peaks in the second to the fourth decade of life with a
higher prevalence among women [4,5]. While internal derangement is the most common
TM]J pathology, radiologists should not overlook other less common pathologies such as
inflammatory arthritis, infection, trauma, and neoplasm.

We aim to review normal TM] anatomy and function, most common TMDs, and their
imaging presentations.

2. Normal Anatomy

Interpreting TMJ imaging requires an understanding of the normal anatomy of the
joint. TM] is a synovial joint between the glenoid fossa of the temporal bone and the
mandibular condyle. The central anatomic structure of the TM] is the articular disc or
meniscus. The disc is an oval-shaped fibrocartilaginous structure composed of anterior
and posterior articular bands and a thinner center, called the intermediate zone. The
intermediate zone gives the disc a biconcave appearance on the sagittal view. The posterior
band is usually thicker than the anterior band, and both bands are wider in the transverse
dimension than in the anteroposterior dimension. The retrodiscal tissue or bilaminar zone
is a rich neurovascular tissue that serves as a posterior disc attachment, blending the disc
with the joint capsule and temporal bone. The lateral aspect of the disc connects with the
joint capsule and inserts into the condylar neck. Anteriorly, the attachments of the disc
are variable and called the “disc-capsular complex”. The lateral pterygoid muscle fibers
and tendons attach the anterior band of the disc to this complex. The position of the disc
is evaluated by the location of the posterior band and intermediate zone in relation to the
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mandibular condyle. In the closed-mouth position, the posterior band should lie near the
12 o’clock position on the sagittal projection. The intermediate zone should be located
between the condyle and the temporal bone. The medial and lateral corners of the disc
align with the condylar borders and do not bulge medially or laterally [6].

TMJ has two compartments that function as two small joints within a same capsule.
This allows for a greater range of motion with respect to the joint’s size. The superior
compartment separates the glenoid fossa of the temporal bone from the disc, while the
inferior compartment separates the disc from the mandibular condyle. In the initial phase
of mouth opening, the condyle rotates in the lower joint compartment. Subsequently, it
translates anteriorly in the upper compartment [6]. The lateral pterygoid muscle contributes
to jaw opening, and the medial pterygoid, masseter, and temporalis muscles facilitate jaw
closure. As the condyle translates anteriorly, the disc should move between the condyle
and the articular eminence. A normal disc does not move in the coronal plane during
mouth opening (Figures 1 and 2).

Figure 1. Normal Temporomandibular joint MRI. Proton density sagittal image of the TM] in closed
mouth (A) position shows normal location and bow-tie appearance of the articular disc with anterior
(straight arrow) and posterior bands (curved arrow). The mandibular condyle (star) is in an anatomic
location within the mandibular fossa. On open mouth images (B), normal condylar rotation and
anterior translation are noted.
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CLOSED

Figure 2. Temporomandibular joint radiographs. Axiolateral TMJ views in the closed mouth (A)

and open mouth (B) positions demonstrate the normal location of the mandibular condyle within
the mandibular fossa (black arrow) and normal condylar rotation and anterior translation (white
arrow), respectively.

3. Imaging

TM] radiographic examinations include transcranial (oblique lateral view), trans max-
illary (modified AP view), trans pharyngeal (oblique lateral view), and submental vertex
radiographs. Cross-sectional imaging is usually indicated in cases where malocclusion or
intra-articular abnormalities are suspected.

With its ability to evaluate the bones, CT is the mainstay imaging modality in the
setting of trauma. CT is also particularly valuable in assessing surgical reconstruction, de-
tecting calcified loose bodies, and in some cases of inflammatory, infectious, and neoplastic
disease. Cone-beam computed tomography (CBCT) has shown comparable osseous detail
to CT, with the advantage of decreased radiation dose.

MRI is the best modality for the evaluation of intra-articular processes. Given the high
MRI contrast resolution of the soft tissues, it is currently the gold standard for diagnosing
disc disorders. The standard MR imaging protocol consists of oblique sagittal and coronal
proton density-weighted (PDWI) sequences in closed- and open-mouth positions. Images
are acquired perpendicular or parallel to the long axis of the mandibular condyle to
optimize the visualization of the disc and the osseous structures. In addition, T2WI is
useful for detecting degenerative periarticular changes and the presence of a joint effusion.
Gadolinium contrast is not used routinely but would be indicated in cases where infection,
inflammatory arthropathy, or neoplasm is suspected.

Cine gradient echo (GRE) images depict disc movement and can be used to evaluate
condylar translation. Newer dynamic techniques, such as a half-Fourier acquired single-
shot turbo spin-echo (HASTE) or balanced steady-state free precession sequence (SSFP),
can contribute to the evaluation of the disc movement. Due to higher signal-to-noise ratios,
3 T MRI magnets have the advantage of depicting improved anatomic and pathologic
details of the TMJ compared with 1.5 T.
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Ultrasound can be considered a non-invasive, readily available, and less expensive
technique for the evaluation of the TM]. The sonographer should perform a high-resolution
ultrasound (12-20 MHz high-frequency linear transducer) by placing the probe perpendic-
ular to the zygomatic arch and parallel to the mandibular condyle. The operator should
acquire transverse and longitudinal images in closed-mouth and open-mouth positions.
Adjusting and tilting the probe during the exam will help to optimize the visualization
of the disc, condylar changes, and joint effusion [7,8]. Ultrasound evaluation is limited
when evaluating deeper structures and/or any osseous abnormalities. On ultrasound, the
normal articular disc appears as a hypoechoic, inverted c-shape structure, situated superior
to the hyperechoic condylar cortex (Figure 3).

o I B T e - . .

Figure 3. Normal ultrasound of the articular disc. Sonographic images of the TM]J with the probe lon-
gitudinal to the articular disc on closed mouth views demonstrate the normal hypoechoic appearance
of the mandibular condyle (star), with a rim of the hyperechoic cortex. The articular disc (straight
arrow) demonstrates the normal inverted c-shaped morphology and hypoechogenicity, situated just
superior to the condylar cortex.

4. Pathology
4.1. Internal Derangement

The most common TMD is internal derangement (ID), which implies a mechanical
interference of the smooth joint movement. ID peaks in the second to the fourth decade of
life with a female-to-male ratio of 3:1 and most commonly presents with jaw pain, clicking,
or locking [9,10]. The most common cause of ID is the displacement of the articular disc.

MRI is the standard imaging modality for assessing ID in TMJ [11]. Several key
features should be evaluated while interpreting the MRI of TM] derangement, including
the position and morphology of the disc, the morphology and signal of the mandibular
condyle, the presence of joint effusion, and condylar translation with dynamic imaging.

In a closed mouth position on an oblique sagittal plane, the posterior band of the disc
should lie superior to the condylar head at the 12 o’clock position. The disc is anteriorly
displaced if the posterior band lies more than 30 degrees anterior to the vertical line through
the condylar head, at around 10 to 11 o’clock [12]. The condyle and disc both translate
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anteriorly as the mouth opens, and the disc stays between the articular eminence and
mandibular condyle.

In the earliest stage of internal derangement, the disc has a normal biconcave morphol-
ogy but is anteriorly displaced in the closed mouth position (Figure 4). However, the disc
returns to the normal anatomical position or recaptures as the condyle translates anteriorly
during mouth opening. In the intermediate stage, the disc still has a normal morphology,
is displaced in a closed-mouth position, and does not recapture with mouth opening. In
the later stages, the disc is chronically displaced and has an abnormal morphology, e.g.,
it is perforated or the posterior attachment to the bilaminar zone is disrupted. Imaging
features of degenerative joint disease such as flattening of the condyle, osteophytes, joint
effusion, or the abnormal T1 and T2 signal of the condyle can also be seen in more advanced
stages [9,13-15]. A commonly used classification of TMJ disc displacement using clinical
and imaging findings was described by Wilkes [16].

Figure 4. Anterior disc displacement with recapture. Proton density sagittal image of the TMJ in
closed mouth (A) position shows anterior displacement of the articular disc with otherwise normal
bow-tie appearance (straight arrow). The mandibular condyle is situated in an anatomic location
within the mandibular fossa. On open mouth images (B), normal condylar rotation and anterior
translation are noted. Note the recapture of the articular disc, which is now in the normal position
(curved arrow). The bow-tie appearance of the articular disc is preserved.

Ultrasound can be used as an alternative modality for evaluating ID, particularly for
disc displacement and joint effusion. However, this modality is considered less useful in
detecting bone abnormalities in condyle [8,17].

4.2. Osteoarthritis

Osteoarthritis (OA) is related to the breakdown of joint cartilage and underlying
subchondral bone. Primary OA is more common in older patients. On the other hand,
secondary OA can be seen in younger patients with ID, prior trauma, or other TMJ
arthropathies [18]. The commonly seen imaging findings on CT or MRI are flattening
of the condyles, osteophytes, bone erosions, joint space narrowing, subchondral sclero-
sis, and marrow signal abnormality [19]. Signs and symptoms of OA in TM] are pain,
movement limitations, and crepitus.
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4.3. Avascular Necrosis

Avascular necrosis is the result of impaired blood flow to the condyle. It can be
seen in the context of different etiologies such as trauma, sickle cell anemia, or systemic
lupus erythematosus. On CT, the condyle of the mandible is deformed with significant
subchondral sclerosis. On MR, the marrow is dark on TIWI and shows a mixed signal on
T2WI [20].

4.4. Idiopathic Condylar Resorption

Idiopathic condylar resorption or “cheerleader syndrome” is a poorly understood dis-
ease that is most commonly occurs in adolescents and young women. This aggressive form
of degenerative disease of the TM] has been attributed to an exaggerated response to minor
traumatic injury induced by excess estrogen receptors [9,21,22]. Imaging demonstrates
loss of condylar bone mass and flattening of the anterior or superior aspect of the condyle
(Figure 5).

Figure 5. Idiopathic condylar resorption. Sagittal (A) and coronal (B) images through the TMJ in
bone windows demonstrate extensive loss of the mandibular condyle and additional erosive changes
of the underlying mandibular fossa and articular eminence.

4.5. Inflammatory Arthropathies
4.5.1. Rheumatoid Arthritis

Rheumatoid arthritis (RA) is the most common inflammatory arthritis in adults that
can affect the TMJ [23]. TM] symptoms are seen in approximately 50% of patients with
RA. However, TM] involvement is not a classic finding of RA [24]. For most patients, the
diagnosis of RA is made before the development of TM] symptoms. The most common
symptoms are pain, joint swelling, and limited jaw motion [25]. More severe involvement
can lead to trismus, facial deformity, and chronic loss of function [26].

Contrast-enhanced MRI and CT are commonly used for the evaluation of inflammatory
arthritis such as RA in the TM]J. Synovial proliferation, joint space narrowing, articular
erosion, flattening of the condyle, disc deformity, shorter condylar height, and abnormal
condylar motion are common imaging findings that are seen with RA [23,27-29].Unlike
OA, in RA articular disc displacement occurs later in the course of disease and the disc
can remain in a normal position despite substantial changes to the underlying condylar
bone [30]. In patients with long-standing RA, disc displacement occurs more often due to
the lack of bony support by the underlying osseous structures, not morphologic changes of
the disc itself [30].
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While no definite radiologic classification has been established to evaluate the severity
of RA in the TMJ, Mohamed et al. showed that in patients with moderate to severe disease
activity, the condyle has a smaller AP dimension. They also showed that disease activity
had a statistically significant direct correlation with all osteoarthritic changes except for the
glenoid and condylar erosions [29].

4.5.2. Juvenile Idiopathic Arthritis

Juvenile idiopathic arthritis (JIA) is the most common rheumatologic disease of child-
hood and adolescents. The rate of TMJ involvement in JIA differs based on the subtypes,
ranging from 40% to 70% [13,31]. Longer disease duration, early age at onset, polyarticular
or systemic course, and lack of HLA-B27 are risk factors for TM] involvement [28]. The
early diagnosis and management of TMJ involvement in JIA patients are essential because
a delay in diagnosis can damage the mandibular growth plate and compromise normal
facial growth. Clinical diagnosis is complicated because the patient may be asymptomatic
until a relatively late stage of the disease [30].

Contrast-enhanced MRI is the preferred imaging modality and shows both the acute
findings and secondary degenerative arthritis. Synovial enhancement, joint effusion, and
synovial thickening are the most common findings early in the disease process. As inflam-
mation and joint destruction continue, chronic secondary arthritic changes such as pannus
formation, bone erosions, and disc destruction become more prevalent, eventually leading
to condylar flattening and deformity (Figure 6) [32].

