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Claudia Römer, Enrico Zessin, Julia Czupajllo, Thomas Fischer, Bernd Wolfarth and Markus

Herbert Lerchbaumer

Effect of Anthropometric Parameters on Achilles Tendon Stiffness of Professional Athletes
Measured by Shear Wave Elastography
Reprinted from: J. Clin. Med. 2023, 12, 2963, doi:10.3390/jcm12082963 . . . . . . . . . . . . . . . . 223

Patrick Stein, Felix Wuennemann, Thomas Schneider, Felix Zeifang, Iris Burkholder,
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Preface

We are pleased to provide readers with a fascinating book describing the latest achievements in

the field of musculoskeletal imaging. This book is a collection of carefully selected scientific works on

modern methods of processing and analyzing images of the human musculoskeletal system aimed

at extracting quantitative information supporting its diagnosis. Our goal was to demonstrate that

diagnostic information can be formalized and standardized from acquired images and then further

explored using features that are not necessarily intuitive, easy to describe, or even visible to the

naked eye. Individual contributions present original and latest methods for assessing a wide range of

modalities—from X-ray and Fluoroscopy, through Conventional or Spectral Computed Tomography,

Magnetic Resonance Imaging, Ultrasound and Elastography, and ending with PET/CT.

The book is of interest to an advanced and broad interdisciplinary readership, including medical

doctors, researchers, and engineers representing both medical, and engineering viewpoints. We

believe that this book will be inspiring not only for doctors involved in the diagnosis and treatment

of the musculoskeletal system, but also for other experts.

Adam Piórkowski, Rafał Obuchowicz, Andrzej Urbanik , and Michał Strzelecki

Editors

xi





Citation: Piórkowski, A.;

Obuchowicz, R.; Urbanik, A.;

Strzelecki, M. Advances in

Musculoskeletal Imaging and Their

Applications. J. Clin. Med. 2023, 12,

6585. https://doi.org/10.3390/

jcm12206585

Received: 20 September 2023

Accepted: 11 October 2023

Published: 18 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Editorial

Advances in Musculoskeletal Imaging and Their Applications

Adam Piórkowski 1,*, Rafał Obuchowicz 2, Andrzej Urbanik 2 and Michał Strzelecki 3

1 Department of Biocybernetics and Biomedical Engineering, AGH University of Science and Technology,
30-059 Krakow, Poland

2 Department of Diagnostic Imaging, Jagiellonian University Medical College, 31-008 Krakow, Poland;
rafalobuchowicz@su.krakow.pl (R.O.); aurbanik@mp.pl (A.U.)

3 Institute of Electronics, Lodz University of Technology, 93-590 Lodz, Poland; michal.strzelecki@p.lodz.pl
* Correspondence: adam.piorkowski@agh.edu.pl

1. Introduction

Modern medical imaging systems provide ever-more information about the patient’s
health condition. Precision, resolution, and sensitivity are increasing, and new possibilities
of differentiating the condition of tissue appear. Such advances are also taking place
in musculoskeletal imaging. Ever-more accurate imaging in various modalities allows
us to discover new relationships between the image and the diagnosis. It is, therefore,
important to use all this information to best serve the patient, hence research related to
the analysis of medical images is so important, because it allows us to indicate what is
invisible to the naked eye or quantify what has so far been measured by humans or subject
to discretionary assessment.

This collection includes 25 works related to the analysis of images created during
diagnostics of the musculoskeletal system using various modalities, starting with X-ray and
fluoroscopy, before moving onto conventional or spectral computed tomography, magnetic
resonance imaging, ultrasound, and elastography and PET/CT and ending with systems for
analyzing patient mechanics. Research was carried out related to the detection of various
conditions, parameterization of clinical and population phenomena, and detection of
image–clinical condition relationships. Despite the current popularity of machine learning
techniques [1], the collection is made up of classic engineering methods related to image
processing. Several works use textural analysis, which has not been appreciated so far and
is particularly useful in relation to the imaging of the structure, especially the bones.

2. Texture Analysis in Musculoskeletal Imaging

Recently, radiomics has played an increasing role in analysis of biomedical images,
being a tool for the quantitative description of digital image content. Radiomic features
can be divided into histogram-based, texture-based, and shape-based features [2]. Of
most interest are texture-based parameters that describe the structure and properties of
visualized tissues and organs. Such parameters, if properly selected and repeatable, are very
useful for reliable characterization of internal human organs independently of the image
modality used. It has been demonstrated that texture analysis can be usefully implemented
for classifying median nerves in carpal tunnel syndrome in echo images [3], diagnosis of
cysts and granulomas in intra-oral radiographs [4] or quality assessment of MR images [5].
There is also free software available for texture feature evaluation, such as MaZda [6] and
its successor qMaZda [7], widely used by many researchers to facilitate texture analysis
in many medical image processing tasks. Such an approach is also present in some of the
papers included in this Special Issue.

In [8,9], the research question discussed whether corticalization in radiographs is
related to a higher risk of bone tissue loss adjacent to dental implants in smoking patients.
Dental implant research has frequently delved into the factors that contribute to implant
failure due to marginal bone loss. Smoking, known for its detrimental effects on health

J. Clin. Med. 2023, 12, 6585. https://doi.org/10.3390/jcm12206585 https://www.mdpi.com/journal/jcm
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and bone structure, plays a role in impacting oral health and jawbone condition. The
study is aimed at exploring how tobacco smoking influences the peri-implant jawbone’s
corticalization. Texture features were analyzed for radiographs, and corticalization around
the implant was investigated. MaZda software was employed for this task. The study
that covers a 5-year observation of radiograph bone texture established a link between
smoking and alterations in the tissue structure near dental implants. The corticalization
phenomenon, which can be immediately detected post-implantation, is a crucial marker.
It may serve as an early indicator of the implant’s likelihood of success. Understanding
the correlation between smoking and resulting changes in bone structure around dental
implants allows physicians to make more informed decisions about the viability of implants
for smokers versus non-smokers. Physicians can provide tailored advice and counseling to
patients who smoke, highlighting dental implants’ potential risks and outcomes. This can
potentially lead to better patient compliance and health outcomes.

Research described in [10] aimed to elucidate the reasons behind marginal bone loss
(MBL) post-dental implant insertion without functional loading, focusing on understanding
bone alterations surrounding the implant neck. A noticeable association between MBL
and higher torques was evident after 3 months, albeit exclusively in the mandible. Over
time, the radiographic texture features—sum average, entropy, difference entropy, long-run
emphasis, short-run emphasis, and discrete wavelet decomposition transform attributes—
underwent alterations. The study found that MBL correlates with the torque level applied
during the dental implant insertion and the procedure’s anatomical placement. Under-
standing the relationship between torque during implant insertion and MBL provides
physicians with valuable information to optimize their technique and minimize MBL in
patients. Using insights from the study, physicians can ensure that patients have the best
potential outcomes from dental implant procedures, especially in terms of minimizing
bone loss.

The author of [11] investigates the behavior of bone index (BI) values in regions of
bone loss characterized by radiographically translucent non-trabecular areas to propose
alternative indices specifically designed for detecting corticalization in living bone via
the use of textural analyses. The study provides clinicians with valuable insights into
the changes that occur in peri-implant bone over time after dental implant insertion. By
understanding how bone index (BI) values change and the phenomenon of corticalization,
clinicians can make more informed assessments of bone health surrounding dental implants.
The study introduces objective measures, such as mean optical density, entropy, and
differential entropy, which can help clinicians to quantitatively assess changes in peri-
implant bone. These measures provide clinicians with reliable data to accurately track bone
changes and monitor the progression of bone remodeling.

The objective of the research presented in [12] was to discern a link between textural
characteristics discerned in X-ray skeletal images and the ages of the subjects. Through
rigorous visual scrutiny of the images, the study sought correlations between textural
attributes and chronological age. The investigation pinpointed five specific anatomical
landmarks for analysis on both sides of the body, which were the iliac wing, femoral neck,
greater trochanter, ischium, and femoral shaft. Each landmark’s textural attributes were
systematically measured. Of all landmarks, the left femoral neck showcased the most
pronounced relationships. Specifically, the textural patterns derived from the histogram of
oriented gradients and the gray-level co-occurrence matrix were most correlated with age,
presenting a correlation coefficient (ρ) of −0.52 and a significant p-value of 4.95 × 10−14.
The primary revelation from this investigation is that age-related structural variations
in the femoral neck region are more profound compared to other femoral components.
By understanding the correlations between textural features in X-ray images and age,
physicians can make more informed diagnoses linked to bone health- and age-related
changes. The methodology proposed can be pivotal in enabling the early identification of
osteoporosis. Early detection enables timely interventions, which can improve outcomes
and reduce the risk of fractures.
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Another paper [13] considers the bone age evaluation of adolescent wrists in boys
from MRI Images. Such a bone age is typically X-ray assessed. It makes possible the
assessment of the child’s development and is an important parameter of the child’s proper
growth. However, diagnosing a specific disease is not enough. Diagnoses and prognoses
often depend on the degree to which the selected case varies from the bone age norms.
The bone age examination could then become a standard screening test. Replacing the
technique for the bone age evaluation would also protect the patient against harmful dose
of ionizing radiation, which results in a less invasive test. The experiments performed have
shown that MRI texture representing wrist region ensures robust results in the determining
of bone age while the patient is not exposed to ionizing radiation. Since MRI does not
involve ionizing radiation, doctors can recommend it without concerns about exposing
their patients, especially younger ones, to potential radiation risks. This finding means that
repeat examinations, if necessary, are safer. The potential to normalize bone age evaluations
as standard screenings would offer physicians a consistent method to track and evaluate
developmental progress.

3. Applications of Image Analysis in Musculoskeletal Imaging

For patients with medial open-wedge high tibial osteotomy (MOWHTO), unintended
distal tibial rotation is observed [14]. While computed tomography (CT) is conventionally
used for lower limb alignment assessments, the novel low-dose EOS system now offers
automated three-dimensional limb modeling and alignment measurement. This research
juxtaposed alignment modifications, post-MOWHTO, detected through the EOS system
and CT. This finding highlights the EOS system’s potential as a viable alternative to CT in
evaluating specific pre- and post-surgical parameters. The propensity of the distal tibia
to undergo internal rotation post-MOWHTO was verified, albeit without identifying the
significant factors contributing to this deformation.