Figure 6. Juvenile idiopathic arthritis. Post-contrast TIW fat-saturated sagittal (A) and coronal
(B) images of the TM] demonstrate flattening and irregularity of the condyle with erosions (long
tail arrows), resulting in an irregular foreshortened appearance from chronic inflammation. Joint
effusion is noted with surrounding synovial enhancement (short tail arrows), consistent with an acute
JIA flair.

Several scoring systems have been proposed for radiological grading of inflammation
and damage of the temporomandibular joint in JIA patients based on the presence or
degree of MRI findings such as bone marrow edema and enhancement, joint effusion,
synovial thickening or enhancement, condylar flattening or erosion, and abnormal disc
morphology [32,33].
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4.5.3. Calcium Pyrophosphate Deposition Disease

Calcium pyrophosphate deposition disease (CPPD) is a noninfectious inflammatory
arthropathy characterized by crystal deposits in the articular and periarticular soft tis-
sues [34]. Two primary forms of CPPD have been described, common and tumoral, with
the tumoral type affecting the TMJ [35]. CPPD of the TM] is rare overall, and only a few
case reports have been published in the literature [36-38].

The definitive diagnosis of CPPD is made by joint aspiration and fluid analysis show-
ing the presence of calcium pyrophosphate crystals, but the radiologic evaluation is critical
for evaluating the extent of underlying osseous destruction, secondary osteoarthritis, the
presence of joint fluid, and to exclude other etiologies. CT is the best imaging modality for
this disease and generally shows a calcified mass in the joint with secondary destructive
and degenerative changes [35]. Therefore, MRl is rarely used as the initial imaging modality
if CPPD is suspected. However, MRI is still often performed since common symptoms
of TM] CPPD disease such as pain, joint swelling, and limited range of motion are also
symptoms in other TMD, for which MRI is indicated as standard practice. Notable MRI
features are periarticular T2 hypointense signals with heterogeneous enhancement, which
can mimic more concerning diseases such as chondrosarcoma [35]. Treatment ranges from
medical management to surgical debridement of the joint with or without possible resection
of the involved condyle [37,39].

4.5.4. Septic Arthritis

TM]J septic arthritis is rare but is associated with high morbidity and significant long-
term disability [40]. The most common organism cultured is Staphylococcus aureus, which
infects the joint either from direct inoculation or hematogenous spread [41].

Imaging findings of TM]J septic arthritis are similar to those of infections in other
joints, namely synovial enhancement, joint effusion, surrounding soft tissue, and bone
marrow edema. These findings are best visualized on MRI (Figure 7). Differentiation of
septic arthritis from other inflammatory diseases is predominately based on the clinical
presentation and the acuity of the symptoms. In septic arthritis, severe pain often occurs
suddenly, with extreme tenderness on palpation, and is usually accompanied by other
general symptoms such as malaise, fevers, or nausea/vomiting [41].

4.6. Trauma

Trauma to the jaw can cause a condylar fracture, glenoid fossa fracture, or TM]
dislocation. Condylar fracture accounts for 25-50% of mandibular fractures and is classified
as the condylar head (intra- or extra-articular) or neck fracture [23].

In patients with a condylar fracture, the unopposed force of the lateral pterygoid
muscle usually causes inferior and anteromedial dislocation of the condylar head and
the lateral displacement and telescoping of the ramus (Figure 8). Multidetector CT is
the modality of choice for evaluating facial and mandibular fractures in the acute setting.
Most condylar fractures will show functionally favorable outcomes after closed reduction.
However, traumatic dislocation of the disc or injury to the retrodiscal soft tissue can
lead to joint ankylosis, a devastating complication. Studies have shown a correlation
between the severity and pattern of condylar fractures on CT and risk of soft tissue injuries.
However, MRI is the modality of choice to evaluate retrodiscal tissue injury and disc
dislocation [42,43].
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Figure 7. Septic arthritis. Proton density sagittal image of the TMJ (A) demonstrates a large joint
effusion expanding the space between the articular disc and articular tubercle (straight white ar-
row). Post-contrast TIWfat-saturated sagittal (B) and coronal (C) images demonstrate extensive
surrounding synovial enhancement (black arrows) and soft tissue enhancement (star). Also noted is
enhancement along the dura of the right temporal lobe (curved arrow), indicating the intracranial
extension of infection.

4.7. Tumor and Tumor-like Lesions
4.7.1. Osteochondroma

Osteochondroma is a benign bone lesion that can arise from the mandibular condyle or
glenoid fossa. It is considered to be the most common benign tumor of the TMJ [9]. On CT,
it often appears as a pedunculated osseous mass, usually arising from the anterior surface of
the condyle and at the insertion of the lateral pterygoid muscle (Figure 9). Continuity with
the parent bone without cortical interruption is an essential characteristic feature. When
small, it is challenging to differentiate osteochondroma from an osteophyte. Larger lesions
can cause condylar displacement with associated pain or malocclusion [14,44]. Based on
the growth pattern on CT, Chen et al. classified osteochondromas into two main types:
type 1, which protrudes from the condyle and involves less than two-thirds of the surface
of the condyle, and type 2, which is causing global expansion of the condyle [44].
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Figure 8. Trauma. Sagittal CT image of the TM] demonstrates comminuted fracture of the
condylar neck with a displacement of the fracture fragments. Mild sclerosis around the frac-
ture lines suggests a component of interval healing. The tip of the mandibular condyle (arrow)
is displaced antero-inferiorly.

Figure 9. Condylar Osteochondroma. Axial (A) CT in bone windows and reformatted coronal
(B) image demonstrates a prominent bony mass arising along the medial aspect of the mandibular
condyle (star), with a well-corticated appearance and no aggressive features.

MRI shows a predominantly low T1 signal exophytic mass with a T2-hyperintense
cartilage cap. The size of the cartilage cap is directly related to the risk of malignant
transformation to or harboring chondrosarcoma [45].

4.7.2. Pigmented Villonodular Synovitis

Pigmented Villonodular Synovitis (PVNS) is a benign synovial proliferation process
of uncertain origin, most commonly involving larger joints and uncommonly affecting
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the TMJ. Malignant PVNS is extremely rare but has been reported in the TM] [46]. The
CT depicts a soft tissue mass arising from the joint with areas of hyper attenuation which
enhances after contrast injection. The adjacent bone might demonstrate erosions and
sclerosis. MRI is the modality of choice for the diagnosis of PVNS, showing an intra-
articular mass with areas of hemosiderin deposition depicted as low signal intensity on
T1IWI and T2WI and blooming artifact on GRE sequences [3].

4.7.3. Synovial Chondromatosis

Synovial chondromatosis (SC) is a rare, benign synovial proliferative disease charac-
terized by the growth of cartilaginous nodules in the synovium that eventually calcify and
detach from the joint. As a result, SC usually presents with joint effusion and multiple
loose bodies (Figure 10). Unlike PVNS, which never calcifies, the loose bodies in SC are
typically calcified. Therefore, a CT can help differentiate the two entities [3,9].

Figure 10. Synovial Chondromatosis. Coronal (A) and axial (B) CT shows multiple calcified loose
bodies in the right TMJ consistent with synovial chondromatosis.

4.7.4. Chondrosarcoma

Chondrosarcoma is a malignant tumor that arises from embryogenic cartilaginous
cells and is characterized by the production of a cartilaginous matrix. Chondrosarcoma can
be primary—without pre-existent benign lesion—or secondary—arising from pre-existent
benign lesions such as enchondroma or osteochondroma. Chondrosarcoma of the TM] is
extremely rare, with only 50 cases reported in the literature. The mean age of patients is
45.5 years with a female predominance (F:M = 1.4:1) [47]. The primary symptom of TMJ
chondrosarcoma is preauricular swelling, followed by preauricular pain and trismus. Other
findings, such as pain with mastication, obstruction of the external auditory canal, hearing
loss, and limited jaw opening are commonly seen with all TMDs.

On CT, chondrosarcoma appears as a soft tissue mass with flocculent calcifications
in the joint with or without bone erosion. A few cases with erosion of the glenoid fossa
and intracranial invasion have been reported. On MRI, chondrosarcoma appears as an
intermediate-to-low T1 and high T2 signal mass with foci of low T1 and T2 signal due to
calcification. It shows heterogeneous enhancement on post-contrast images [47,48].

4.7 5. Osteosarcoma

Osteosarcoma is a malignant bone tumor arising from the osteogenic mesenchymal
matrix and producing osteoid, fibrous, cartilaginous, and osseous tissue. It usually involves
the long bones but rarely involves the jaw and is called gnathic osteosarcoma. Jaw osteosar-
coma is not as aggressive as osteosarcoma in the long bones, with the mean age of patients
being 35 years—10 years younger than long bone osteosarcoma. In addition, there is a male
predilection, with the male-to-female ratio of 2:1 [14,49]. Radiographically, osteosarcoma
can have a lytic, sclerotic, or mixed appearance with malignant periosteal reaction. On
MRI, osteosarcoma resembles chondrosarcoma, presenting as a heterogeneously enhancing,
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intermediate T1 and high T2 signal mass (Figure 11). However, on CT or radiographs,
osteosarcoma usually does not show typical ring-and-arc or whorl shape calcifications.

Figure 11. Condylar chondroblastic osteosarcoma. Axial pre-contrast (A) and post-contrast TIW (B),
sagittal pre-contrast TIW (C), and axial T2W (D) images demonstrate a heterogeneously enhancing
and T2-hyperintense right condylar mass in a nine-year-old patient. Axial (E) and sagittal (F) CT
images show a soft tissue mass with mineralized matrix and aggressive periosteal reaction (small
arrows) at the TM]J. Biopsy confirmed chondroblastic osteosarcoma.
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4.7.6. Metastatic Disease

Most metastases involve the mandibular body and not the condyle; therefore, metastatic
disease to TM] is rare [12]. Metastatic lesions in the TMJ most commonly originate from
the breast, lung, prostate, kidney, and thyroid [50,51]. Metastases with different origins,
such as melanoma, pancreatic, hepatocellular, and rectal cancer, have been reported in
the literature [52-54]. The signs and symptoms of TM] metastatic disease are nonspe-
cific and similar to other TMDs, including pain, restricted motion, clicking, trismus, and
malocclusion [54-56].

On CT, TMJ metastases present as lytic and destructive bone lesions, but sclerotic or
mixed lesions can also be seen with lesions from prostate, lung, and breast origin [57]. TMJ
metastases can present with a soft tissue mass with adjacent bone erosion. On MRI, T2
hyperintense and enhancing lesions with adjacent marrow edema may be seen.

Other malignant processes such as lymphoma, multiple myeloma, and malignant
synovial sarcoma of the TMJ have been reported [58].

5. Summary

Internal derangement is the most common TM]J pathology which can be best evaluated
by MRI. The key imaging finding on MR is disc displacement with or without recapture.
Other important but less frequent TM] pathologies are osteoarthritis, idiopathic condylar
resorption, inflammatory arthropathies, trauma-related conditions, and tumor and tumor-
like lesions.
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Abstract: (1) Introduction: Computed tomography (CT) and magnetic resonance imaging (MRI)
play an important role in the diagnosis and evaluation of spinal diseases, especially degenerative
spinal diseases. MRI is mainly used to diagnose most spinal diseases because it shows a higher
resolution than CT to distinguish lesions of the spinal canals and intervertebral discs. When it is
inevitable for CT to be selected instead of MR in evaluating spinal disease, evaluation of spinal
disease may be limited. In these cases, it is very helpful to diagnose spinal disease with MR images
synthesized with CT images. (2) Objective: To create synthetic lumbar magnetic resonance (MR)
images from computed tomography (CT) scans using generative adversarial network (GAN) models
and assess how closely the synthetic images resembled the true images using visual Turing tests
(VTTs). (3) Material and Methods: Overall, 285 patients aged > 40 years who underwent lumbar
CT and MRI were enrolled. Based on axial CT and T2-weighted axial MR images from 285 patients,
an image synthesis model using a GAN was trained using three algorithms (unsupervised, semi-
supervised, and supervised methods). Furthermore, VIT to determine how similar the synthetic
lumbar MR images generated from lumbar CT axial images were to the true lumbar MR axial
images were conducted with 59 patients who were not included in the model training. For the VTT,
we designed an evaluation form comprising 600 randomly distributed axial images (150 true and
450 synthetic images from unsupervised, semi-supervised, and supervised methods). Four readers
judged the authenticity of each image and chose their first- and second-choice candidates for the true
image. In addition, for the three models, structural similarities (SSIM) were evaluated and the peak
signal to noise ratio (PSNR) was compared among the three methods. (4) Results: The mean accuracy
for the selection of true images for all four readers for their first choice was 52.0% (312/600). The
accuracies of determining the true image for each reader’s first and first + second choices, respectively,
were as follows: reader 1, 51.3% and 78.0%; reader 2, 38.7% and 62.0%, reader 3, 69.3% and 84.0%,
and reader 4, 48.7% and 70.7%. In the case of synthetic images chosen as first and second choices,
supervised algorithm-derived images were the most often selected (supervised, 118/600 first and
164 /600 second; semi-supervised, 90/600 and 144/600; and unsupervised, 80/600 and 114/600).
For image quality, the supervised algorithm received the best score (PSNR: 15.987 + 1.039, SSIM:
0.518 £ 0.042). (5) Conclusion: This was the pilot study to apply GAN to synthesize lumbar spine
MR images from CT images and compare training algorithms of the GAN. Based on VTT, the axial
MR images synthesized from lumbar CT using GAN were fairly realistic and the supervised training
algorithm was found to provide the closest image to true images.
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1. Introduction

The generative adversarial network (GAN) is a breakthrough deep learning technology
that synthesize realistic images that are almost similar to true images. GAN generates
new images that did not exist in the past by receiving input of various noises from an
artificial neural network and has recently received a lot of attention and has been actively
studied. Existing deep learning technology, such as CNN (convolutional neural network),
used one multi-layered artificial neural network, but GAN interacts with two artificial
neural networks, finally creating a realistic image that is difficult to distinguish. GAN was
frequently used to synthesize a new image or change an image, but recently the scope of
use has been expanding.