One potential benefit for physicians is that the EOS system, being a low-dose imaging
modality, exposes patients to significantly less radiation compared to standard CT scans.
This allows physicians to more frequently order imaging if required without subjecting
patients to high radiation doses. Three-dimensional limb modeling gives physicians a
comprehensive view of the limb, which could be essential for surgical planning and
assessment. Automation feature in EOS can potentially save physicians time, as manual
measurement can be time-consuming and prone to human error. As the study suggested
that there was negligible variation between CT and EOS in terms of capturing pre- and
post-operative changes, physicians can feel confident using the EOS system as a reliable
diagnostic tool. Lower radiation exposure and potentially shorter imaging time can enhance
the patient’s comfort and experience, which indirectly benefits the physician by facilitating
easier patient management and improved patient compliance. Depending on the physical
setup and equipment requirements, the EOS system might offer benefits in terms of space
utilization or ease of operation compared to traditional CT systems. Incorporating advanced
imaging technologies like the EOS system can enhance the systems’ diagnostic capabilities,
patient care, and operational efficiency for physicians.

Bone marrow edema (BME), indicative of acute fractures, is difficult to discern us-
ing traditional computed tomography (CT) scans [15]. The efficacy of the three-material
decomposition (TMD) method for identifying traumatic BME in extremities using spec-
tral computed tomography (SCT) has been studied. The bone compartments analyzed
included the distal radius, proximal and distal tibia, proximal femur and fibula, and the
long bone diaphysis. Two radiologists, uninformed of the BME status, reviewed these
cases in a randomized sequence to determine BME presence. Consistency between the two
raters was high, with an inter-rater reliability of 0.84 (p < 0.001). Individual bone compart-
ments demonstrated sensitivities ranging from 86.7 to 93.8% and specificities ranging from
84.2 to 94.1%. Positive predictive values varied from 82.4 to 94.7%, while negative pre-
dictive values were between 87.5 and 93.3%. The proposed TMD method offers robust
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diagnostic accuracy in detecting BME in extremities, suggesting its potential as a routine
diagnostic tool in emergency scenarios.

The TMD method on SCT provides high sensitivity and specificity, enabling physicians
to make confident and accurate diagnoses of BME and acute fractures. With a reliable
method to detect BME, physicians can quickly determine the best course of treatment for
patients, potentially leading to faster recovery times. Given the highlighted potential of this
approach in emergency situations, it could be invaluable for physicians in these settings,
where time-sensitive decisions are crucial.

T2 mapping has been studied for its capability to detect and quantify anomalies in
the long biceps tendon (LBT) [16]. The research aimed to understand how effectively T2
mapping can identify arthroscopically confirmed LBT pathologies and measure T2 values in
both healthy and damaged tendons. On the generated T2 maps, precise regions of interest
were identified, targeting the sulcal segment of the LBT, to measure average T2 values.
Healthy tendons showcased an average T2 value of 23.3 ± 4.6 ms, while tendinopathy-
afflicted tendons displayed an increased value of 47.9 ± 7.8 ms. This differentiation yielded
a sensitivity and specificity rate of 100% for all diagnostic thresholds between 29.6 and
33.8 ms. T2 mapping is effective in discerning and quantifying healthy and pathological
LBTs. This technique can offer insights into the ultra-structural health of tendons, facilitating
the timely detection of anomalies.

Physicians can benefit from the study because the clear distinction between healthy
and pathological tendons, as demonstrated by the T2 values, allows early and accurate
diagnosis of tendon anomalies. With specific T2 values associated with healthy and patho-
logical tendons, physicians can quantitatively track the progress of treatments, whether
conservative or surgical.

Hydroxyapatite deposition disease (HADD) is a complex condition marked by the
deposition of hydroxyapatite crystals in soft tissues, resulting in inflammation and pain [17].
This review delves into the intricate etiology of HADD, its progression stages, radiological
manifestations, differential diagnosis, and treatment options. The role of imaging specialists
in its management is also underscored. The evolution of HADD is charted across three
distinct phases: pre-calcification, during calcification, and post-calcification. HADD, though
intricate, can be effectively diagnosed and managed with a comprehensive understanding
of its origins, progression, and imaging characteristics. As imaging plays a central role
in both diagnosis and treatment, the expertise of imaging specialists remains invaluable.
This review aspires to offer clinicians a holistic perspective on HADD, ensuring optimal
patient outcomes.

The review provides a holistic understanding of HADD, ranging from its etiology to
treatment, allowing physicians to deepen their knowledge of the disease. By understanding
the radiological findings and the potential of HADD to mimic other diseases, physicians
can make more accurate diagnoses, reducing the chance of misdiagnosis.

The objective of study [18] was to evaluate the image fidelity of ultra-high-resolution
arthrography of the ankle using a photon-counting detector CT. In this experiment, arthro-
grams were bilaterally captured from four cadaveric samples using both full-dose (10 mGy)
and reduced-dose (3 mGy) scanning protocols. Three distinct convolution kernels, character-
ized by varying spatial frequencies, were employed for the purpose of image reconstruction
(ρ50; Br98: 39.0, Br84: 22.6, Br76: 16.5 lp/cm). Optimal osseous tissue representation was ob-
served using the Br98 ultra-sharp kernel (S ≤ 0.043). However, cartilage visualization was
enhanced with diminishing modulation transfer functions across dose protocols (p ≤ 0.014).
Remarkably, the reduced-dose Br76 exhibited a CNR comparable to the full-dose Br84
(p > 0.999) and surpassed Br98 (p < 0.001) across all tissues. Utilizing a photon-counting
detector CT for ankle arthrography with ultra-high-resolution collimation offers remark-
able image clarity and detailed tissue analysis, augmenting the inspection of intricate
anatomical structures. While osseous structures were best depicted using an ultra-sharp
convolution kernel, soft tissues notably benefited from a convolution kernel with a reduced
spatial frequency.
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The ultra-high-resolution capability ensures that the clinician obtains unparalleled clar-
ity in images, essential for discerning minute anatomical variations or potential pathology.
The flexibility to choose between different convolution kernels based on spatial frequencies
means that clinicians can optimize image quality based on the specific tissue or structure
that they are investigating. The capability of the reduced-dose (3 mGy) Br76 to offer compa-
rable CNR to the full-dose Br84 and even surpass Br98 indicates that clinicians can achieve
high-quality images while reducing radiation exposure to the specimen or patient.

Study [19] probed the efficacy of T2 mapping in terms of evaluating the glenoid labrum
and distinguishing between intact labral substances and superior labral anterior posterior
(SLAP) lesions, utilizing arthroscopy as the benchmark standard. The established mean
T2 value for unblemished labral substances was denoted as 20.8 ± 2.4 ms, while it was
found to be 37.7 ± 10.63 ms for subjects presenting with SLAP lesions. These findings
propose that the methodological assessment and quantification of labral (ultra)structural
constitution via T2 mapping may capacitate the differentiation between arthroscopically
verified SLAP lesions and a pristine glenoid labrum.

The ability of T2 mapping to distinguish between healthy labral substances and SLAP
lesions with high sensitivity and specificity provides physicians with a reliable diagnostic
tool. This helps in performing accurate assessment, reducing the risk of misdiagnosis.
Before the potential confirmation via arthroscopy, T2 mapping offers a non-invasive method
to detect SLAP lesions. This can save patients from unnecessary invasive procedures and
related complications.

Shear wave elastography (SWE) is an emergent diagnostic modality employed to
discern tissue abnormalities [20]. Within the realm of preventive medicine, the capability
of SWE to identify early structural alterations preceding functional deficits offers consid-
erable promise. The study aimed to discern the effect of anthropometric determinants
on Achilles tendon rigidity using SWE. Additionally, the influence of diverse sports ac-
tivities on tendon stiffness was probed to devise preventive medical strategies for elite
athletes. Notable gender-based disparities in AT stiffness are evident across distinct sport-
ing disciplines. Sprinters demonstrated the pinnacle of AT rigidity, a crucial aspect to be
considered during clinical evaluations. Prospective research endeavors should explore the
potential advantages of undertaking musculoskeletal SWE evaluations both before and
after sports seasons.

Thanks to performed research, physicians have improved their understanding of how
differential stiffness in Achilles tendons based on gender and sport specificity can refine
diagnostic accuracy, ensuring that anomalies are not just dismissed as sport- or gender-
related norms. By being aware of the normal stiffness ranges for different groups, clinicians
can more effectively identify individuals who might be at increased risk of injuries or other
tendon pathologies. For interventions such as physiotherapy or surgical procedures, a
clear understanding of typical stiffness values can guide treatment modalities and expected
outcomes, ensuring optimum patient care.

Study [21] provides insights into the kinematics of the medial gastrocnemius during
isometric contractions. This knowledge can be instrumental in understanding muscle
performance, adaptations, and potential injury mechanisms, especially for activities that
demand a lot from the calf muscles.

The analysis of the differential muscle deformation and force at various ankle angles
can guide rehabilitation exercises, strength training, and sport-specific training to optimize
performance and reduce injury risks. The identification of increased force generation at
dorsiflexion ankle angles due to higher fiber cross-section deformation asymmetry and
higher shear strains can guide clinicians in prescribing exercises or interventions, ensuring
that the foot’s position is optimized to achieve specific therapeutic goals.

Study [22] aimed to ascertain the potential benefits of CT temporal subtraction (TS)
images in enhancing the detection of developing or enlarging ectopic bone lesions among
fibrodysplasia ossificans progressiva (FOP) patients. A retrospective analysis of four FOP
patients was conducted. By subtracting registered prior CT scans from more recent scans,
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TS images were generated. Utilizing TS augmented the detection sensitivity for evolving or
enlarging ectopic bone lesions in FOP patients for all interpreters.