Recent deep learning has allowed its application in medical imaging [1]. The gen-
erative adversarial network (GAN) model, which has attracted attention in the field of
deep learning, can generate and transform images using two adversarial artificial neural
networks, unlike conventional convolutional neural network (CNN) models. GANs can
be trained using two adversarial networks, producing realistic images that are almost
indistinguishable from real images [2]. The direction of deep learning is opposite to the
generative neural network and the discriminative neural network. The generative neural
network should make the discriminative neural network think that the realistic image
synthesized by the generative neural network is a true image. Conversely, learning should
be conducted to determine that the image synthesized by the generative neural network is
a fake image by the discriminative neural network.

In medical imaging research, GANs have been used to synthesize positron emission
tomography (PET) images from CT images and CT images from MR images [3,4]. In
addition, GANs based on unsupervised learning were used to translate CT to MRI images
in musculoskeletal images [5].

Computed tomography (CT) and magnetic resonance imaging (MRI) are important for
the diagnosis and evaluation of spinal diseases, particularly degenerative spinal diseases.
MRI is usually used to diagnose most degenerative spinal diseases because it shows higher
resolution than CT in distinguishing lesions of the spinal canals, intervertebral discs, and
soft tissues. However, MRI requires significant time for image acquisition, the cost of filming
is higher than that of CT, and patients with claustrophobia or MR-incompatible devices
sometimes have difficulties with MR examination so that the examination needs careful
accommodations, such as requiring special equipment or putting patients in sleep [1].
In addition, if patients cannot afford the cost of MRI, CT is instead used to evaluate
spinal disease. In these cases, the evaluation of spinal disease may be limited. However,
synthesizing MR images from CT images may allow more accurate and efficient spinal
disease diagnosis and evaluation.

Therefore, the purpose of this study was to develop a lumbar spine CT to MRI synthesis
Al model using GAN and to validate the performance of realistic synthesis of the model
with VIT and qualitive analysis based on GAN.

2. Material and Methods
2.1. Ethics Statement

This study was approved by the Institutional Review Board and Ethics Committee
of Korea University Anam Hospital. The requirement for informed consent was waived
because the data were collected retrospectively and analyzed anonymously. The study
complied with the ethical principles of the 1964 Declaration of Helsinki revised by the
World Medical Organization in Edinburgh in 2000.
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2.2. Data Preparation for Training and Test

This study enrolled a total of 285 patients aged > 40 years who visited the spine
center of the Department of Neurosurgery, Orthopedic Surgery, Rehabilitation Medicine,
and Anesthesia Pain Medicine at Korea University Anam Hospital and underwent both
lumbar CT and lumbar MRI within 6 months between April 2018 and April 2020. CT
scans and MR images were acquired using various models of multidetector CT scanners
(IQon Spectral, Philips, Amsterdam, The Netherlands; Ingenuity Core, Philips, Amster-
dam, The Netherlands; Somatom Definition Flash, Siemens, Erlangen, Germany; Somatom
Definition AS, Siemens, Erlangen, Germany) and 3.0-T MR scanners (Achieva, Philips,
Amsterdam, The Netherlands; Magnetom Skyra, Siemens. Erlangen, Germany; Magnetom
Prisma Fit; Siemens, Erlangen, Germany).

In the PACS registry, lumbar CT and lumbar MR images satisfying the inclusion
criteria for a given period (between April 2018 and April 2020) were obtained. Among the
lumbar CT images, images passing through the disc parallel to the vertebral end plate at
each level were selected. The lumbar MR images matched with these lumbar CT images
were found and stored. The unsupervised and semi-supervised methods started learning
with these lumbar CT and MR images. The lumbar CT and MR images were cropped first,
and the supervised method started learning with these cropped lumbar CT and MR images.
In this way the 285 patients’ data were learned divided into unsupervised, semi-supervised,
and supervised methods. For the visual Turing test, 59 additional patients” data were
selected and stored in the way mentioned above. Lumbar MR images were synthesized
with the already learned unsupervised, semi-supervised, and supervised methods from
the lumbar CT images of 59 patients.

One radiologist with 15 years of experience obtained and reviewed the lumbar CT
and MR images for the inclusion criteria in the picture archiving and communication
system registry. The inclusion criteria for the study were as follows. First, the dates
between CT and MRI did not exceed 6 months. Patients with metallic implants and severe
procedures or surgeries that could deform the structure of the lumbar spine were excluded.
In most cases, CT was performed for a more accurate evaluation of the bony structure
or calcified or ossified lesions after or before the MR examination. Second, patients over
40 years of age were included because our goal was to validate synthetic images in the
context of degenerative spinal disease. Third, the patients had no diseases that destroyed
the vertebral body or spinal canal, such as spondylitis and malignant tumors; however,
patients with mild compression fractures of the vertebral body without spinal canal or
disc space involvement were included. Axial CT and T2-weighted MR image data were
used. Because this was a preliminary study to confirm the feasibility of the GAN, only one
type of MR sequence was selected; namely axial T2-weighted MR images parallel to the
endplate of the vertebral body and passing through the middle of the intervertebral disc.
CT and MR image pairs with different axes were excluded. A computer scientist (15 years
of experience) performed deep learning based on GAN to convert from CT to MR images
on the selected dataset.

Cropping of a specific area for the supervised learning of the third algorithm was
bounded by the abdominal aorta and IVC at the front, the facet joints at the sides, and
the spinous process and paravertebral muscles at the back. The first and second were
unsupervised and semi-supervised learning, with lumbar CT totaling 40,173 from L1-2
to the L5-51 levels and lumbar MRI totaling 9622 from the same level. The third was
supervised learning, which is different from the first and second because the image was
cropped and matched around the spinal canal at the same vertebra level and the same
patient by one radiologist. A total of 4629 lumbar CTs (L1-2: 812, L2-3: 891, L3—4: 1048,
L4-5: 1035, and L5-51: 843), and 3566 lumbar MRIs (L1-2: 558, L2-3: 650, L3—4: 788, L4-5:
800, and L5-51: 770) were used for supervised learning (Table 1).
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Table 1. Demographic characteristics of the study population by group.

Training (with Tuning) Test (VTT)
Patients 285 59
Unsupervised training 40173
CT slices Semi-supervised training 4 150 CT axial images
Supervised training 4629
Level-L1-2 812 32
Level-L2-3 891 33
Level-L3—4 1048 33
Level-L4-5 1035 31
Level-L5-S1 843 21
Unsupervised training .
MRI slices Semi-supervised training 9622 150 tﬁ;zr;cjiﬁ?izyr;hehc
Supervised training 3566 8
Level-L1-2 558 32+96
Level-L2-3 650 33 +99
Level-L3—4 788 33 +99
Level-L4-5 800 31+93
Level-L5-S1 770 21 +63
Age (years)
Male 63.18 & 16.47 68.56 - 4.24
Female 68.08 + 15.46 69.66 £ 7.07
Sex
Male 129 18
Female 156 41

Note: The number of levels was used for training in the third method (matching of level and patients). There
were no demographic differences between the training and test groups (p = 0.1163 for age and p = 0. for sex in the
datasets). CT, computed tomography; MRI, magnetic resonance imaging; VTT, visual Turing test.

2.3. Training the GAN to Generate Lumbar MR Images from CT Images

The GAN applied in this study used unsupervised generative attentional networks
with adaptive layer-instance normalization (AdaLIN) to translate image (U-GAT-IT) [6],
which is an image translation method to create synthetic images. The advantage of this
model is that it allows the learning of shape and texture to be learned asymmetrically
compared to conventional methods. Loss functions are used, such as adversarial loss,
cycle loss, identity loss, and CAM loss. For deep learning, Ubuntu 18.04 was used on a
GPU server with three 24 GB memory Titan RTXs, as well as a CUDA toolkit (440.82), and
cuDNN 10.2 (NVIDIA Cooperation, Santa Clara, CA, USA). The software environment
used for learning was Pytorch 3.xx or higher.

3. Deep Learning Framework

The proposed deep learning architecture for generating synthetic lumbar MRI from
real lumbar CT is illustrated in Figure 1. We used the UGAIT [7] integrated attention
module to design two generators, Gs_;; and Gy, and two discriminators, Dy and Dy, using
lumbar CT and MRI extracted from each domain to convert the real lumbar CT to their
corresponding lumbar MRI. The attention module of the generator focuses on specific
regions that can be distinguished from other domains. This model was trained by feeding
lumbar CT slices with the corresponding real lumbar MRI from each training subject slice
by slice (first, unsupervised second, semi-supervised, and supervised learning). Once the
deep learning model is trained, it can be used on a new lumbar CT to generate synthetic
lumbar MRIs. We customized this framework (UGAIT [7]) to enhance the image generation
for synthetic lumbar MRIL
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Three different training methods were used to develop the synthesis models in Figure 1.
The first (Figure 1a) was an unsupervised learning method that randomly matched lumbar
CT and MR images. The synthetic MR images from lumbar CT and the true MR images
were randomly compared using this unsupervised method. The second (Figure 1b) was a
semi-supervised method that matched lumbar CT and MR images from the same patient.
The synthetic and true MR images of the same patient were compared using this method
rather than random comparisons. The third (Figure 1c) was the supervised method, in
which a specific area was cropped from the same spinal level image of the same patient
and then lumbar CT and MR images were matched. At the same level as the lumbar CT
image of the same patient, we compared the synthetic MR images in which only a specific
part around the vertebral body containing the spinal canal was cropped, to true MR images.
Image cropping was performed around the vertebral body and spinal canal. The crop was
bounded by the abdominal aorta and inferior vena cava at the front, the facet joints at the
sides, and the spinous process and paravertebral muscles at the back.

4. General Architecture

For image-to-image translation, we modified UGAIT, which consists of the following
steps: a convolution layer, rectified linear unit activation, and instance normalization. The
convolution layer included a 3 x 3 kernel, stride-2, and upsampling with the nearest neigh-
bor. In the first step, the number of convolution filters was set to 64 and doubled with every
step, reaching 1024 in the last step. Moreover, to concentrate on more important regions
and ignore trivial areas for generating images differing between lumbar CT and MRI, this
network included the attention map extracted from the auxiliary classifier. These attention
maps were integrated into the generator and discriminator to focus on semantically im-
portant regions for transforming the shape of the images. While the attention map of the
generator induces interesting regions to specifically distinguish between different domains,
the attention map of the discriminator can be helpful for fine-tuning to distinguish between
real and synthetic images in the target domain. Furthermore, to enhance the style transfer
or image translation with different amounts of change in shape and texture, this network
consists of AdaLIN by adaptively selecting a proper ratio between layer normalization
and instance normalization in residual blocks in Figure 2. However, the disadvantage of
this network is that it does not generate regions, such as canals in the spine. To enhance
the reconstruction of the synthetic lumbar MR images, we customized the residual block
and residual adain block in a single generator. First, the residual block included batch
normalization instead of instance normalization and the style-based recalibration module
layer for style pooling as a powerful component for image generation. Second, the residual
adain block included image processing for blurring at the upsampling bottleneck. We
demonstrated these fundamental issues using image translation, which can be learned
bidirectionally. This results in many advantages that may address the limitations of the
existing cycle GAN or CUT [8,9], as well as U-GAT-IT [7].

The discriminator had a structure similar to that of PatchGAN [10]. The architecture
of the discriminator is illustrated in Figure 3. The first four convolution layers applied
stride-2 and the remaining convolution layers applied stride-1. The first convolution layer
inputted 1-channel images and outputted 64-channel feature maps. Subsequently, each
time the feature map passed through the convolution layer, the number of channels was
doubled. The output was obtained by converting the number of channels to number in the
last layer. The discriminator loss, lyisc (G, F, Dx, D), consisted of the LSGAN losses [11].
Loss Equation (1) was calculated using the output, as follows:

ldisc (G, F, Dx, Dy) = Eywp [[[Dy(y)I11] + Ex~p, [[I1 = Dy(G(x;F(c)))|}]
|

+ Exep, [IDx ()] + Eymsy, 1111 = Dx(G(y: o)) 1] 2
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L 2 x 2 x 2 Max pooling
< 3 x 3 x 3 Transposed Conv.

% Residual block (AdaLIN)

Figure 2. Model architecture of the image generator including residual blocks for upsampling.
This network has a ResNet structure. The AdaLin includes fully connected layers and LeakyReLu
activation layers. ResNet, residual neural network; AdaLin, adaptive layer-instance normalization;
LeakyReLu, leaky rectified linear unit.

Discriminator network

32 x 32 x128 16 x 16 x 256 8x8x512 7 %7 x1024 6x6x1

Figure 3. Model architecture of the discriminator for generating synthetic MR images from lumbar
spine CT. The generator used a PatchGAN discriminator. Each number of the feature maps is the
width, height, and channels of the feature map. The layers for networks were constructed by the
color boxes. MR, magnetic resonance; CT, computed tomography.

5. Visual Turing Test

The VTT, which determined how similar the synthetic lumbar MR axial images gener-
ated from lumbar CT axial images were to the true lumbar MR axial images, was conducted
with 59 patients who were not used in the training data. The method was executed by
selecting a set of lumbar MR images composed of one true and three synthetic MR images
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with reference to the lumbar CT image. For VTT, we designed an evaluation form (Figure 4)
comprising 600 axial images (150 true and 450 synthetic images from the unsupervised,
semi-supervised, and supervised algorithms) that were randomly distributed.

Visual Turing Test

Figure 4. The validation set comprised 150 true and 450 synthetic images developed by 3 algorithms.
The true and synthetic images were randomly mixed and displayed on the web solution. Four readers
independently determined which MR image best reflected the axial CT image at the disc level and for
real. The yellow and red frames of the MR images indicated the first and second choices, respectively.
MR, magnetic resonance; CT, computed tomography.

Two board-certified radiologists (a general radiologist and a musculoskeletal [MSK]
radiologist with 15 and 20 years of experience, respectively) and two radiology residents
participated in the VTT. We used a program that showed five images (one CT, one true
MR, and three synthetic MRI images) on a single screen in random order. The participants
were asked to select two MR images that they considered the most accurate among the four
lumbar MR images with reference to the CT image (Figure 4). The four radiologists were
blinded to each other’s evaluation of the VIT and were not shown the true or synthetic
images before the VTT. The number of choices totaled 300, each with a 40-s time limit. The
four participants judged the authenticity of each image and chose the first and second
candidates for the true image.

The demographics of the 59 patients and the tested spinal levels are shown in Table 1.
The VIT excluded 64 levels where CT and MRI were difficult to perform in VIT (8 L1-2, 4
L2-3,4 13-4, 13 L4-5, and 35 L5-51 levels). The reasons for exclusion included mismatching
CT and MRI scan directions, which made image comparison difficult, and cases without CT
or MRI findings at that level. Finally, 150 CT, 150 true MRI, and 450 synthetic MRI images
were selected for the VTT.

6. Statistical Analyses

The accuracies of each reader in identifying the true MR image were compared using
paired t-tests (R software version 3.5.1; R Foundation for Statistical Computing, Vienna,
Austria). The statistical differences in visual comparisons according to each spinal level and
the three learning methods were also compared using paired t-tests. Statistical significance
was set at p < 0.05.

To analyze the inter-rater reliability for identifying the true images, we calculated the
percent positive agreement (PPA) Equation (2), Chamberlain’s percent positive agreement
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(CPPA) Equation (3) [12,13], and Cohen’s kappa coefficient (K) Equation (4) [14]. These
evaluation metrics are commonly used to evaluate the agreement of readers using VTT.

2a
PPA—looxm ()
CPPA = 100 x — 3)
a+b+c
Po — Pe
K= Po—Pe 4
— @)
__ a+d _ a+b y atc i c+d y b+d
Po= a¥bretrd "~ \usbtcrd “atbrc+d itb+tc+d atb+ctd

where a is the number of cases in which two readers equally found true images, and b
and c are the numbers of cases in which one of the two readers only found true images. d
indicates the number of cases in which the two readers did not find true images equally.
Figure 5a shows an example of a confusion matrix for measuring the PPA, CPPA, and K.

Reader Reader Reader
1 2 experis
0O X 0O X 0O X
Reader| O | 45 33 Reader | O | 39 64 Reader| | 50 ¢
' reside
Reader 4 |x|28 44 3 |x|20 27 e | X| 4 s
XX nts
& Reader Reader Reader
Reader a b 1 2 experts
X e d 0O X 0o X 0 X
Reader | O | 88 29 Reader | O | 82 48 R_eg@ Q|17 3
) B 3 reside
2 X | 15 18 - X | 10 10 nts 4 36
(a) (b) (©) (d)

Figure 5. (a) An example confusion matrix for identifying real images (b) between two expert
radiologists; top: priority-first, bottom: priority-first + second, (c) between two residents; top:
priority-first, bottom: priority-first + second, and (d) between experts and resident radiologists; top:
priority-first, bottom: priority-first + second.

To quantitatively evaluate the three methods of synthetic image quality, Peak SNR
(PSNR) and the structural similarity index measurement (SSIM) between the true and
synthetic images were used as performance metrics for the developed model as follows:

MAX
PSNR (x, y) = 201og;, Hxix

5
I ©)

(2papy+cy) owy + Cy)
(;uxz + e + C1) (sz +op2+ Cz)

SSIM (x, y) = (6)
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where C; = (K;L)? and C, = (K,L)?. We used K; = 0.01 and K; = 0.03, as in the original
paper [11].

7. Results
7.1. Accuracy of Identifying the True Images

Regarding the first choice of true images, the mean accuracy for all four readers was
52.0% (312/600). The accuracies of identifying the true images for the first and first + second
choices, respectively, for each reader were as follows (Table 2); reader 1, 51.3% (77/150) and
78.0% (117 /150); reader 2, 38.7% (58/150) and 62.0% (93/150); reader 3, 69.3% (104/150)
and 84.0% (130/150); and reader 4, 48.7% (73/150) and 70.7% (114/150).

Table 2. Assessment of the choice of true lumbar MR images through the VIT by the four readers.

Visual Turing Test

p-Value
Total Level 1-2 Level 2-3 Level 34 Level 4-5 Level 5-S1
first 51.3% 40.6% 51.5% 66.7% 58.1% 33.3% reference
(77/150) (13/32) (17/33) (22/33) (18/31) (7/21)
Reader 1
first + second 78.0% 81.3% 75.8% 87.9% 77.4% 61.9% reference
(117/150) (26/32) (25/33) (29/33) (24/31) (13/21)
first 38.7% 46.9% 39.4% 42.4% 32.3% 28.6% 0.2497
(58/150) (15/32) (13/33) (14/33) (10/31) (6/21)
Reader 2
first + second 62.0% 78.1% 60.6% 69.7% 58.1% 41.6% 02178
(93/150) (25/32) (20/33) (23/33) (18/31) (10/21)
first 69.3% 59.4% 66.7% 78.8% 67.7% 76.2% 0.1190
(104/150) (19/32) (22/33) (26/33) (21/31) (16/21)
Reader 3
first + second 84.0% 81.3% 81.8% 87.9% 90.3% 95.2% 0.4396
(130/150) (26/32) (27/33) (29/33) (28/31) (20.21)
first 48.7% 65.6% 51.5% 39.4% 41.9% 42.9% 0.8125
(73/150) (21/32) (17/33) (13/33) (13/31) (9/21)
Reader 4
first + second 70.7% 81.3% 78.8% 60.6% 67.7% 61.9% 0.9671
(114/150) (26/32) (26/33) (20/33) (21/31) (13/21)
first 52.0% 53.1% 52.3% 56.8% 50.0% 45.2% )
(312/600) (68/128) (69/132) (75/132) (62/124) (38/84)
Total first + second 74.3% 78.1% 74.2% 76.5% 73.4% 66.7% )
(446/600) (100/128) (98/132) (101/132) (91/124) (56/84)

Note: Readers 1 and 4 are expert radiologists and readers 2 and 3 are resident radiologists. MR, magnetic
resonance; VTT, visual Turing test.

7.2. Comparisons of Training Methods for Generating Synthetic MR Images

For synthetic images selected as first or second choices, supervised algorithm-derived
images were the most frequently selected (118/600 first and 280/600 first + second), fol-
lowed by semi-supervised (90/600 and 254/600), and unsupervised (80/600 and 220/600)
in Table 3. Readers 1 and 3 mainly selected the synthetic lumbar MR images from super-
vised learning as the true images (reader 1: 38/150 first and 72/150 first + second and
reader 3: 32/150 and 92/150). Readers 2 and 4, however, mainly chose synthetic lumbar
MR images from unsupervised learning as true images (reader 2: 38/150 first and 77/150
first + second and reader 4: 31/150 and 72/150).
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Table 3. Comparisons of the selected proportions of the three deep learning algorithms.

Deep Learning Algorithm

Unsupervised Semi-Supervised Supervised
first 10 25 38
Reader 1 first + second 45 66 72
first 38 28 26
Reader 2 first + second 77 72 58
first 1 13 32
Reader 3 first + second 26 52 92
first 31 24 22
Reader 4 first + second 72 64 58
first 80/600 90/600 118/600
Total (13.3%) (15.0%) (19.7%)
ota first + second 220/600 254 /600 280/600
(36.7%) (42.3%) (46.7%)

The highest levels of true image selection accuracy among the five spinal levels for
readers 1-4 were 66.7% (22/33) for level 1.3-4, 46.9% (15/32) for level L1-2, 78.8% (26/33)
for level L34, and 65.6% (21/32) for level L1-2 (Table 2). The mean accuracies of the levels
were 53.1% (68/128) for L1-2, 52.3% (69/132) for L2-3, 56.8% (75/132) for L34, 50.0%
(62/124) for L4-5, and 45.2% (38/841) for level L5-51. The differences in accuracy between
these four readers were not significant (p > 0.05).

7.3. Evaluations between the Expert and Resident Reader Groups

Our analysis of the inter-rater reliability for identifying true images showed PPA,
CPPA, and K (Figure 5 and Table 4) values for the two expert readers of 59.6%, 42.5%,
and 0.187 (first), and 80.0%, 66.7%, and 0.258 (first + second), respectively. The values
for the two resident readers were 48.15%, 31.7%, —0.389 (first) and 66.7%, 58.6%, 0.072
(first + second), respectively. The PPAs, CPPAs, and Ks for all readers were 92.2%, 85.5%,
and 0.845 (first), and 96.8%, 93.9%, and 0.880 (first + second), respectively (Table 4).

Table 4. Three inter-reader agreements for identifying the true MR images for each reader, including
the expert and resident radiologists.

PPA (%) CPPA (%) K
Two expert radiologists first 59.6 42.5 0.187
p 5 first + second 80.0 66.7 0.258
. o first 482 317 ~0.389
Two resident radiologists first + second 66.1 58.6 0.072
Expert radiologists first 9.2 85.5 0.845
versus first + second 96.8 93.9 0.880

Resident radiologists

PPA, percent positive agreement; CPPA, Chamberlain’s percent positive agreement; K, Cohen’s kappa coefficient;
first, first selection of each reader; second, second selection of each reader.

7.4. Evaluations of PSNR and SSIM among the Three Algorithms

The results for quantitative image quality among the three algorithms (unsuper-
vised, semi-supervised, and supervised training) are shown in Table 5. The PSNRs of
each slice among the 59 patients of the test datasets were 15.278 &+ 0.830 (unsupervised),
15.319 +£ 1.037 (semi-supervised), and 15.987 =+ 1.039 (supervised), respectively. The SSIMs
of each slice among the 59 patients of the test datasets were 0.490 £ 0.051 (unsupervised),
0.479 £ 0.048 (semi-supervised), and 0.518 + 0.042 (supervised), respectively.
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Table 5. Overall statistics for two measures of model quality for three algorithms (unsupervised,
semi-supervised, and supervised): PSNR and SSIM. The average and standard deviation for each
measure about from axial slices of the 5 spine levels among the 59 subjects in our test datasets.