It was demonstrated that TS provides improved sensitivity in detecting emerging
or enlarging ectopic bone lesions, especially in conditions like fibrodysplasia ossificans
progressiva (FOP). This can facilitate earlier intervention or treatment adjustments. By
leveraging the augmented ability to detect changes over time using TS, physicians can
make more informed decisions regarding treatment plans, allowing tailored interventions
based on the progression of the condition. By comparing changes over time in one set
of images, physicians can quickly identify areas of concern without having to manually
compare previous and current scans.

Study [23] was designed to ascertain the optimal pillow choice for individuals with
forward head posture (FHP) by analyzing pressure distributions across the head, neck,
upper body and the support provided to the spine in various sleeping postures. Participants
were assessed using five distinct pillow types: viscose, fiber, cotton, goose feather, and
wool. The material composition of a pillow significantly impacted the comfort and support
experienced by users, especially in the context of specific spinal alignments, like FHP.
Furthermore, an individual’s preferred sleeping orientation influences the efficacy of a
pillow material in terms of spinal support and overall comfort.

Physicians can provide evidence-based recommendations on pillow choice to patients
presenting with forward head posture (FHP) based on their preferred sleeping position.
This can enhance the therapeutic interventions designed for patients with neck or spine
issues. Understanding the relationship between pillow material, sleeping position, and
spinal alignment enables physicians to tailor advice and treatments for individual patients,
optimizing outcomes.

Study [24] sought to discern kinematic variances at the point of initial contact between
female futsal athletes with and without antecedent knee injuries through a functional motor
pattern assessment. The ancillary objective was to juxtapose kinematic variations between the
dominant limb (typically used for kicking) and the non-dominant limb across the entire cohort
using the aforementioned test. Athletes devoid of knee injury antecedents demonstrated
kinematic profiles more attuned to physiologically optimal stances to circumvent the valgus
collapse mechanism, especially in parameters like hip adduction, internal rotation, and pelvic
rotation in the dominant limb. Notably, the dominant limb caused increased knee valgus
across participants, indicating heightened injury susceptibility for this limb.

The study resulted in the authors understanding the kinematic differences between
injured and non-injured female futsal players that physicians must consider. They can
identify at-risk players by observing their motor patterns during specific movements.
This allows early intervention strategies, possibly preventing further injuries. For players
recovering from knee injuries, the findings can guide physiotherapy and rehabilitation
interventions, emphasizing the importance of achieving more physiological positions
during movement to avoid the valgus collapse mechanism.

Percutaneous plasma disc decompression (PPDD) serves as a minimally invasive inter-
vention strategy for discogenic lumbar pain and symptoms related to disc herniation [25].
Yet, the procedure currently lacks established variables to predict its outcomes. The correla-
tion between the enhancements in epidurographic imagery and procedure success rate was
meticulously assessed. Both the Numerical Rating Scale (NRS) and the Oswestry Disability
Index (ODI) were employed to gauge pain intensity and functional impairment, respec-
tively, being used preoperatively and one-month post-intervention. Remarkably, groups
with improved epidurographic findings displayed significantly superior pain alleviation
and procedural success rates compared to those without such enhancements.

Understanding the potential role of epidurography as an outcome predictor can aid
clinicians in making better-informed treatment decisions. If a patient demonstrates epiduro-
graphic improvement, they may be more likely to benefit from PPDD. Using epidurography
as a predictive tool, physicians can better identify which patients are more likely to benefit
from the procedure, leading to higher treatment success rates. By recognizing the potential
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end-point of the PPDD procedure through epidurography, doctors can avoid over- or
under-treating, leading to optimized results and reduced patient discomfort or risk of
developing a worsened condition.

The diminished thickness of the temporal muscle (TMT) has been identified as an
adverse prognostic factor in patients with brain tumors [26]. Separately, chronic subdural
hematoma (CSDH) is a neurosurgical condition notorious for its high recurrence and elusive
outcome prediction models. The thickness of the temporal muscle could serve as a tangible
prognostic marker, potentially aiding in identifying CSDH patients at heightened risk.

The Identification of temporal muscle thickness (TMT) as a potential prognostic indi-
cator can help physicians to quickly stratify patients based on the risk of poor outcomes.
Understanding which patients are more vulnerable allows more informed clinical decision-
making. Understanding the association between reduced TMT and outcomes such as
hematoma volume and post-operative performance can guide surgeons in their approach,
post-operative care, and setting realistic expectations for patients and their families.

The primary goal of this research was to scrutinize and juxtapose ultrasonographic
findings in the nails and entheses of patients diagnosed with psoriasis and psoriatic arthri-
tis [27]. Disparities were found in the Nail Psoriasis Severity Index scores and the scores
derived from the Glasgow Ultrasound Enthesitis Scoring System when comparing patients
with psoriasis to those with psoriatic arthritis. Ultrasonographic assessments revealed
more pronounced nail abnormalities in individuals with psoriasis, whereas enthesopathic
changes in the lower extremities were more prominent in subjects with psoriatic arthritis.

The use of ultrasonography for the examination of nails and entheses can assist in
the early detection of abnormalities in patients with psoriasis and psoriatic arthritis. This
is vital for making a timely and accurate diagnosis. Understanding the variations in
ultrasonographic findings between psoriasis and psoriatic arthritis allows physicians to
design more tailored treatment plans based on the specific condition and its severity.

Intraoperative CT-navigation (iCT-navigation) has shown efficacy in enhancing the
precision and safety of transpedicular screw insertion during primary spinal operations [28].
Nonetheless, the challenges associated with altered bone structures and fibrotic tissues
make revision spinal surgeries complex. The study aimed to assess the fidelity and safety of
iCT-navigation during screw insertion at untouched sites compared to previously operated
sites in revision thoracolumbar spinal procedures.

The study illustrates that iCT-navigation can enhance the precision of screw placements,
even in revision sites, which are traditionally more challenging due to the disrupted anatomy.
The utilization of iCT-navigation appears to reduce the risk of complications, as evidenced
by the lack of neurological injuries in the patients studied. The iCT-navigation allows the
instantaneous identification of unaccepted screws, permitting their immediate adjustment
during the same operation, potentially reducing the need for further revision surgeries.

Titanium trabecular cages (TTCs) have been developed as promising implants with
the intent to ensure both immediate and long-lasting spinal stability via rapid osseointegra-
tion [29]. However, robust radiological and clinical evidence affirming their effectiveness
was lacking. The study aimed to assess the reactive bone behavior at plates adjacent to
custom-designed TTCs in lumbar interbody operations using positron emission tomogra-
phy (PET)/computed tomography (CT) with 18F sodium fluoride (18F-NaF). The 18F-NaF
PET/CT has been validated as an effective modality to probe the metabolic repair reaction
post-TTC implantation, radiographically illustrating the cage’s capacity to incite reparative
osteoblastic activity on the vertebral endplate surface.

The study provides clinicians with valuable insights into the reactive bone behavior
adjacent to titanium trabecular cages (TTCs) used in lumbar interbody fusion surgeries.
This knowledge may aid in better understanding the osseointegration process and inform
surgical planning, potentially leading to improved patient outcomes. The use of 18F
sodium fluoride (18F-NaF) PET/CT as a tool to assess metabolic–reparative reactions offers
clinicians a scientifically rigorous approach to evaluate the success of implantation. This

7



J. Clin. Med. 2023, 12, 6585

evidence-based assessment can guide clinical decisions related to patient management and
treatment adjustments.

Study [30] introduces an innovative and lightweight machine learning-based approach
aimed at facilitating the diagnosis of COVID-19 through the analysis of X-ray images.
The proposed method offers a rapid and effective means of diagnosing COVID-19 based
on medical imaging. The proposed approach has potential as a valuable tool to assist
radiologists in enhancing the diagnostic workflow for COVID-19. The method showcased
effectiveness and speed in providing accurate diagnoses.

The introduced schema serves as an additional support tool for radiologists in COVID-
19 diagnosis. It assists radiologists by offering a structured method for evaluating X-ray
images and potentially reducing the workload associated with manual image interpretation.
The lightweight nature of the approach allows the quick processing and analysis of X-ray
images. This speed can significantly expedite the diagnostic process, enabling doctors to
promptly make informed decisions about patient care.

An innovative technique for conducting cervical interlaminar epidural steroid injec-
tions (CILESIs) guided via ultrasound (US), which eliminates the reliance on the loss-of-
resistance approach for identifying the epidural space, was presented in [31].

The employment of this novel ultrasound-guided technique for cervical interlaminar
epidural steroid injections (CILESIs) offers physicians increased accuracy and precision
during the procedure. The direct visualization of anatomical structures aids in precise
needle placement, minimizing the risk of complications and optimizing treatment out-
comes. The use of ultrasound imaging allows physicians to monitor the administration
of injectable substances in real time, ensuring that the medication is delivered accurately
and without causing inadvertent damage to surrounding tissues. This heightened level of
safety can lead to a decrease in adverse events and complications associated with cervical
epidural injections.

Antegrade intra-medullary (IM) nailing remains the typical treatment for femoral
shaft fractures, yet non-union rates remain high for infra-isthmal femoral shaft fractures
based on this approach [32]. Thus, a retrospective case–control study aimed at identifying
perioperative radiographic factors linked to non-union in these cases after antegrade IM
nailing was performed.

The results of this retrospective case–control study provide physicians with valu-
able insights into the radiographic risk factors associated with non-union after antegrade
intra-medullary (IM) nailing for infra-isthmal femoral shaft fractures. Armed with this
knowledge, physicians can make more informed treatment decisions by considering these
risk factors and tailoring their approach to reduce the likelihood of non-union. By under-
standing the radiographic elements that contribute to non-union, physicians can adopt
strategies to mitigate these risks during the treatment process. This proactive approach can
lead to improved patient outcomes, reduced complications, and enhanced recovery rates,
thereby bolstering the physician’s reputation and patient satisfaction.

4. Conclusions

We hope that all readers will appreciate this Special Issue and that the collection of
the articles will be useful in a clinical or scientific way, as well as inspire further inves-
tigations into the domain of musculoskeletal imaging. We would also like to encourage
doctors to use various quantitative image processing and analysis methods and expand
cooperation with computer scientists and biomedical engineers in this area. New informa-
tion obtained thanks to such analyses will improve the efficiency and repeatability of the
diagnostic process.
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Med. 2020, 61, 488–495. [CrossRef] [PubMed]
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COVID-19 Diagnostics Based on Chest X-ray Images. J. Clin. Med. 2022, 11, 5501. [CrossRef]

31. Maeda, N.; Maeda, M.; Tanaka, Y. Direct Visualization of Cervical Interlaminar Epidural Injections Using Sonography. Tomography
2022, 8, 1869–1880. [CrossRef]

32. Hung, W.; Hsu, C.; Kumar, A.; Tsai, C.; Chang, H.; Lin, T. Perioperative Radiographic Predictors of Non-Union in Infra-Isthmal
Femoral Shaft Fractures after Antegrade Intramedullary Nailing: A Case-Control Study. J. Clin. Med. 2022, 11, 3664. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

10



Citation: Hung, W.-C.; Hsu, C.-J.;

Kumar, A.; Tsai, C.-H.; Chang, H.-W.;

Lin, T.-L. Perioperative Radiographic

Predictors of Non-Union in

Infra-Isthmal Femoral Shaft Fractures

after Antegrade Intramedullary

Nailing: A Case–Control Study. J. Clin.

Med. 2022, 11, 3664. https://

doi.org/10.3390/jcm11133664

Academic Editors: Adam Piorkowski,

Rafał Obuchowicz, Andrzej Urbanik

and Michał Strzelecki

Received: 1 June 2022

Accepted: 22 June 2022

Published: 24 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Perioperative Radiographic Predictors of Non-Union in
Infra-Isthmal Femoral Shaft Fractures after Antegrade
Intramedullary Nailing: A Case–Control Study

Wei-Cheng Hung 1,†, Chin-Jung Hsu 1,2,†, Abhishek Kumar 1,3, Chun-Hao Tsai 1,4, Hao-Wei Chang 1

and Tsung-Li Lin 1,4,5,*

1 Department of Orthopedics, China Medical University Hospital, Taichung 404327, Taiwan;
d24645@mail.cmuh.org.tw (W.-C.H.); d5983@mail.cmuh.org.tw (C.-J.H.); kumar@aior.co.in (A.K.);
d7940@mail.cmuh.org.tw (C.-H.T.); d22067@mail.cmuh.org.tw (H.-W.C.)

2 School of Chinese Medicine, China Medical University, Taichung 404333, Taiwan
3 Anup Institute of Orthopedics and Rehabilitation, Patna 800020, India
4 Department of Sports Medicine, College of Health Care, China Medical University, Taichung 406040, Taiwan
5 Graduate Institute of Biomedical Sciences, China Medical University, Taichung 404333, Taiwan
* Correspondence: d18144@mail.cmuh.org.tw; Tel.: +886-4-2205-2121
† These authors contributed equally to this work.

Abstract: Antegrade intramedullary (IM) nailing is the gold standard treatment for femoral shaft
fractures; however, the non-union rate of infra-isthmal femoral shaft fractures is still high after ante-
grade IM nailing. This retrospective case–control study aimed to determine the association between
perioperative radiographic factors and the non-union of infra-isthmal femoral shaft fractures after
antegrade IM nailing. Univariate and multivariate analyses were used to evaluate the radiographic
risk factors of non-union. Ninety-three patients were included, with thirty-one non-unions and
sixty-two matched controls between 2007 and 2017. All were regularly followed up for 2 years.
Receiver operating characteristic analysis revealed that a ratio of the unfixed distal segment > 32.5%
was strongly predictive of postoperative non-union. The risk factors for non-union were AO/OTA
type B and C (odds ratio [OR]: 2.20), a smaller ratio of the distal fragment (OR: 4.05), a greater ratio
of the unfixed distal segment (OR: 7.16), a higher ratio of IM canal diameter to nail size at the level
of fracture (OR: 6.23), and fewer distal locking screws (OR: 2.31). The radiographic risk factors for
non-union after antegrade IM nailing for infra-isthmal femoral shaft fractures were unstable fractures,
shorter distal fragments, longer unfixed distal fragments, wider IM canal, and fewer distal locking
screws. Surgeons must strive to avoid non-union with longer and larger nails and apply more distal
locking screws, especially for unstable, wider IM canal, and shorter distal fragment fractures.

Keywords: infra-isthmal femoral shaft fracture; non-union; antegrade intramedullary nailing

1. Introduction

Femoral shaft fractures are common in orthopedic high-energy injuries. Their world-
wide annual incidence ranges from 10 to 21 cases per 100,000 individuals [1,2]. For decades,
antegrade intramedullary (IM) nailing has been the gold standard treatment for acute adult
femoral shaft fractures. As the indications for nailing have expanded to include more
complex situations, the rates of non-union of acute femoral shaft fractures after antegrade
IM nailing have also increased to 4.1–12.5% [3–7]. Various studies have reported the risk
factors of non-union; these include open fractures, unreamed antegrade IM nailing, bone
loss, soft tissue interposition, open reduction, the distraction of the fracture site, insuffi-
cient fixation, smoking, nonsteroidal anti-inflammatory drug (NSAID) usage, and delayed
weight-bearing [3–5].

Park et al. categorized femoral shaft fractures into supra-isthmal, isthmal, and infra-
isthmal fractures [8]. The infra-isthmal region has a thin cortex and poor bone stock. The
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distal fragment of an infra-isthmal fracture is difficult to stabilize, and instability may
develop after the nailing procedure. In the infra-isthmus femoral region, the mechanical
stiffness of the bone–implant complex diminishes during metaphysis-diaphysis transi-
tion [9]. Kim et al. demonstrated the statistically significant differences in non-union
between isthmal and non-isthmal fracture sites [10]. Yang et al. reported that a greater ratio
of fracture site to isthmus diameter as a preoperative predictive factor was associated with
a higher postoperative complication rate, such as non-union [11]. Watanabe et al. reported
that distal fragments shorter than 43% of the femoral length are a risk factor for aseptic
non-union in femoral nailing [12].

To the best of our knowledge, no studies have identified the factors for non-union
in infra-isthmal femoral shaft fractures after antegrade IM nailing. We hypothesized the
unstable fracture pattern, shorter length of the distal fragment, wider IM canal at the level
of fracture, and insufficient distal fixation would predict non-union in such fractures. There-
fore, the purpose of this retrospective case–control study was to evaluate the perioperative
radiographic risk factors for non-union in infra-isthmal femoral shaft fractures.

2. Materials and Method

This single-center, retrospective case–control study was conducted at the department
of orthopedic surgery in a tertiary healthcare hospital. We identified patients with infra-
isthmal femoral shaft fractures (ICD-9-CM codes 821.20) who were treated with antegrade
IM nailing via closed reduction surgery between June 2007 and June 2017. A total of
93 patients met the following criteria for study inclusion: (1) age > 20 years, (2) infra-
isthmal fractures, (3) isolated unilateral fractures, (4) acute and close fractures, (5) fixation
within 3 weeks, and (6) follow-up > 2 years after the surgery. We excluded cases in which
bony union may have been influenced by the following factors: (1) multiple fractures,
(2) combined femoral neck fractures, (3) segmental fractures, (4) periprosthetic fractures,
(5) pathological fractures, (6) open fractures, (7) brain injury, (8) open reduction, and
(9) postoperative infections.

Age- and body mass index-matched skeletally mature adults who underwent inter-
locking nailing for an infra-isthmal femoral shaft fracture during the same study period
as the test patients were selected from the orthopedic registry and included in the union
and non-union groups. The case–control ratio was set to 1:2. The infra-isthmal region was
defined as the region between the upper border of the transepicondylar width of the knee
joint and the isthmus [13]. Fellow-trained orthopedic surgeons performed all surgeries via
the standard approach of a closed reduction with IM nailing.

Bony union can be defined by bridging callus formation in at least three of the four
cortices (as seen on radiographs), absence of motion or pain during physiological stress to
the fracture, or presence of full weight-bearing ability [14]. Radiological non-union was
classified as hypertrophic or atrophic [15] and was defined by a lack of cortical continuity
on more than two cortices, lack of bridging callus formation, persistent fracture lines, or
absence of signs of progression to healing for 3 months.

During the study period, eight parameters were measured in the anteroposterior (AP)
and lateral views of preoperative and immediate postoperative radiographs to evaluate the
radiographic risk factors for non-union. Preoperative radiographs were evaluated to classify
the fracture types in accordance with the AO Foundation/Orthopaedic Trauma Association
(AO/OTA) classification system [16]. Goniometric measurements were performed using
immediate postoperative radiographs to determine the coronal plane angulation on AP
radiographs and the sagittal plane angulation on lateral radiographs (the long axes of the
proximal and distal fragment’s diaphyses intersect). The ratio of the distal fragment was
measured using immediate postoperative radiographs in accordance with the protocol by
Watanabe et al. (Figure 1). The ratio of the unfixed distal segment, as well as the ratio of IM
canal diameter to nail size at the level of fracture (C/N ratio) (Figure 2), and the number of
distal locking screws and poller screws were also measured.
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Figure 1. Ratio of the distal fragment: D/L, L: (La + Lb)/2, D: (Lc + Ld + Le + Lf)/4. D: Main
distal fragment length, L: femur length, La: distance from the tip of the greater trochanter to the
intercondylar notch in the AP view, Lb: distance from the tip of the greater trochanter to the
intersection of the Blumensaat line and the trochlear groove line in the lateral view, Lc: distance from
the intercondylar notch to the distal fracture line at the lateral site in the AP view, Ld: distance from
the intercondylar notch to the distal fracture line at the medial site in the AP view, Le: distance from
the intercondylar notch to the distal fracture line at the anterior site in the lateral view, Lf: distance
from the intercondylar notch to the distal fracture line at the posterior site in the lateral view.

 

Figure 2. Ratio of the unfixed distal segment: A/B. A: Distance from the tip of the nail to the
intercondylar notch in the AP view, B: main distal fragment length from the proximal fracture line
to the intercondylar notch in the AP view. Ratio of the IM canal diameter to nail size at the level of
fracture: C/N. C: IM canal diameter at the level of fracture in the AP view, N: nail size in the AP view.