PSNR SSIM
Level 1-2 16.062 £ 1.347 0.538 £ 0.060
First method: Level 2-3 15.678 £ 1.647 0.526 £ 0.067
Unsu ervisea Level 34 15.772 £1.352 0.507 £ 0.062
leaPr)nin Level 4-5 14.844 £ 1.350 0.465 £ 0.068
& Level 5-S1 14.033 £ 1.258 0.412 £ 0.064
Total 15.278 £ 0.830 0.490 £ 0.051
Level 1-2 16.234 £ 1.964 0.529 + 0.069
Second method: Level 2-3 16.149 £ 2.020 0.515 £ 0.073
Semi-supervise d Level 34 15.708 £1.824 0.492 £ 0.069
learﬁin Level 4-5 14.670 £ 1.729 0.448 £ 0.075
& Level 5-S1 13.836 £ 1.865 0.398 £ 0.079
Total 15.319 £ 1.037 0.479 £ 0.048
Level 1-2 16.554 £ 1.203 0.557 £ 0.094
Second method: Level 2-3 16.732 £1.395 0.553 £ 0.102
Semi-supervise d Level 34 16.560 £1.116 0.544 £ 0.084
learﬁin Level 4-5 15.863 + 1.449 0.521 +£ 0.087
& Level 5-S1 14.228 +£1.341 0.455 £ 0.076
Total 15.987 £ 1.039 0.518 £ 0.042

Note: bold is the best score.

8. Discussion
8.1. The Research of Other Algorithms and GAN

GAN is a learning technique that has recently been a focus of deep learning using
Al which is used to generate or transform images using adversarial generative neural
networks to create artificial but realistic-looking images [6,15]. While conventional CNN
models have utilized a method to train one multilayer artificial neural network, GAN
differs in progressing learning by the interaction of two artificial neural networks. In the
presence of generative and discriminative neural networks, generative neural networks are
trained such that their images can be truly distinguished in discriminative neural networks,
and discriminative neural networks are trained to discriminate images made in generative
neural networks as fake images. Through the adversarial learning process of these two
neural networks, a GAN can generate synthetic images that are difficult to distinguish from
real images [3].

Recently, researchers have searched for methods to replace MRI with CT scans when
planning radiation therapy [16-18]. However, CT-based MRI construction has received
little attention. It is challenging to generate an MR image directly from a CT image using
a linear model because it is difficult to generate high-level image domains based on low-
level images. In response, we proposed a synthesis method based on CNNs [19] with
adversarial training [20] to generate a lumbar spine MR image from a CT scan. A 2019
study synthesized MR images from brain CT images using GAN [21], and studies published
in 2017 reported the process of converting brain MR images to CT using GAN [22]. In
addition, studies have reported on the conversion of images from one modality into images
from another using GAN. Lee et al. reported the synthesis of spine MR images from spine
CT images using GAN, with a mean overall similarity of synthetic MR T2-weighted images
evaluated by radiologists of 80.2% [23]. They concluded that the synthetic MR images from
spine CT images using GANs would improve the diagnostic usefulness of CT.

This is a preliminary step in determining whether lumbar synthetic MR images gen-
erated from lumbar CTs by applying GAN are clinically applicable. We first assessed
whether the synthetic images generated from lumbar CT scans were distinguishable from
the true MR images. If radiologists with various experiences find it difficult to distinguish
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between true and synthetic MRIs via VTT, the MR images synthesized through GAN may
be sufficiently similar to true MRIs [24] and warrant testing in the clinical setting. The first
study on lumbar spine MR image synthesis from CT was published in 2020 [25]. Using a
small dataset, the authors generated synthetic lumbar spine MR images using GAN and
determined the similarities between the synthesized and true MR images. In contrast to
this work, we did not perform quantitative comparisons using the mean absolute error
and peak signal-to-noise ratio or qualitative comparisons of each structure of the spine,
including the discs, facet joints, spinal canals, and thecal sacs.

In medical imaging, computer-based vision evaluation methods are largely used to
measure detection and segmentation accuracy, emphasizing the classification of regions
according to anatomy from a predefined library. As an alternative, motivated by the
ability of humans to provide far richer descriptions, we constructed a VIT that used
binary questions to probe a model’s ability to distinguish fake images from true images.
In our VTT, the probability of finding a true image was 52%; in other words, the ability to
distinguish between real and fake images was half of the time. This probability is the same
as in the situation in which a coin is thrown to predict which side will land facing upward.
The results of VIT indicated that the GAN model developed in this study made synthetic
lumbar MR images that were difficult to distinguish from real images.

A previous study applied a VIT to determine how synthetic lung nodules generated
by GAN compared to the original lung nodules on CT [24]. Two radiologists participated in
the VTT; the authors concluded that it was difficult for radiologists to distinguish between
the generated and real nodules. A neuroimaging study also using a VTT [25] generated
synthetic brain MR images using GANs and compared them to true brain MR images by
VTT by an expert physician looking at 50 synthetic and 50 true MR images in random
order and determining whether they were true or synthetic. The authors concluded that it
was difficult for the expert physician to accurately distinguish between synthetic and true
brain images. Synthetic high-resolution body CT images with progressive growing GAN
(PGGAN) were also indistinguishable from real images in VTT [6].

8.2. The Present Study for Conversion from CT and MR Images

The present study utilized GAN trained with unsupervised, semi-supervised, and
supervised methods and compared their fake image synthesis performance through VTTs.
Supervised learning uses aligned training datasets in which the output image corresponds
to each input image. By disconnecting the aligned data into an input and output set to
train, medical synthesis becomes an unsupervised learning-based synthetic task. A semi-
supervised learning can be configured to utilize both supervised and unsupervised learning.
A highly supervised training typically requires a large volume of labeled datasets [26].
However, acquiring those from expert radiologists at a sufficient scale can be prohibitive;
thus, we anticipated unsupervised training, which meant the unpairing of the CT and MR
data, although our results showed that supervised training-derived images were selected
most often as the first and second choices. In other words, the images produced using the
supervised method were the most realistic images.

In contrast to our results, brain MRI to CT synthesis research showed that unpaired
data-derived images were more realistic and contained fewer artifacts and less blurred
images in comparisons of the conversion between unpaired and paired data using mean
absolute error (MAE) values and peak-signal-to-noise ratio (PSNR) in true and synthesized
CT [22]. Another study on transforming brain CT into MRI using GAN reported that the
combination of paired and unpaired data showed more realistic images in MAE and PSNR
than using paired or unpaired data individually [21]. The authors also reported that this
combination solved the context-misalignment problem of unpaired training and alleviated
the rigid registration task and blurred results of paired training. First, an unsupervised
method of learning by randomly matching lumbar CT and MR images was used to convert
CT into MRI; however, the main part of the synthetic MR images was converted differently
from the real MR images in some synthetic MR images. To solve this problem of the first
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method, a learning method was performed with CT and MR image pairs for each patient.
Finally, although the image conversion of CT to MR is more difficult than that of MR to
CT, the use of paired data and cropped information can be more helpful for generating
synthetic MR images. The above two studies were evaluated through measurements such
as MAE and PSNR, but we attempted to evaluate the images through a VTT. Therefore, it is
difficult to compare our results to those of previous studies. We also observed no difference
in the accuracy of separating synthetic from true MRIs and in the inter-reader agreements
among four expert and resident radiologists, providing indirect evidence that synthetic
MRIs and true MRIs had comparable image fidelity, although the selection criteria between
readers were likely to be subjective and differ according to experience.

The results of VTTs according to lumbar spine levels showed the highest rate of true
image selection for the L3—4 level (56.8%), followed by the L1-2 level (53.1%). The L5-51
level showed the lowest rate (45.2%), likely because the anatomical shape that changes
from the lumbar spine to the sacrum differs from the other lumbar levels, making it more
difficult to determine true or synthetic MR images than other lumbar levels based on the
reference CT. However, the choice between lumbar levels did not differ significantly. For
image quality, the supervised algorithm received the best score (PSNR: 15.987, SSIM: 0.518
=+ 0.042, respectively in Table 5).

8.3. The Limitations of Our Study

This study has several limitations. The first is the limitation of the VIT. This test was
used to assess how intuitively similar the synthetic MR images were to the true MR images
and not to evaluate how well the synthetic MR images replicated the individual structures
of true MR images. Our future goal is to determine whether MR images synthesized using
GAN from lumbar CT images have clinical significance compared to true MRIs through
structural analysis of the disc, spinal canal, and paraspinal muscles of the lumbar spine.
The second limitation was that the L5-51 levels were excluded from the study. In some CT
examinations, continuous scans were performed from the superior end plate of L1 through
the S1 level without adjusting the horizontal direction of the disc level. Therefore, the axial
levels of CT often have different directions from those of MRI, which is strictly scanned
around the intervertebral disc, making it difficult to compare images. Therefore, this study
excluded 35 cases with L5-51 images (L1-2: 8 cases, L2-3: 4 cases, L3-4: 4 cases, and L4-5:
13 cases). The third limitation was caused by image cropping in deep learning using the
supervised method. In axial lumbar CT and MR images, the same part cannot be cropped
around the vertebral body. Fourth, the training dataset of our study was small. We used
285 CT scans in deep learning with GAN, while other studies used 11,755 body CT scans
during PGGAN training and 1018 lung cancer screening thoracic CT scans during DC-GAN
training. The fourth limitation is related to the low number of patients and different CT
scanners. A total of 285 patients” CT images were used for deep learning and 59 patients’
CT images were used for the VIT that were not included in deep learning. Although five
levels of CT images were used per patient, the limitation of this study was that a large
number of CT images were not included in the deep learning, and another limitation of
this study is that all patients could not be taken with the same type of CT equipment.

9. Conclusions

We developed three methods of a GAN model to convert from lumbar CT to MR im-
ages, which were evaluated with a VIT. Based on the VTT, the axial MR images synthesized
from lumbar CT using GAN were fairly realistic and the supervised training algorithm was
found to provide the closest image to true images.

If future research validates the clinical usefulness of replacing true lumbar spine MR
images with synthetic images in particular cases, the lumbar spine CT to MR synthesis
using GAN could expand the role of CT, which is traditionally narrowed in the diagnosis
of degenerative spinal disease, and could also increase the diagnostic value of CT with
additional reference information.
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Abstract: Critical shoulder angle (CSA) is the angle between the superior and inferior bony margins of
the glenoid and the most lateral border of the acromion. The acromial index (Al) is the distance from
the glenoid plane to the acromial lateral border and is divided by the distance from the glenoid plane
to the lateral aspect of the humeral head. Although both are used for predicting shoulder diseases,
research on their accuracy in predicting supraspinatus tendinopathy in patients with shoulder pain
is limited. Data were retrospectively collected from 308 patients with supraspinatus tendinopathy
between January 2018 and December 2019. Simultaneously, we gathered the data of 300 patients
with shoulder pain without supraspinatus tendinopathy, confirmed through ultrasound examination.
Baseline demographic data, CSA, and Al were compared using the independent Student’s t test and
Mann-Whitney U test. Categorical variables were analyzed using the chi-square test. A receiver
operating characteristic curve (ROC) analysis was performed to investigate the accuracy of CSA and
Al for predicting supraspinatus tendinopathy, and the optimal cut-off point was determined using
the Youden index. No statistical differences were observed for age, sex, body mass index, evaluated
side (dominant), diabetes mellitus, and hyperlipidemia between the groups. The supraspinatus
tendinopathy group showed higher CSAs (p < 0.001) than did the non-supraspinatus tendinopathy
group. For predicting supraspinatus tendinopathy, the area under the curve (AUC) of ROC curve
of the CSA was 76.8%, revealing acceptable discrimination. The AUC of Al was 46.9%, revealing
no discrimination. Moreover, when patients with shoulder pain had a CSA > 38.11°, the specificity
and sensitivity of CSA in predicting supraspinatus tendinopathy were 71.0% and 71.8%, respectively.
CSA could be considered an objective assessment tool to predict supraspinatus tendinopathy in
patients with shoulder pain. Al revealed no discrimination in predicting supraspinatus tendinopathy
in patients with shoulder pain.
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1. Introduction

Supraspinatus (SS) tendinopathy is a type of tendon disorder characterized by pain
and impaired function. It is related to degeneration, irritation, overuse, and poor strain
mechanics [1,2]. Shoulder impingement syndrome is also believed to lead to SS tendinopa-
thy [3]. Moreover, the causes of SS tendinopathy are variable and can be divided into
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intrinsic and extrinsic factors [3]. Intrinsic factors include age, excessive weight, and
impaired biomechanics, including malalignments and decreased flexibility, causing degen-
erative changes and reduced strength of the tendon [4-6]. Extrinsic factors can be divided
into primary and secondary impingement, which result from increased subacromial load-
ing and muscle overload /imbalance, respectively [3,7-10]. Studies have reported that SS
tendinopathy leads to poor sleep quality, low quality of life, and work absenteeism [11-13].