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics (version 23.0; SPSS Inc.,
Armonk, NY, USA). Descriptive statistics are presented as means and 95% confidence
intervals (CIs) for continuous variables and as counts and percentages for categorical
variables. The chi-squared test was performed for the nominal scale, while one-way
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analysis of variance was performed for the ratio scale. The areas under the curves were
obtained using receiver operating characteristic (ROC) to predict the ratio of the unfixed
distal segment and C/N ratio for postoperative non-union. Univariate and multivariate
logistic regression analysis was performed for all variables to determine their relationship
with the development of non-union after antegrade IM nailing. Statistical significance was
defined as p < 0.05.

3. Results

Ninety-three patients (70 men, 23 women) were included in this study. The mechanism
of injury was high-energy trauma in all 93 patients. The following four types of antegrade
nails were used in the treatment: (1) Zimmer Natural Nail (Zimmer-Biomet, Warsaw, IN,
USA), (2) Targon femoral nail (Aesculap, Tuttlingen, Germany), (3) Expert Asian Femoral
Nail (A2FN; Synthes, Solothurn, Switzerland), and (4) King Bo femur interlocking nail
(Syntec Scientific Co, Changhwa, Taiwan). Figure 3 show the “Strengthening the Reporting
of Observational Studies in Epidemiology” flowchart, which details the study design.

Figure 3. “Strengthening the Reporting of Observational Studies in Epidemiology” flowchart detail-
ing the design of this study.

Based on the radiological classification, there were 25 hypertrophic non-union and
6 atrophic non-union cases. Bony unions took an average of 23.1 weeks to complete in the
united cohort. The demographic and radiographic characteristics of the study participants
are presented in Table 1.
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Table 1. Study variables and their association with non-union and union of fractures.

Non-Union
(n = 31)

Union
(n = 62)

p-Value

Age, years (95% CI) 28.6 (20–34) 28.2 (20–35) 0.687

Male, n (%) 23 (74.2) 47 (75.8) 0.672

Right laterality, n (%) 18 (58.1) 40 (64.5) 0.514

BMI, kg/m2 (95% CI) 23.6 (18.4–33.8) 24.1 (18.8–34.2) 0.761

AO/OTA classification 0.004

Type A, n (%) 11 (35.5) 42 (67.7)

Type B and C, n (%) 20 (64.5) 20 (32.3)

Postoperative coronal deformity, degree (95% CI) 7.0 (2–10) 6.7 (3–9) 0.341

Postoperative sagittal deformity, degree (95% CI) 3.6 (2–9) 2.8 (2–10) 0.412

Ratio of the distal fragment, % (95% CI) 34.6 (28–40) 44.5 (37–47) 0.021

Ratio of the unfixed distal fragment, % (95% CI) 32.3 (24.1–41.8) 23.8 (16.4–28.7) 0.013

C/N ratio, (95% CI) 2.2 (1.9–2.4) 1.9 (1.8–2.1) 0.028

Distal locking screws, n (95% CI) 2.1(2–4) 3.4 (2–4) 0.033

Poller screws, n (95% CI) 0.69 (0–2) 0.93 (0–4) 0.086

CI: confidence interval; n, number; BMI, body mass index; AO/OTA, AO Foundation/Orthopaedic Trauma
Association; C/N, IM canal diameter to nail size at the level of fracture.

A ratio of the unfixed distal segment > 32.5% was substantially predictive of post-
operative non-union, according to ROC curve analysis (Figure 4). Furthermore, the ROC
curve indicated that the C/N ratio > 2.1 had sensitivity and specificity of 69% and 70%,
respectively, in predicting non-union.

Figure 4. ROC curve for non-union. ROC analysis revealed that the summation of sensitivity and
specificity was the greatest at the point indicated by the blue circle; it corresponds to a ratio of the
unfixed distal segment that is 32.5% of the main distal fragment length.

Table 2 present univariate risk factors for the non-union of infra-isthmal femoral shaft
fractures after antegrade nailing. On multivariate logistic regression analysis, AO/OTA
classification types B and C, ratio of the distal fragment < 43%, ratio of the unfixed dis-
tal fragment > 32.5%, C/N ratio > 2.1, and distal locking screws < 3 were identified as
independent risk factors for non-union after antegrade nailing (Table 3).

15



J. Clin. Med. 2022, 11, 3664

Table 2. Risk factors for non-union after antegrade nailing (univariate analysis).

Risk Factor Odds Ratio (95% CI) p-Value

AO/OTA classification type B and C 2.87 (0.67–5.84) 0.028

Ratio of the distal fragment < 43% 5.41 (2.09–10.65) 0.002

Ratio of the unfixed distal fragment > 32.5% 9.23 (3.44–24.06) <0.001

C/N ratio > 2.1 8.71 (2.07–21.27) 0.001

Distal locking screws < 3 3.16 (1.94–9.17) 0.004
AO/OTA, AO Foundation/Orthopaedic Trauma Association; CI, confidence interval; C/N, IM canal diameter to
nail size at the level of fracture.

Table 3. Independent risk factors for non-union after antegrade nailing (multivariate analysis).

Risk Factor Adjusted Odds Ratio (95% CI) p-Value

AO/OTA classification type B and C 2.20 (0.47–4.13) 0.037

Ratio of the distal fragment < 43% 4.05 (1.43–7.12) 0.018

Ratio of the unfixed distal fragment > 32.5% 7.16 (2.37–17.96) 0.031

C/N ratio > 2.1 6.23 (1.94–17.38) 0.017

Distal locking screws < 3 2.31 (1.08–6.18) 0.013
AO/OTA, AO Foundation/Orthopaedic Trauma Association; CI, confidence interval; C/N, IM canal diameter to
nail size at the level of fracture.

4. Discussion

This is the first retrospective case–control study to evaluate the perioperative radio-
graphic predictors of non-union in infra-isthmal femoral shaft fractures after antegrade
IM nailing; these included unstable fractures (AO/OTA classifications B and C), shorter
distal fragments, longer unfixed distal fragments, wider IM canal, and fewer distal locking
screws. Moreover, the most noteworthy finding of this study was that a ratio of the unfixed
distal segment > 32.5% was substantially predictive of postoperative non-union.

For long bone fractures, retrospective studies revealed comminution and increasing
displacement as the potential risk factors of non-union [17], while prospective studies
confirmed the unstable fracture type as a significant risk factor for non-union [18]. In this
study, we found that the AO/OTA classifications demonstrated a significant difference
between the union and non-union groups. This may explain why the non-union rates
depended on the unstable and comminuted fracture patterns.

The rotational instability of infra-isthmal fractures is due to the movements of the
gastrocnemius and hamstring tendons that occur during motion. Furthermore, it is also
attributed to the fact that the medullary cavity of the infra-isthmal fragment has a diameter
that is substantially larger than that of the nail employed [10,19]. Thus, the infra-isthmal
area of the femur is thought to be responsible for reducing the mechanical stiffness of the
bone-implant constructs [9]. Yang et al. reported that the ratio of fracture site to isthmus
canal diameter ≥ 2 was a reliable preoperative parameter to predict non-union [11]. In the
current study, C/N ration > 2.1, as a postoperative parameter which revealed a significant
difference between the union and non-union groups, was similar to Yang’s finding. This
finding could explain why the wider IM diameter at the fracture site is related to a higher
non-union rate after antegrade IM nailing.

Watanabe et al. noted that if the length of the distal fragment is less than 43% of the
total femoral length, further surgical fixation can be considered [12]. Ha et al. reported
that the instability of distal fragments leads to higher failure rates in non-union cases [20].
According to our results, the ratio of the distal fragment differed significantly between the
non-union and union groups; this could partially explain why a smaller distal fragment
ratio was the predictor of non-union in the current study.

The fixation strength is thought to be enhanced when the nail’s tip is as close to
the Blumensaat line as possible [10]. The current study’s findings revealed a significant
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difference between the union and non-union groups when the ratio of the unfixed distal
segment was over 32.5%. Furthermore, the ratio of the distal fragment and the ratio of the
unfixed distal fragment predicted the development of non-union after antegrade nailing.
These two predictors support the importance of nail length in the risk of non-union.

Multiple surgical tools can augment bone-implant stability in distal femoral fragments,
such as poller screws and more distal locking screws. Bryan et al. discussed the effect of
poller screws with retrograde nails on distal fragment stability [21,22]. Kim et al. reported
that exchange nailing in infra-isthmal femoral shaft non-union with a more secure distal
fixation, such as with poller screws and additional interlocking screws, may be an effective
and reliable treatment option [10]. In the current study, the distal screw density was
significantly different between the union and non-union groups, whereas the poller screws
did not show any obvious intergroup differences. This suggests that increasing the distal
screw density may be an effective way to reduce the likelihood of non-union.

There are several treatments for non-union of infra-isthmal femoral shaft fractures
following an internal fixation; however, their outcomes remain debatable. Pihlajamäki et al.
stated that exchange nailing without bone grafting was the best method for treating non-
union after an index femoral nailing surgery [4]. Brinker et al. reported their experience of
exchanging preexisting nails with nails that were at least 1 mm larger than the previous
nails or up to 4 mm in size (if the previous nail was undersized) for treating non-union [23].
Park et al. reported that augmentation plating with autogenous bone grafting might be a
better option than exchange nailing [8]. Various studies have reported that replacing the
original nail with a retrograde nail can improve distal fragment stability [21,22]. Indeed,
the advantages of retrograde IM nailing are a longer working length, adequate fixation of
the distal fragment through the use of more interlocking screws, and easier reduction of the
short distal fragment. Furthermore, Auston et al. reported that a retrograde IM nail com-
bined with long segment blocking screws significantly increased stability by eliminating the
“Bell-Clapper effect” in patients with distal femur fracture who had low bone quality, such
as the elderly [24]. However, the disadvantages of this surgical method include cartilage
damage to the femoral condyle and postoperative knee pain. Several studies have com-
pared the functional outcomes and knee pain incidence between antegrade and retrograde
nailing; however, these are currently inconclusive with debatable findings [6,25,26].

This study had several limitations. First, this was a retrospective case–control study
with a limited number of patients and different surgeons, which could have led to some
bias. Second, we only mentioned radiographic risk factors; other risk factors, such as
smoking, effects of reaming, the timing of weight-bearing, and NSAID usage, were not
considered. Third, four types of antegrade IM nail systems were utilized for fixation, giving
rise to potential implant bias. Therefore, larger clinical studies are required to tackle these
limitations.

5. Conclusions

The perioperative radiographic predictors of non-union in infra-isthmal femoral shaft
fractures after antegrade IM nailing were unstable fractures, shorter distal fragments, longer
unfixed distal fragments, higher C/N ratio, and fewer distal locking screws. A ratio of
the unfixed distal segment > 32.5% is a reliable parameter for predicting instability and
non-union after surgery. We recommended the use of longer and larger nails with more
distal locking screws when treating infra-isthmal femoral shaft fractures, especially those
with an unstable pattern, wider IM canal, and shorter distal fragments.
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Abstract: In this case series, we describe a novel ultrasound (US)-guided cervical interlaminar
epidural steroid injections (CILESIs) procedure that does not depend on the loss-of-resistance method
for epidural space identification. A needle is introduced into three US-identified structures (triple bar
sign), the interspinal ligament, ligamentum flavum, and dura mater. The injectants are monitored
using superb microvascular imaging during injection. Here, we demonstrate the use of US-guided
CILESIs in nine cases and propose the use of sonography, rather than conventional methods, for
easier and safer cervical epidural injections. Sonography for direct visualization of cervical epidural
injection may allow for outpatient injections.

Keywords: ultrasound; epidural injection; cervical; steroid; superb microvascular imaging

1. Introduction

A major concern for cervical epidural injection (CEDI) in patients with neck pain and
cervical radiculopathy is the safety and effectiveness of the procedure. Reports of serious
complications such as spinal cord injury have led to concerns regarding this procedure’s
safety [1–3]. Fluoroscopy or computed tomography (CT) guidance aims to reduce the risks
of epidural injection, such as dural puncture or spinal cord injury. However, although both
guidance approaches improve safety, they cannot completely aid in advancing the tip of
the needle into the epidural space, as these approaches cannot visualize the entire intrusion
route [2–5].

It is also important to examine the placement of the needle tip and the spread of the
injectant to ensure its effectiveness [6]. The loss-of-resistance (LOR) method is performed
for blinded or fluoroscopic epidural injections. However, it is limited by false-positive LOR
before the needle enters the epidural space [7,8]. CT guidance uses high radiation exposure
to carefully check the needle tip position, which also poses a problem [9]. However, CT
cannot image the epidural space without a contrast medium, which can cause adverse
effects [10]. Furthermore, CT emits ionizing radiation, which can cause cancer [11].

Sonography offers an alternative method for performing cervical interlaminar epidural
steroid injections (CILESIs). It could help reduce the risk of injury, avoid the pitfall of false-
positive LOR, and avoid radiation exposure or the use of contrast media by allowing direct
visualization of the location of the needle tip during the procedure with cross-sectional
imaging [6].

However, the technique for ultrasound (US)-guided CILESIs has not been reported,
and no case series has described the safety of this technique in cervical lesions. Herein, we
report cases of US-guided CILESIs without fluoroscopy.

Tomography 2022, 8, 1869–1880. https://doi.org/10.3390/tomography8040157 https://www.mdpi.com/journal/tomography
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2. Materials and Methods

2.1. Patients

This study was performed at the Maeda Orthopedic Clinic and was approved by its
institutional review board (Commission of Ethics approval number 00000003).

Patients provided written informed consent for the cervical epidural block and the
publication of this report. Overall, nine patients presented to the Maeda Orthopedic Clinic
between August 2021 and January 2022. All patients underwent US-guided CEDI for
the treatment of neck pain or interscapular radicular pain due to cervical disc herniation,
cervical discopathy, cervical canal stenosis, or thoracic disc herniation.

2.2. US-Guided CEDI

This novel US-guided CILESIs was performed as follows. First, the axial image of
the interspinal ligament, ligamentum flavum, and dura mater as a triple bar sign was
identified using a posterolateral with transverse scan approach by a PVI-475BX convex
probe (Aplio i800 systems; Canon Medical System, Tochigi, Japan) (Figure 1). To optimize
this image, the patient was placed in the prone position, and a pillow was placed under
their chest. The patient was then asked to place their forehead on the bed and flex their neck
to the maximum extent possible (Figure 2). For needle placement, the tip of the needle was
advanced into the ligamentum flavum, tangential to the dura mater, under US guidance
using an in-plane technique (Figure 1, Video S1). At first, while inserting and removing
the needle, the needle was translocated from the caudal (or cranial) side to the correct
plane where the triple bar sign is seen clearly (Figure 3A; view from the side of the body).
The needle direction should be corrected if needed. Red arrows indicate an inappropriate
needle direction, with an extension line (indicated by dashed arrows) facing the spinal cord
or the interspinal ligament. The needle trajectory should be corrected from those indicated
by the red arrows to that indicated by the blue arrow (Figure 3B; view from the caudal side
of the body). As no critical arteries or nerves are passed using this approach, the needle
orbit correction can be repeated just before the needle tip reaches the ligamentum flavum.
As a result, accurate needle placement is possible.

Figure 1. The illustration shows the needle insertion route on the cross-sectional image of the neck.
The main structures are the cord, dura mater, interspinous ligament, and ligamentum flavum. The
epidural space exists between the dura mater and the ligamentum flavum. The needle (red arrow) is
introduced tangentially in between the ligamentum flavum and dura matter.
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Figure 2. The patient is placed in the prone position, and the pillow is placed under the patient’s
chest. Then, the patient is asked to place their forehead on the bed and flex their neck to the maximum
extent possible.

Figure 3. Orbit correction method.

Video S1. The needle tip is advanced tangentially between the ligamentum flavum
and dura matter under ultrasonography (US) guidance. This can be confirmed by the
resistance of the needle tip when reaching the complex of the ligamentum flavum felt by
the practitioner’s hand when checking the US monitor.

While being inserted and removed, the needle is translocated from the caudal (or
cranial) side to the correct plane where a triple bar sign is seen clearly (Figure 3A). Next,
the needle direction is corrected. Red arrows indicate inappropriate needle directions, with
extension lines (indicated by dashed arrows) facing the spinal cord or interspinal ligament.
The needle orbit should be corrected from the red to the blue trajectory (Figure 3B, view
from the caudal side of the body).

Using a posterolateral approach, the needle is visible from the insertion point to the
epidural space between the ligamentum flavum and dura matter. At first, while being
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inserted and removed (indicated by blue arrows in the figure), the needle is translocated
from the caudal (or cranial) side to the correct plane where a triple bar sign (which is
composed of the interspinal ligament, ligamentum flavum, and dura matter) is seen clearly
(Figure 3A; view from the side of the body). Next, the needle direction is corrected. Red
arrows indicate inappropriate needle directions, with extension lines (indicated by dashed
arrows) facing the spinal cord or interspinal ligament. The needle orbit should be corrected
from the red to the blue trajectory (Figure 3B; view from the caudal side of the body).
Because there are no critical arteries and nerves through this approach, the needle orbit
correction can be repeated just before the needle tip reaches the ligamentum flavum. As a
result, accurate injection is possible.

Confirmation that the needle tip had reached the ligamentum flavum was achieved
based on resistance according to the pressure felt by the operator whilst observing the
US monitor. We then applied gentle pressure to the syringe plunger as the needle was
slowly advanced into the space between the ligamentum flavum and dura mater reaching
approximately two-thirds of the triple bar sign, where easy flow of the injectant was
facilitated (Figure 4, Video S2). If the needle tip was located more superficially than the
ligamentum flavum, any attempt to inject the injectant would be evident in the surrounding
muscle tissue or the pseudo-epidural space, such as the space of Okada (Figure 5, Video S3).

 
Figure 4. The illustration shows the cross section of the spinal canal. The main structures are the
cord, the dura mater, the interspinous ligament, and the ligamentum flavum. The epidural space
exists between the dura mater and the ligamentum flavum. The space of Okada exists between the
interspinous ligament and the ligamentum flavum. Ultrasound data show the superb microvascular
imaging signal during injection (left picture) and the enlargement of the epidural space after injection
(upper illustration and right picture).

Video S2. The needle is gradually advanced while applying pressure to the plunger. If
the needle tip is located more superficially than the epidural space, microvascular imaging
(SMI) shows that there is no flow of injectant into it. However, once the dense fibrous
ligamentum flavum is pierced, the injectant flows. This is immediately confirmed using
SMI. Subsequently, the epidural space is gradually enlarged by epidural injection.

Once the dense fibrous ligamentum flavum was pierced, the injectant was able to
flow into the epidural space; this was immediately confirmed using superb microvascular
imaging (SMI) (Figure 4, Video S2). Lastly, the practitioner verified the epidural space
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enlargement using the epidural injection. We used 4 mg of dexamethasone in 6 mL of 0.25%
lidocaine for CEDI.

Figure 5. The pseudo-epidural space is enlarged by a small dose of injection. The space between the
interspinous ligament and ligamentum flavum, such as the space of Okada, is observed sonographi-
cally. If the needle tip is located more superficially than the ligamentum flavum, the injectant will
appear in the space of Okada or in the spinalis cervicalis muscle once administered.

2.3. CT Epidurography

To confirm the accuracy of US-guided CEDI, we chose one patient (case 4) and two
other patients (a 78-year-old male patient with cervical canal stenosis (Supplementary
Materials S1) and a 58-year-old female patient with cervical disc herniation (Supplementary
Materials S2) who were not included in this case series because they could not be followed
up for >2 months). We performed US-guided CEDI at the C4/5 level. We used a contrast
medium instead of dexamethasone (3.5 mL iohexol-240 [Omnipaque-240; GE Healthcare
Pharma, Tokyo, Japan]) in 3.5 mL of 0.25% lidocaine. Immediately after injection of the
contrast medium, anterior–posterior and lateral epidurograms of the cervical spine were
captured. Subsequently, the patients were placed in the prone position within the gantry
of the CT scanner (Aquilion Start Canon medical system, Tochigi, Japan) and CT was
performed from C1 to L1 5 min after injection. The two orthopedic surgeons and the author
have 32, 38, and 24 years of experience, respectively. Technical success was determined by
reviewing CT epidurograms for the presence of epidural contrast. The spread of contrast
within the epidural space was also assessed on CT epidurograms.