Rotator cuff tendinopathy is the most common cause of shoulder disorders [14], and
its prevalence rates range from 5-10%, 30-35%, and up to 80% in people aged <20 years,
60-80 years, and >80 years, respectively [15-17]. Despite their variable etiology, supraspina-
tus tendinopathy is the most common among rotator cuff diseases, affecting 61.9% of men
and 38.1% of women [18]. Hsiao et al. reported that subacromial impingement occurred
at 7.77 per 1000 person-years in the military and observed that those aged >40 years had
an increased risk of subacromial impingement, thereby leading to an increased risk of SS
tendinopathy [19].

“Critical shoulder angle” (CSA), proposed by Moor et al., representing the inclination
of the lateral extension of the acromion and glenoid on an anteroposterior (AP) radio-
graph [20], was reported higher in patients with degenerative rotator cuff tear than in those
with non-rotator cuff tears [21]. Recent studies have also used CSA to predict supraspina-
tus tendon tear [22] and the risk of supraspinatus retear after surgery [23]. Furthermore,
CSA along with age was found to predict cuff tear arthropathy, osteoarthritis, rotator cuff
impingement, and calcified tendinitis [24]. On the other hand, “Acromial index” (Al),
introduced by Nyffeler et al., representing the lateral extension of the acromion above the
humeral head [25], has been revealed as a predictor of rotator cuff tear [21,26]. However, the
ability of Al to predict the postoperative outcomes of rotator cuff tears is conflicting [27,28].
As Neer reported, 95% of rotator cuff tears might arise from SS tendinopathy, which is
caused by the predisposition to the conditions of anatomic impingement [7].

Despite many studies evaluating the outcomes of rotator cuff disorders by using
CSA and Al no study has investigated the relationship between CSA and AI with SS
tendinopathy. Therefore, this study aims to establish the association between CSA, Al,
and supraspinatus tendinopathy, comparing the accuracy of CSA and Al in predicting
supraspinatus tendinopathy.

2. Materials and Methods
2.1. Study Design and Participants

This study was designed as a retrospective case—control cross-sectional investigation
and performed in a medical university hospital between January 2018 and December 2019.
All participants were recruited from orthopedic and rehabilitation outpatient departments,
and the Institutional Review Board of Taipei Medical University (N202011086) approved the
study protocol. We applied the following inclusion criteria: (1) age between 20 and 80 years,
(2) having shoulder pain, and (3) undergoing shoulder X-ray and ultrasound evaluation.
The following exclusion criteria were applied: (1) previously underwent shoulder surgery
around the shoulder; (2) having glenohumeral osteoarthritis and acromioclavicular arthritis,
which could affect CSA and Al measurements; and (3) poor quality of shoulder radiographic
images. Based on the findings of the shoulder ultrasound and physical examination (both
painful arc and empty can test positive), participants were divided into the SS tendinopathy
group and non-SS tendinopathy group. Baseline demographic data, such as age, sex,
affected side, body mass index (BMI), history of diabetes mellitus, and hyperlipidemia,
were obtained from medical charts.

2.2. Radiographic Evaluation for CSA and Al

After demographic data collection, conventional AP shoulder radiographs were ob-
tained on the day of the outpatient department visit. The image was taken with the patient
in the upright standing position with a descending beam tilt of 20°. The shoulder AP image
was obtained using a standardized protocol such that CSA could be measured accurately
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by clearly presenting the superior and inferior border of the glenoid fossa, and inferolateral
border of the acromion. We adopted the CSA measurement protocol reported by Blonna
etal. [29]. When the radiograph was not affected by rotation and overlapping of the anterior
and posterior edges of the glenoid cavity, we defined it as having sufficient image quality
for CSA assessment. Based on a previous study, the inter- and intra-observer reliability for
measuring the CSA was excellent [30]. CSA was measured from the angle made by the
superior and inferior bony margins of the glenoid and a line from the inferior bony margin
of the glenoid to the most lateral border of the acromion (Figure 1A). As for Al the GA was
taken as the distance between the glenoid plane and lateral border of the acromion, and
the GH was taken as the distance between the glenoid plane to the lateral aspect of the
humeral head. Al was evaluated as the ratio of GA to GH (Figure 1B) [25].

(A) (B)

Figure 1. (A) The critical shoulder angle (CSA) is formed from a line connecting the inferior and
superior borders of the glenoid fossa and another line connecting the inferior border of the glenoid
with the inferolateral border of the acromion. (B) The acromial index is the ratio of the distance from
the glenoid plane to the lateral border of the acromion (GA) to the distance from the glenoid plane to
the most lateral aspect of the humeral head (GH). Al = GA / GH.

2.3. Ultrasound Evaluation with Physical Examination of SS Tendinopathy

SS tendinopathy was confirmed through ultrasound and physical examination after
the radiographic evaluation. The ultrasound and physical examination were performed
by different physiatrists in our department. An experienced physiatrist, who was blinded
to the result of the radiographic study of the shoulder, performed the evaluation for SS
tendinopathy. Patients with SS tendinopathy displayed shoulder pain when performing
shoulder abduction between 60° and 120°, and patients did not have radiation of pain
to the neck or down the arm [31,32]. In addition, the empty can test was performed as
the provocation test [33]. For ultrasound examination, patients assumed the modified
Crass position with the palm on the iliac crest and the elbow directed posteriorly [34].
Sonography revealed thickening (>8 mm), hypoechogenicity, and heterogeneity in cases of
SS tendinopathy [35]. According to a review article, ultrasound demonstrated a sensitivity
of 79% and a specificity of 94% for the detection of rotator cuff tendinopathy [36].

2.4. Sample Size Estimation

G-Power 3.1 was used to estimate the sample size required for an analysis of two
groups of independent means in the study. We input the effect size dz was 0.15, an alpha of
0.05, with a power of 0.95. We determined that a minimum total sample size of 483 was
required to identify differences between the study groups. Considering the probability
of patients’ data lacking and excluded due to the matching process, we enrolled more
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than 483 patients (653 patients) in our study to ensure adequate statistical power with an
anticipated power of 0.95.

2.5. Statistical Analysis

Based on the ultrasound findings of SS tendinopathy, we divided all participants
into the SS tendinopathy and non-SS tendinopathy groups. For reducing the influence
of confounders, we match the demographic data such as age, sex, BMI, affected side,
diabetes mellitus, and hyperlipidemia with a 1:1 ratio of both groups. The variables of
age, sex, BMI, affected side, diabetes mellitus, hyperlipidemia, CSA, GA, GH, and Al are
presented as the mean and number of patients. Continuous variables between the groups
were compared using the independent Student’s t-test after the Kolmogorov-Smirnov test
was performed to confirm these were normal distribution. If the data were not a normal
distribution, we performed the Mann-Whitney U test to compare the mean value between
the groups. The chi-square test was used for comparing categorical variables between
the groups. We performed receiver operating characteristic (ROC) curve analyses of CSA
and Al to estimate their accuracy for predicting SS tendinopathy. The cut-off points of
optimal sensitivity and specificity of CSA and Al were determined by the Youden index.
All statistical analyses were performed using Statistical Package for the Social Sciences
(version 19.0; IBM, Armonk, NY, USA), and p < 0.05 was considered statistically significant.

3. Results

In total, 806 participants with shoulder pain met the inclusion criteria. Of them, 34,
25, 61, and 33 were excluded because of osteoarthritis, fracture, supraspinatus tear, and
poor image quality for CSA measurement, respectively. Finally, 653 patients were included
in this study. Based on the findings of ultrasound and physical examination, 339 patients
were diagnosed as having SS tendinopathy; 314 participants having shoulder pain without
SS tendinopathy comprised the non-SS tendinopathy group. For controlling the bias of
the retrospective study, we matched the baseline variables between these two groups.
Finally, 308 (148 men and 160 women) and 300 (143 men and 157 women) participants were
included in the SS tendinopathy and non-SS tendinopathy groups, respectively (Figure 2).

No statistical differences were observed in demographic variables, such as age, sex,
dominant side, BMI, diabetes mellitus, and hyperlipidemia, between these two groups
(Table 1). Among these supraspinatus tendinopathy patients, there were 103 (33.4%) with
supraspinatus calcific tendonitis, 90 (29.2%) with partial thickness tear, 89 (28.9) with
supraspinatus tendinosis, and 26 (8.4%) with full thickness tear.

Table 1. Demographic and characteristics of Supraspinatus tendinopathy (SS tendinopathy) and
Non-Supraspinatus tendinopathy (non-SS tendinopathy) groups.

SS Tendinopathy Non-SS Tendinopathy

Variables (1 = 308) (1 = 300) p Value
Age, y 57.1£123 572 £13.0 0.870
Sex, n (male) 148 143 0.935
Evaluated side, n (dominant) 178 169 0.743
BMI, kg/m? 253+35 252439 0.785
DM, n 59 65 0.481
Hyperlipidemia, n 28 32 0.587

Continuous data are shown as the mean + standard deviation and categorical data as the number of patients; the
p value was calculated using the Student’s t test for continuous variables and the chi-square test for categorical;
variables; BMI, body mass index; DM, diabetes mellitus; VAS, visual analog scale.
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Figure 2. Flowchart of this study.

The results of the quantitative radiographic assessment presented in Table 2, demon-
strated a significantly higher CSA in the SS tendinopathy group (40.29° =+ 4.81°) than in the
non-SS tendinopathy group (36.10° & 3.55°; p < 0.001; 95% CI of difference: —4.9° to —3.5°).
However, the GA, GH, and Al between the groups revealed no significant difference.

Table 2. Quantitative radiographic assessment of Supraspinatus tendinopathy (SS tendinopathy) and
Non-Supraspinatus tendinopathy (non-SS tendinopathy) groups.

SS Tendinopathy Non-SS Tendinopathy
X-ray Index (1 = 308) (1 = 300) p Value
CSA 40.29 - 4.81 36.10 &= 3.55 <0.001 *
GA 3.76 £ 0.40 3.78 £ 0.38 0.377
GH 4.96 + 0.54 494 +0.54 0.733
Al 0.76 £ 0.08 0.77 £ 0.08 0.088

Data were presented as the mean =+ standard deviation; CSA, critical shoulder angle; GA, glenoid plane to the
lateral border of the acromion distance; GH, glenoid plane to the most lateral aspect of the humeral head (GH);
Al acromial index * p < 0.05 by Mann-Whitney U test.

The ROC curve shown in Figure 3 with the area under the curve (AUC) for CSA was
76.8%, showing acceptable discrimination for patients with SS tendinopathy. However, the
AUC of Al was 46.9% for predicting patients with non-SS tendinopathy, which showed no
discrimination. According to the Youden index, the cut-off point of CSA was 38.11° with a
sensitivity of 71.8% and a specificity of 71.0% in predicting SS tendinopathy. (Figure 3).
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Figure 3. Receiver operating characteristic curve analysis of CSA degree and Al for predicting
supraspinatus tendinopathy in patients with shoulder pain.

4. Discussion

To summarize, our results revealed that at a cut-off, CSA of 38.11°demonstrated
acceptable discrimination for predicting SS tendinopathy in patients with shoulder pain.
CSA showed a sensitivity of 71.8% and a specificity of 71.0%. However, Al revealed no
discrimination for SS tendinopathy. This is the first study to investigate the diagnostic
accuracy of SS tendinopathy in patients with shoulder pain by using CSA and Al on
shoulder radiography.

Radiographic assessment is usually performed in clinics to evaluate patients with
shoulder pain, with ultrasound possibly being required as a follow-up evaluation as
determined by clinicians. Previous studies have revealed CSA as an objective assessment
to predict rotator cuff tear, rotator cuff retear after surgery, shoulder impingement, calcified
tendinitis, and glenohumeral osteoarthritis [23,24,37-39]. Our results first revealed CSA
as a predictor of SS tendinopathy, which accounted for a proportion of patients with
shoulder pain.

Immense stress is placed on the supraspinatus tendon, inserted under the acromion
process, during shoulder abduction [7]. In addition, repetitive shoulder adduction places
high loads on the supraspinatus tendon, thus causing SS tendinopathy [40,41]. Experimen-
tally, increasing CSA would reduce the supero-inferior joint stability, leading to increased
loads on the SS tendon to compensate for shoulder instability [40]. In addition, the work-
load of the rotator cuff increases in cases of high CSAs to counterbalance the ascending
force of the deltoid, thus increasing mechanical burden and causing SS tendinopathy or
tear [22]. SS tendinopathy can be a progressive disorder beginning with acute tendinitis,
progressing to tendinosis with degeneration, and finally resulting in rotator cuff tear or
rupture [7]. Numerous studies have demonstrated an association of CSA with rotator cuff
tear or retear after surgery [23,25,39]. Theoretically, the mechanism detailed earlier could
theoretically explain the relationship between CSA and SS tendinopathy.