2.4. Pain Intensity

Pain intensity was evaluated using the visual analog scale (VAS). All patients were
instructed on how to use the VAS prior to the cervical epidural block (0, no pain; 10, worst
pain conceivable). Before the procedure, an interventional orthopedic doctor questioned
the patients regarding their baseline VAS scores for pain. The patients were discharged on
the day of the procedure and asked to revisit 1 week and 2 months later for evaluation of
side effects and pain scores, respectively. If the pain persisted, we treated patients with an
additional block and rechecked their pain scores.
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2.5. Functional Ability

Functional ability was evaluated using the neck disability index (NDI). The NDI is a
10-item self-administered disease-specific questionnaire that evaluates the impact of neck
pain on a patient’s daily life and the corresponding disability. The questionnaire scores
range from 0 to 50; the higher the score, the greater the disability. The validity and reliability
of this scale have been previously established [12].

Symptom improvement was assessed before and 2 months after the injection using
the VAS and the Japanese version of the NDI. Any potential complications, including
headache, increased neck pain, or stiffness, were monitored. Moreover, functional ability
was rechecked in patients treated with an additional block.

Patients were asked about their opioid consumption, any additional cervical spine
injections, and progression to surgery during the follow up period, and the answers were
documented in their profile.

3. Results

During the study period, nine participants with radicular pain underwent US-guided
CEDI. The radicular pain in one, two, three, and three patients was caused by thoracic
disc herniation, cervical disc herniation, cervical discopathy, and cervical canal stenosis,
respectively. These patients were followed up from 60 to 348 days after the procedure. Their
baseline data are presented in Table 1. The baseline and demographic characteristics of the
patients were recorded, and the mean age of patients was 51.2 years (range, 23–74 years). Six
participants were men and three were women. The mean body mass index was 24.2 km/m2

(range, 19.3–31.2 km/m2). At the 2-month follow-up, there were significant reductions in
NDI from 44.4 to 15.6 points in Table 2. The mean VAS score of neck pain was 8.3 at before
the procedure and 1.8 at the 2-month follow-up in Table 2. Among those who reported
having recurrent pain (four patients), no patient used opioids for analgesia, four patients
reported receiving additional injections, and no patient underwent surgery. During the
follow-up period, one patient was able to discontinue opioids.

Table 1. Clinical and demographic characteristics.

Case
Age

(years)
Sex

Body Mass
Index (kg/m2)

Diagnosis

1 24 M 24 Th1/2 Disc herniation
2 45 M 31.2 C2/3, 5/6, 6/7 Disc herniation
3 51 M 20.9 Cervical discopathy
4 73 F 19.3 Cervical canal stenosis
5 73 M 24.7 Cervical canal stenosis
6 63 F 28.8 C5/6 Disc herniation
7 74 F 21.4 Cervical canal stenosis
8 35 M 26.2 Cervical discopathy
9 23 M 21 Cervical discopathy

Table 2. Pain intensity and functional ability before and after ultrasound-guided epidural injection.

Case Injection Site
Pre Visual

Analog Scale
Scores

Post Visual
Analog Scale

Scores

Neck Disability
Index

Additional
Injection (Times)

Additional Opioid
Consumption (Times)

1 C6/7 10 2.5 40%→4% 0 0
2 C5/6 10 5 70%→26% 0 0
3 C5/6 4 2 16%→20% 0 0
4 C4/5 10 2 94%→34% 20 0
5 C5/6 5.9 0 8%→2% 0 0
6 C4/5 9 0 48%→10% 0 0
7 C3/4 10 5 54%→28% 4 0
8 C6/7 9 0 28%→4% 4 0
9 C5/6 6.5 0 42%→12% 2 0
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Vascular or subdural injections were not confirmed in any of the patients during the
procedure. Furthermore, we did not encounter any significant complications, including
stroke or persistent neurological deficits, during the procedure or 2-month follow-up.
Nausea and general fatigue were observed after epidurography using a contrast media
(case 4); however, the symptoms resolved within a day.

CT epidurograms revealed that the procedure was technically successful in all three
patients from whom they were obtained, including case 4. The spread of contrast was
confirmed from the C2 vertebra level to the Th5 vertebra level according to the axial
CT epidurogram.

SMI was performed with a small injection. An appropriate epidural space was detected
using SMI after the needle was advanced. The epidural space was then enlarged by means
of an additional injection directed to the area where the SMI signal was detected (Figure 4,
Video S3).

Video S3. The retrodural space of Okada is gradually enlarged by epidural injection.
This lesion is not a true space in the epidural space. The loss-of-resistance method cannot
differentiate between the space of Okada and the epidural space.

3.1. Representative Cases
3.1.1. Case 4

A 73-year-old woman presented with severe posterior cervical pain and right shoulder
pain. The pain did not resolve with the use of medications (an opioid, an anti-inflammatory
analgesic, and a muscle relaxant). Magnetic resonance imaging revealed cervical canal
stenosis. Her pain persisted for 3 weeks; therefore, US-guided C3/4 interlaminar CEDI
of 1 mL dexamethasone (4 mg) and 6 mL 0.25% lidocaine was administered. In the
examination room, SMI was used to confirm that the parenteral solution had spread
throughout the epidural space. Subsequently, the VAS score decreased from 10 to 5. An
additional four blocks were performed for 2 months, and the VAS decreased from 5 to 2.

After 2 months, she experienced exacerbations and remission of symptoms. She re-
ceived US-guided epidural blocks 20 times in total. We confirmed the 20th US-guided
injection using CT epidurography (Figure 6).

Figure 6. CT epidurogram after C4/5 US-guided epidural injection administered to a 73-year-old
female with severe posterior cervical pain and right shoulder pain (case 4) associated with cervical
canal stenosis. (A) Sagittal view of CT epidurogram. Dorsal spread (white arrow heads) between C2
and Th3 are confirmed. (B,C) Axial view of CT epidurogram (a slice of C4 vertebra and C4/5 disc;
injection site). Dorsal spread (white arrow heads) and C5 root filling (white arrows) were confirmed.
(D,E) Axial view of CT epidurogram at C2 and Th3 vertebra ). Cephalad spread (black arrows) was
confirmed up to C2 vertebra level and caudal spread (black arrow heads) was confirmed down to
Th3 vertebra level.
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3.1.2. Case 5

A 73-year-old man presented with severe pain in his right shoulder and arm. Radio-
graphs revealed that the patient had severe cervical spondylosis. Considering that severe
night pain and insomnia had persisted for 2 weeks, US-guided C5/6 interlaminar CEDI of
1 mL dexamethasone (4 mg) and 6 mL 0.25% lidocaine was administered. Subsequently, the
VAS score decreased from 10 to 1. No additional blocks were administered. No recurrence
of pain was observed at the 8-month follow-up.

3.1.3. Case 9

A 23-year-old man presented with severe pain in his right neck and interscapular
region. The pain persisted despite diagnostic facet joint blocks (right Th5/6, right C3/4,
and right C4/5 facet blocks). Magnetic resonance imaging revealed no vertebral bone
injury; however, damage to the C3/4 and C4/5 discs was observed. The pain persisted for
3 months; therefore, US-guided C5/6 interlaminar CEDI of 1 mL dexamethasone (4 mg) and
6 mL 0.25% lidocaine was administered. In the examination room, SMI was used to confirm
that the parenteral solution had spread throughout the epidural space. Subsequently, the
VAS score decreased from 10 to 1. Two additional blocks were administered over 7 weeks,
leading to the resolution of his pain. No recurrence of pain was observed at the 3-month
follow-up.

4. Discussion

Reports of serious complications such as spinal cord injury have led to concerns
regarding the safety of CEDI [1–3]. Epidural injections can be performed with or without a
guide (blinded injection). Fluoroscopy or CT guidance aims to reduce the risks of epidural
injection, such as dural puncture or spinal cord injury [13–16].

In the interlaminar approach, a guide is used to advance the needle tip just before the
epidural space [13].

CT guidance in interlaminar ESI improves the evaluation of the proper positioning
of the needle owing to its high resolution and cross-sectional imaging [13]. However, the
introduction of the needle into the epidural space cannot be visualized according to the
movement of the needle during the procedure. US, as an alternative method for performing
CILESI, could help reduce the risk of injury by allowing direct visualization of the location
of the needle tip during the procedure with cross-sectional imaging. However, a technique
for US-guided CILESI has not been reported, and no case series have described its safety
because US has some limitations in neuraxial (epidural or intrathecal) procedures as it has
a limited resolution at deep levels and near bony surfaces that affect image quality, and
it is not possible to visualize the real-time propagation of the injectable in the epidural or
intrathecal space [17].

CEDI is based on the LOR method [2,7]. The epidural space is closed by negative pres-
sure unless there is an abscess or bleeding. It is approximately 1–2 mm in diameter at levels
above C6-C7 and is less dependent on individual variation, including the presence of spinal
stenosis [14,15]. Thus, the safety zone for interlaminar CEDI is very narrow [16]. In reviews
of malpractice claims between 2005 and 2008, 64 cases involved cervical interventions, 20
of which resulted in direct spinal cord injury associated with interlaminar CEDI [5,9].

The needle tip position must be visualized throughout the procedure to ensure accurate
injection into the epidural space. Clinical practice guidelines recommend fluoroscopic
guidance in all CEDIs [18]. However, fluoroscopic guidance methods are limited because
they use bones as landmarks. Therefore, it is difficult to guide the needle tip into the gap
of the ligamentum flavum and dura mater safely, as it is approximately 1 mm thick and
permeable to X-rays, without direct visualization.