Watanabe et al. and Heuberer et al. have reported a CSA of over 36.3° as a predictor
of rotator cuff tear [24,42]. In addition, the more severe the rotator cuff tear is, the higher is
CSA [43]. A recent systematic review by Zaid et al. demonstrated that several studies have
reported significantly higher CSA in patients with rotator cuff tear compared to control
groups [44]. Similarly, our results revealed significant differences in CSA between the SS
tendinopathy and non-SS tendinopathy groups. This finding may be attributed to the
same etiology that includes overload activity, muscle imbalance, shoulder impingement
syndrome, and history of trauma [45,46]. In addition, SS tendinopathy is initially found
before rotator cuff tear [7]; therefore, a high CSA could be a reasonable predictor of SS
tendinopathy. Although SS tendinopathy may progress to supraspinatus tear, our study
reported 38.11° as the cut-off of CSA for SS tendinopathy, which is higher than CSA in
patients with rotator cuff tear (36° in earlier studies). This result may be attributed to the
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following reasons. First, our study included patients with shoulder pain, which increased
the possibility of shoulder impingement caused by a high CSA; by contrast, previous
studies were not limited to patients with shoulder pain [24,44]. Second, a study reported a
higher CSA in degenerative rotator cuff tear than in traumatic rotator cuff tear (36.8° vs.
35.3°) [47]. Therefore, the difference in the proportion of the traumatic etiology of rotator
cuff tear or SS tendinopathy may contribute to the difference in CSAs. Third, the different
races may influence the type of build, which may cause different outcomes compared to
previous studies.

In addition to CSA, a more lateral extension of the acromion is assumed to increase
the force vector of the deltoid muscle, resulting in the subacromial abrasion of the rotator
cuff tendon [25]. Based on this assumption, Al may be associated with rotator cuff tear or
SS tendinopathy. Our results showed that Al is not suitable for predicting SS tendinopathy,
although SS tendinopathy may potentially progress to rotator cuff tear. Miyazaki et al.
reported that Al is associated with rotator cuff tear in Brazilians, but not in the Japanese
population [48]; in addition, a different study revealed that Al may not be appropriate for
predicting rotator cuff tear in the Taiwanese population [39]. Racial differences influencing
unknown factors other than Al and impingement effect may be the reason for the conflicting
results; thus, further investigation of such factors should be performed.

The strength of our study is using radiography to measure CSA for predicting SS
tendinopathy in patients with shoulder pain, which was an objective assessment. CSA
also demonstrated better accuracy than did Al in clinical applications for predicting SS
tendinopathy. Nevertheless, our study has certain limitations. First, this was a retrospec-
tive study. To prevent heterogeneous data collection and bias of the radiographic image
measurement, we controlled the demographic variables between the SS tendinopathy and
non-SS tendinopathy groups by matching and standardizing the evaluation protocol of
CSA and Al measurements. In addition, the assessor was blinded to the allocation of the
group of patients with shoulder pain to reduce the evaluation bias. Second, morphologic
parameters, such as low lateral acromion angles, anterior slope, and the shape of the
acromion, were not analyzed in the study, which may affect rotator cuff pathologies [49-51].
Although these parameters of rotator cuff disease are debatable, the interaction among Al,
CSA, and these parameters should be considered. Third, our study did not use MRI, which
is considered a gold standard diagnostic tool, for detecting supraspinatus tendinopathy.
However, considering cost, availability, safety, and efficiency of management, ultrasound is
probably an option in most settings for the diagnosis of supraspinatus tendinopathy of daily
practice. Finally, our study evaluated participants of a single race in Asia, and different
races may affect results as previously mentioned. Finally, we evaluated only risk factors
such as diabetes mellitus, hyperlipidemia, age, and BMI; factors such as biomechanical
load in daily life and exercise should also be taken into account.

5. Conclusions

CSA could be used as an objective assessment tool to predict SS tendinopathy in
patients with shoulder pain. Moreover, Al revealed no discrimination in predicting SS
tendinopathy for patients with shoulder pain in our study. Although the AUC of CSA for
predicting SS tendinopathy in patients with shoulder pain revealed acceptable discrimina-
tion, room for improvement remains. More extensive studies combined with other factors
for predicting SS tendinopathy are required to strengthen the discrimination in the future.
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disease. It presented in our patient as moderately increased FDG uptake in the amyloid deposition in

the periarticular tissues and eroding into adjacent bones.
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A 76-year-old male patient with end-stage renal disease, secondary to polycystic
kidney disease, presented with worsening swelling and pain in both shoulders and hips.
He had been on regular hemodialysis for 20 years. On examination, there was pain,
swelling and restriction of movements of the shoulder, wrist and hip. 8F-FDG PET-
CT was performed to evaluate for renal mass observed during a regular follow-up for
polycystic kidney disease. '8F-FDG PET-CT was performed using a standard PET-CT
scanner (Discovery Molecular Imaging Digital Ready, GE Healthcare, Waukesha, WI, USA).
The patient had fasted for six hours before scanning, and two sequential PET and CT scans
were acquired at 60 min after '8F-FDG injection (175 MBq). The PET-CT demonstrated
several hypermetabolic masses suggesting malignant lesions in both kidneys (Figure 1).
There was also increased metabolic activity in thickened soft tissues surrounding hips
(maximum SUV 5.52 on the left and 4.51 on the right), shoulders (Figure 2), left elbow and
left wrist (Figure 3). A cystic collection along the right subscapularis and supraspinatus
muscle was not hypermetabolic, but surrounded by a hypermetabolic rim. The associated
non-contrast CT obtained in PET-CT imaging showed osseous erosions of both humeral
and femoral heads.

Figure 1. Maximum intensity projection of F-FDG PET-CT demonstrated increased metabolic
activity in the shoulders, left elbow, left wrist, left hand and hips.

237



Diagnostics 2022, 12,113

Figure 2. I8E-FDG PET-CT axial (a,b) and coronal (c,d) images of both shoulders and hips demonstrate
diffuse periarticular uptake. Non-contrast CT obtained in conjunction with PET-CT imaging showed
osseous erosions involve both humeral and femoral heads.

Figure 3. Axial 8F-FDG PET-CT image (a—c) of the left wrist demonstrates periarticular uptake and
associated osseous erosions. Axial T1-weighted MR image (d) reconfirms erosion and periarticular
hypointense amyloid deposits.

Protein electrophoresis showed no monoclonal gammopathy. Serum kappa was
208.99 mg/L (normal 3.3-19.4 mg/L) and serum Lambda was 195.15 mg/L (5.71-26.3 mg/L)
with a normal kappa-to-lambda ratio of 1.05 (normal 0.26-1.65). Serum (2-microglobulin
was increased as 19.55 mg/L (normal 1.0-2.4 mg/L). Serum CRP and calcium were normal.
Rheumatoid factor and anti-CCP antibodies were negative. No significant myocardial
uptake was observed in the bone scan obtained after injection of *™Tc-hydroxymethylene
diphosphonate (HDP), which was performed to exclude rheumatoid arthritis due to arthral-
gia (Figure 4). Eventually, the patient underwent joint aspiration, and cytology revealed
the presence of amyloidal deposits. Those findings were compatible with dialysis-related
amyloid arthropathy.

Amyloidosis is characterized by the extracellular deposition of protein and protein
derivatives. Dialysis-related amyloidosis (DRA) is a well-recognized and serious com-
plication in patients on long-term dialysis. The duration of dialysis appeared to be a
predominant risk factor, because amyloidosis occurred in patients with dialysis duration
above 15 years [1]. DRA is characterized by the amyloid deposition with 32-microglobulin
in the osteoarticular structure and viscera. Amyloid deposition with 32-microglobulin
has a high affinity for collagen and predominantly affects the osteoarticular system [2].
Frequent sites of involvement are the shoulders, wrists, hips, knees and the carpal tunnel.
Because the clinical manifestations of amyloid arthropathy can be easily confused with
other polyarticular forms of arthritis such as rheumatoid arthritis, we should consider this
diagnosis, particularly in patients with multiple myeloma or other predisposing conditions.
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Figure 4. Bone scintigraphy with technetium-99m hydroxymethylene diphophonate (HDP) shows
no cardiac accumulation.

We report a case where the '8F-FDG PET-CT allows the identification of several DRA-
associated lesions in the articular and periarticular soft tissues in a patient under long-term
dialysis therapy. There were only a few reports dealing with '8F-FDG PET-CT findings on
DRA [3,4]. It suggests that 'F-FDG PET-CT could be a non-invasive imaging modality
showing the extent and distribution of osseous, articular and soft-tissue involvement in
dialysis-related amyloid arthropathy.
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Abstract: The aim of the present study was to demonstrate the incidence of spinal cerebrospinal fluid
(CSF) leaks in patients with nontraumatic intracranial subdural hematoma (SDH) and determine
clinical parameters favoring such leaks. This retrospective study was approved by the institutional
review board. Patients diagnosed with nontraumatic intracranial SDH who underwent computed
tomography (CT) myelography between January 2012 and March 2018 were selected. 60 patients
(male: female, 39:21; age range, 20-82 years) were enrolled and divided into CSF leak-positive and
CSF leak-negative groups according to CT myelography data. Clinical findings were statistically
compared between the two groups. Spinal CSF leak was observed in 80% (48/60) of patients, and it
was significantly associated with an age of <69 years (p = 0.006). However, patients aged >69 years
also had a tendency to exhibit spontaneous intracranial hypotension (SIH)-induced nontraumatic
intracranial SDH (60.87%; 14/23). Therefore, CT myelography is recommended to be performed for
the evaluation of possible SIH in patients with nontraumatic intracranial SDH, particularly those
aged <69 years. Patients aged >69 years are also good candidates for CT myelography because SIH
tends to occur even in this age group.

Keywords: intracranial subdural hematoma; spontaneous intracranial hypotension; CT myelography;
epidural blood patch

1. Introduction

Nontraumatic intracranial subdural hematoma (SDH) can be induced by a variety
of causes. Hypertensive cortical artery rupture [1], middle meningeal artery aneurysm
rupture [2], idiopathic bleeding, coagulopathy, oncological bleeding, and cocaine-induced
bleeding have been reported as causative factors for acute SDH [3]. Causative factors
for chronic SDH include stretching of bridging veins due to extensive brain atrophy,
fragile neovasculatures associated with neomembrane formation after subdural hygroma
or acute SDH [4]. For both acute and chronic SDH, conservative management (reversal
of anticoagulation and prophylactic anticonvulsants) or surgical treatment (hematoma
evacuation) is used depending on the patient’s symptoms and extent of hematoma [4].

Spontaneous intracranial hypotension (SIH) can also result in nontraumatic SDH. SIH
is a disorder characterized by decreased cerebrospinal fluid (CSF) volume and pressure,
and it is caused by a persistent CSF leak through a dural defect along the neuraxis [5]. Spon-
taneous focal dural thinning and dehiscence are common causes of CSF leaks. Degenerative
abnormalities of the spine, including disk protrusions and osteophytes, may also result
in thecal sac tears. Although some authors also report CSF—venous fistula as one of the
causes, this remains a topic of speculation [6]. A CSF leak can result in downward traction
on the brain, causing headaches, subdural fluid collection, and possible brain herniation [5].
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Occasionally, tearing of the bridging veins results in SDH [7]. In such cases, hematoma
evacuation prior to repair of the CSF leak may be ineffective, and untreated downward
traction can lead to further postoperative accumulation of SDH [8]. Therefore, for optimal
treatment of some patients with SDH, clinicians should recognize the possibility of SIH as
a cause of hematoma and search for CSF leaks requiring repair with procedures such as
an epidural blood patch (EBP) [8]. When dealing with patients with SDH, the differential
diagnosis of SIH should be emphasized, particularly in younger patients, patients without
a history of head trauma, and patients with postural headaches [9]. Currently, computed
tomography (CT) myelography is considered the gold standard for the initial evaluation of
SIH [10-12] because it offers superior anatomic details [13].

Beck [14] conducted a prospective study and reported that spinal CSF leaks were
present in 25.9% of nongeriatric patients (<60 years) with chronic SDH. However, to the
best of our knowledge, there is no other structured study on the incidence of imaging-
confirmed CSF leaks in patients with SDH. Since 2012, neurosurgeons at our institution
request CT myelography to rule out SIH in patients with nontraumatic SDH without
any explainable cause. If a CSF leak is detected on CT myelography, EBP is performed.
Accordingly, we have observed a higher rate of CSF leaks than that reported in Beck’s
study. Therefore, we designed the present study to demonstrate the incidence of spinal
CSF leaks and determine potential clinical parameters favoring such leaks in patients with
nontraumatic SDH.

2. Materials and Methods
2.1. Patients

This retrospective study was approved by the institutional review board of our hospi-
tal, which waived the need for informed consent because of the retrospective study design.
Neurosurgeons at our institution requested CT myelography to rule out SIH in patients
with nontraumatic SDH without any explainable cause. Two research assistants went
through the hospital’s electronic medical records between January 2012 and March 2018
then retrieved the details of patients diagnosed with SDH and subjected to CT myelog-
raphy. The following inclusion criteria were applied to the patients identified from the
medical records: no history of trauma, absence of coagulopathy according to a coagulation
panel and platelet count measurements, absence of intracranial mass lesions susceptible
to spontaneous bleeding, no history of drug abuse, performance of follow-up brain imag-
ing at three months after treatment for SDH, and age >18 years. Eventually, 60 patients
(male:female, 39:21; mean age, 58.65 + 15.52 years; range, 20-82 years) were included.
According to the previously written reports of CT myelography, the patients were divided
into CSF leak-positive and CSF leak-negative groups.

2.2. Retrospective Review of Electronic Medical Records and Imaging Findings

A radiologist who was blinded from CT myelography reports retrospectively reviewed
the patients” demographic data, Glasgow coma scale scores, anticoagulant use, presence
or absence of orthostatic headache at the first visit, laterality of SDH and the degree of
midline shift in initial images, treatment the patients underwent, and follow-up findings
in brain images taken within, and at three months [15,16] after treatment for SDH. The
radiologist also recorded whether recurrence had developed on follow-up brain images.
We defined ‘recurrence’ of SDH as a subsequent increase in hematoma volume in subdural
space and compression of the brain surface after treatment by referring to the previous
several studies [16,17].

2.3. Statistical Analysis

To determine variables that were significantly associated with CSF leaks, the medical
records for CSF leak-positive and leak-negative groups were analyzed using chi-square
tests/Fisher’s exact tests for discrete variables and t-tests for continuous variables. A
p-value of <0.05 was considered statistically significant.
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2.4. Our Routine CT Myelography Procedure & Interpretation

In a fluoroscopy room, the patient is placed on a radiolucent table in the lateral
decubitus position, with the right side up and knee flexed. Using a midline interlaminar
approach between the third and fourth lumbar vertebrae under fluoroscopy guidance, a
trained musculoskeletal radiologist inserts a 22-gauge spinal needle into the CSF space.
Following the confirmation of CSF drainage via the spinal needle, 15 cc of contrast medium
(OMNIPAQUE 300, Amersham Health, Princeton, NJ, USA) is slowly injected through
the needle. When the contrast medium reached the spinal canal at the atlantooccipital
level, the patients are transferred to the CT unit for whole-spine imaging, and the acquired
data are presented in axial, sagittal, and coronal planes (Brilliance 64 CT scanner, Philips
Healthcare, Best, Netherlands; helical; beam collimation, 64 x 0.625 mm; kVp, 120; mAs,
250; pitch, 0.798; rotation time, 0.5 s; thickness, 2 mm; increment, 1 mm).

Trained musculoskeletal radiologists immediately interpret the obtained images to
confirm the presence of contrast media leakage (=CSF leak) exists. A positive CSF leak
is defined as extrathecal CSF accumulation at any level. Meningeal diverticula are not
considered as CSF leaks because single or multiple nerve root sleeve diverticula of various
sizes and configurations can be seen as incidental findings [6].

2.5. Our Routine EBP Procedure

If CSF leaks are confirmed by CT myelography, targeted EBP with autologous blood
is performed under fluoroscopic guidance. If there are multiple leaks, EBP is performed at
the mid-level of the leaks in order to ensure the widest coverage. Generally, 10 cc of blood
is used for each targeted level, and a total of up to 20 cc of blood is used.

3. Results

In total, 48 of the 60 (80%) patients exhibited CSF leaks on CT myelography. Differences
in parameters between the leak-positive and leak-negative groups are shown in Table 1.

Table 1. Statistical Analysis of Parameters for Patients with Cerebrospinal Fluid Leaks and Those
without Leaks among a Cohort of Patients with Nontraumatic Intracranial Subdural Hematoma.

Leak (+) Leak (—) Val

Total N = 48 Total N = 12 p-vatue
Male sex, n (%) 31 (64.58) 8 (66.67) 1.000
Mean age + standard deviation 56.85 + 15.50 65.83 +13.93 0.165
Age <69, n (%) 34 (70.83) 3 (25.00) 0.006
Wafarin, n (%) 0 (0.00) 1(8.33) 0.200
Aspirin, n (%) 8 (16.67) 1(8.33) 0.671
Clopidogrel, n (%) 3(6.25) 0 (0.00) 1.000
Orthostatic headache, n (%) 12 (25.00) 1(8.33) 0.628
Glasgow coma scale score of 15, n (%) 48 (100.00) 12 (100.00) N/A
Unilateral subdural hematoma, n (%) 9 (18.75) 5 (41.67) 0.13
The degree of midline shift 334 4 347 380 4+ 446 0.29

(mm =+ standard deviation)

The proportions of patients aged <69 years (p = 0.006) were significantly higher in the
leak-positive group than in the leak-negative group. However, patients aged >69 years
also had a tendency to exhibit SIH-induced SDH (14/23; 60.87%).

Targeted EBP was performed for all 48 leak-positive patients, with 31 undergoing
surgical removal of hematoma as well as EBP. From these 31 patients, three developed
recurrence repeatedly after several surgeries but showed complete resolution following one
or two EBP procedures; 10 patients developed recurrence after a single EBP procedure and
necessitated repeated EBP from one to three times with surgical evacuation (eight patients
needed one surgery and two patients required two surgeries) until there was no recurrence;
18 underwent surgery and EBP at about the same time (within 24 h), and among them, one
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had additional surgery due to recurrence; meanwhile, the other 17 did not have to undergo
further invasive procedures (Figures 1 and 2A-E).

(D) (E)

Figure 1. (A-E) Findings for a representative case involving a 53-year-old man with nontraumatic intracranial subdural
hematoma (SDH). The patient presented with a chief complaint of headache not related to a specific posture. (A). Brain
computed tomography (CT) image shows bilateral intracranial SDH. He was referred to us for CT myelography and
epidural blood patch (EBP) the day after undergoing burr-hole trephination and hematoma removal. (B,C). Axial and
sagittal CT myelography images show a large amount of cerebrospinal fluid leaks at the level of the C1/2 left extradural
space (solid arrows). (D) EBP is performed at the C1/2 level. (E). Follow-up brain CT performed after 3 months shows no
evidence of SDH.

Of the 17 patients who underwent EBP only, 14 developed no recurrence (Figure 3A-F)
and three developed recurrence after a single EBP procedure; the latter three patients
underwent a second EBP procedure and did not develop recurrence thereafter.
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(D)

Figure 2. (A-E). Findings for a representative case involving a 70-year-old man with nontraumatic intracranial subdural
hematoma (SDH). The patient presented with a chief complaint of headache not related to a specific posture. (A). Contrast-
enhanced, fat-suppressed T1 weighted image shows bilateral nontraumatic SDH with pachymeningeal thickening and
enhancement. (B,C). Axial and coronal computed tomography (CT) myelography images show cerebrospinal fluid leaks at
the level of the T12/L1 and the L1/2 right extradural space (solid arrows). (D). An epidural blood patch is performed at the
T12/L1 level. Intrathecal staining is present due to a previously injected contrast agent for CT myelography. (E). Follow-up
brain CT performed after 3 months shows no evidence of SDH.

Of the 12 leak-negative patients, eight underwent surgical removal of hematoma,
one underwent both surgical removal of hematoma and EBP, and one underwent EBP
alone. The latter two patients underwent empirical nontargeted EBP at the discretion of
neurosurgeons, although they showed negative CT myelography findings. The remaining
two patients only received conservative management. All 12 leak-negative patients showed
hematoma resolution with no recurrence after treatment.

A total of 40 patients required surgery for nontraumatic SDH. In the leak-positive
group, a total of 31 patients underwent surgery; burr-hole trephination and hematoma
removal in 25 patients, and craniotomy in 6 patients. In the leak-negative group, a total of
9 patients underwent surgery; burr-hole trephination and hematoma removal in 7 patients
and craniotomy in 2 patients. The reoperation rate after EBP was 7.5%.
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(D)

(E) (F)

Figure 3. (A-F). Findings for a representative case involving a 41-year-old man with nontraumatic intracranial subdural
hematoma (SDH). The patient presented with a chief complaint of headache not related to a specific posture. (A). Contrast-
enhanced, fat-suppressed T1 weighted image shows bilateral nontraumatic SDH with pachymeningeal thickening and

enhancement. (B). T2 weighted image at the initial presentation shows cisternal obliteration. (C,D). Computed tomography
(CT) myelography performed to evaluate possible spontaneous intracranial hypotension shows cerebrospinal fluid leaks at
the level of the C6/7 ventral epidural space (solid arrows, (C)), the L2/3 dorsal epidural space (a solid arrow, (D)), and the
left extraforaminal space (a hollow arrow, (D)). (E). Subsequent epidural blood patch is performed at the C6/7 and L2/3
(not shown) levels. (F). Follow-up brain CT performed after 3 months shows no evidence of SDH.

4. Discussion

The present study revealed that the incidence of spinal CSF leaks was 80% in patients
with nontraumatic SDH. An age of <69 years was significantly associated with the presence
of CSF leaks, although patients aged >69 years also tended to exhibit SIH-induced SDH
(60.87%). A total of 40 patients required surgery. The reoperation rate after EBP was 7.5%.

The standard management strategy for SDH generally involves decompression surgery
or conservative care with close observation depending on the age of the hematoma, degree
of the midline shift, clot thickness, and neurological status [4,18]. However, a different
treatment strategy is necessary for the sealing of CSF leaks in patients with SIH-induced
SDH [19-22]. Therefore, for optimal treatment in some patients with SDH, recognition of
the possibility of SIH as a cause of SDH is important [8]. In a study of the incidence of
imaging-confirmed CSF leaks in patients with SDH, Beck [14] found that spinal CSF leaks
were present in 25.9% nongeriatric patients (<60 years) with chronic SDH. In the present
study, we detected leaks in 80% patients with nontraumatic SDH who underwent CT
myelography to rule out suspected SIH. This rate is considerably higher than that reported
by Beck. Additionally, SIH-induced SDH was also seen in older age groups than in the
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study by Beck. These suggest that clinicians need to broaden their scope of doubt regarding
SIH and expand the indications for studies to detect CSF leaks, such as CT myelography, in
patients with nontraumatic SDH.

It would be interesting to know why the leak-positive and leak-negative groups
showed no significant difference with regard to the presence of orthostatic headache, one of
the most famous clinical findings of SIH. One reason could be that orthostatic headache may
be seen even in the presence of relatively small leaks that are not large enough to be detected
on CT myelography. In such cases, magnetic resonance myelography with intrathecal
gadolinium, which is considered an effective medium for the detection of low flow leaks,
can be considered [6]. However, considering that all of our leak-negative patients who
did not receive EBP showed no recurrence or aggravation of symptoms, we recommend
that slow, intermittent, or small leaks that are not detectable on CT myelography may not
always require identification or EBP.

The percentage of reoperation in patients with SDH varies depending on the literature.
According to one study, the reoperation rate for chronic SDH is 9.4 to 19.5% [15]. In the
current study, 40 patients underwent surgical removal of hematoma, and among them,
three patients needed reoperation (7.5%) after EBP. This figure is lower than previously
reported, and it suggests that timely EBP may allow a good outcome in patients with
SIH-induced SDH.

This study has several limitations. First, although the leak-positive rate revealed
by imaging studies was higher than that in the previous study, there could have been
differences in the CT myelography protocol between the previous study and our study
in terms of the radiation dose, slice thickness, pitch, and reconstruction interval. Because
there was no exact match between the test conditions, the comparison between the two
studies may have limited value. Second, this was a retrospective study, and the sample
size was relatively small. Larger-scale, prospective studies may be needed to further clarify
our findings.

5. Conclusions

In conclusion, the findings of the present study suggest that CT myelography is recom-
mended to be performed for the evaluation of possible SIH in patients with nontraumatic
SDH, particularly those aged <69 years. Patients aged >69 years are also good candidates
for CT myelography because SIH tends to occur even in this age group.
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