For the accurate insertion of the needle, the US monitor, the affected area, and the
practitioner should be in a straight line. However, this is not always possible during
outpatient examinations because the size of the examination room is limited. Furthermore,
since the needle is inserted deeply, needle orbit correction is often needed. As there are no
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critical arteries or nerves beyond the ligamentum flavum through this approach, the needle
orbit correction can be repeated just before the needle tip reaches the ligamentum flavum.
As a result, accurate injection is possible with our US guided method.

The LOR technique relies on penetration of the ligamentum flavum. However, up to
74% of the ligamenta flava are discontinuous in the midline of the cervical region [19]. Dural
puncture cannot be prevented based on bony landmarks or the LOR technique because the
needle is inserted near the midline under conventional method. Furthermore, the safety of
the CEDI procedure is highly dependent on the operator’s experience. In contrast, US can
easily identify the ligamentum flavum, dura mater, and the needle tip independent of the
operator’s experience.

If the needle is advanced deeply, dural puncture or spinal injury can be avoided
because the needle is tangentially advanced with respect to the dura. Even in cases of inap-
propriate injection, the practitioner could use the US image to confirm and terminate the
inappropriate injection from the beginning, if necessary. Therefore, serious complications,
such as total spine anesthesia or spinal injury, could be avoided. The direction of the needle
has two advantages. The first is improved needle visibility by bringing the needle closer to
the probe in parallel. The second is the avoidance of dural puncture and spinal cord injury.

Unlike US guidance, fluoroscopy and CT guidance (Figure 7) cannot accurately visual-
ize the needle tip position. Fluoroscopy-guided CEDI can only confirm whether the LOR
method is performed correctly based on contrast, identifying the epidural space after the
trial of LOR. Additionally, CT-guided CEDI cannot show needle movement in real-time as
the procedure progresses. The placement of the needle tip is only confirmed after needle
insertion. SMI methods have been used to identify slow blood flow in the body. Unlike CT
and fluoroscopy, SMI helps visualize not only microvessels with slow blood flow but also
the movement of liquid (injectant) flow without contrast injection [20], and it can be a useful
tool to confirm if the needle tip is in proper anatomical position e.g., the epidural space.
Under SMI, the spread of the injectant can be visualized using US while simultaneously
confirming the proper placement of the tip of the needle between the ligamentum flavum
and dura matter (Figure 3) [6]. The major difference is that it offers real-time, radiation-free
guidance for interventions.

The LOR method can also be used to precisely detect the epidural space using SMI
signals. However, the LOR method is associated with false-positive LOR before the needle
enters the epidural space. False-positive LOR occurs in 29.4% of patients who undergo
CEDI under conventional fluoroscopic guidance [7]. The retrodural space of Okada is a
potential space dorsal to the ligamentum flavum that allows communication between the
bilateral facet joints and interspinous bursa [8,21,22]. In the current study, the space of
Okada on the ligamentum flavum was visible using US (Figure 5, Video S3).

US guidance allows better positional relationships between the needle tip and anatom-
ical structures (e.g., lamina, space of Okada, and epidural space) in cross-sectional imaging
such as CT guidance. A previous investigation examining conventional fluoroscopy-guided
lumbar interlaminar ESI demonstrated that many non-target injections in the retrodural
space of Okada are likely to go unnoticed at the time of the procedure [21]. This may be
because conventional fluoroscopy contrast material in the retrodural space of Okada can
mimic true dorsal epidural spread as these two spaces run parallel to each other and may
therefore overlap in standard lateral and anteroposterior projections [21,22]. Our US data
also revealed that the space is too close to be identified by fluoroscopy. This suggested that
inappropriate injection by LOR could be avoided using US.

Riveros-Perez et al. introduced color Doppler imaging to confirm the correct position
of the epidural needle in the lumbar spine [23]. However, this method has not been applied
to CEDI [17]. For cervical epidural injection, Zhang et al. reported transforaminal epidural
steroid injections using sonography [24]. However, they did not employ color Doppler
imaging to confirm the correct position of the needle and neither did they visualize the
spinal cord, its nutrient vessels, or the radicular artery during the procedure. Serious
complications such as spinal cord injury, either directly or indirectly via injury of its nutrient
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vessels, have been reported in transforaminal epidural steroid injections [1–3]. We visual-
ized the spinal cord and surrounding vessels during the interlaminar epidural injection
using the SMI method. To the best of our knowledge, our study is the first to achieve
direct visualization of not only the entry route of the needle but also of the spinal cord and
surrounding vessels during the CILESIs procedure.

Figure 7. Upper figures show our cervical epidural injection (CEDI) method in which the needle is
inserted tangentially into the dura (A–E). Lower figures show the conventional CEDI method wherein
the needle is inserted nearly perpendicular to the dura (F–J). In both methods, loss of resistance
may be confirmed before and after the insertion into the flavum (A,C,F,H). The closer the needle
is inserted vertically, the higher the risk of dural puncture because the safety margin between the
flavum and the dura becomes narrower (G,H). The risk of dural puncture can be avoided if the
needle is inserted tangentially into the dura (C,D). In the conventional method (J), when the needle is
advanced deeply, dural puncture cannot be avoided. Meanwhile, in our method, dural puncture can
be avoided because the needle penetrates tangentially to the dura (E). The flow of the injectant into
the epidural space is visualized in real-time under ultrasound-guided epidural injection (C).

5. Conclusions

In conclusion, we propose the possible use of US for easier and safer CILESIs compared
with conventional methods. US for the direct visualization of CILESIs may allow for safer
outpatient injections.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/tomography8040157/s1, Figure S1: a 78-year-old male patient with cervical canal stenosis,
Figure S2: a 58-year-old female patient with cervical disc herniation, Video S1: Approach of US
guided cervical epidural injection, Video S2: Enlargement of the space of OKADA, Video S3: Spread
of the epidural space during epidural injection.
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Abstract: After the insertion of dental implants into living bone, the condition of the peri-implant
bone changes with time. Implant-loading phenomena can induce bone remodeling in the form
of the corticalization of the trabecular bone. The aim of this study was to see how bone index
(BI) values behave in areas of bone loss (radiographically translucent non-trabecular areas) and
to propose other indices specifically dedicated to detecting corticalization in living bone. Eight
measures of corticalization in clinical standardized intraoral radiographs were studied: mean optical
density, entropy, differential entropy, long-run emphasis moment, BI, corticalization index ver. 1
and ver. 2 (CI v.1, CI v.2) and corticalization factor (CF). The analysis was conducted on 40 cortical
bone image samples, 40 cancellous bone samples and 40 soft tissue samples. It was found that
each measure distinguishes corticalization significantly (p < 0.001), but only CI v.1 and CI v.2 do
so selectively. CF or the inverse of BI can serve as a measure of peri-implant bone corticalization.
However, better measures are CIs as they are dedicated to detecting this phenomenon and allowing
clear clinical deduction.

Keywords: dental implants; long-term results; long-term success; functional loading; peri-implant
bone; intra-oral radiographs; radiomics; texture analysis; corticalization; bone remodeling

1. Introduction

The functional loading of dental implants induces permanent changes in the alveolar
crest [1,2]. The functional loading of intraosseous dental implants causes significant changes
in the structure of the alveolar marginal bone, observed radiographically [3]. There was
corticalization and associated marginal bone loss relentlessly progressing over the five and
ten years of observation presented previously [3]. It is expressed in the loss of trabeculation
(lower entropy of bone radiostructure) in favor of the unification of the arrangement of
bone components and their massification (increase of long elements in radiograph). Both
of these structural changes are summarized in the bone index (BI). The conducted analysis
strongly suggests that the phenomenon of corticalization is a nonbeneficial alteration of
the bone around the implants (at least in the scope disclosed in this study). It means that
marginal bone loss will increase as corticalization progresses.

The trabecular structure disappears and is successively replaced by cortical bone-like
tissue. These observations were made on the digital analysis of peri-implant bone structure
in intraoral radiographs. For this, the bone index [4,5] was used, or, strictly speaking,
the inverse of this index since BI is used to detect trabecular bone. Due to the fact of
dichotomous deduction possibilities (cancellous bone vs. cortical bone), 1/BI was proposed
for detecting corticalization.

However, BI is oriented toward detecting cancellous bone. In trabecular structure
radiographs, BI reaches the highest values. In contrast, it reaches low values in other
bone structures. The author suspects that low BIs occur not only in images of cortical and
corticalized bone but also in areas of bone atrophy (uniformly radiologically translucent).
This suspicion is related to the structure of the BI [4,6] since there is a measure in its
structure that highlights the existence of long strings of pixels of similar brightness (in other
words, of similar radiographic translucency). This measure is not related to high brightness
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(optical density) only but shows both high and low optical density regions. BI cannot be the
only measure for evaluating bone at dental implant site. Unfortunately, BI does not indicate
whether a clinically suspicious site is corticalization or bone loss. This is a significant
disadvantage. To avoid it, each examined site or radiograph should be subjected to visual
inspection, which precludes the automation of the analysis and completely excludes the
use of radiomics.

The aim of this study was to see how BI behaves in areas of bone atrophy (radiologically
translucent non-trabecular areas) and to propose other indices specifically dedicated to
detecting corticalization in living bone.

2. Materials and Methods

The source of the scientific material included in this study was digital intraoral ra-
diographs [7] taken with the Digora Optima system (Soredex, Helsinki, Finland): 7 mA,
70 kV an 0.1 s (Focus apparatus—Instrumentarium Dental, Tuusula, Finland). Positioner
Rinn (Densply, Charlotte, NC, USA) was used for the 90◦ angle of X beam to the surface of
phosphor plate. Storage phosphor plates were read immediately after exposure.

Square areas of 3844 pixels (62 × 62), i.e., regions of interest (ROIs) in 8-bit, greyscale
images were included in the study, numbering 40 for the compact (cortical) bone images,
40 for the cancellous (trabecular) bone images and 40 soft tissue images (Figure 1). A total
of 120 ROIs were analyzed.

 

Figure 1. Regions of interest were located in cortical bone (ROI 1), trabecular bone (ROI 2) and soft
tissue (ROI 3) in main window of MaZda. Next, a series of textural features was extracted (MZ
Reports—on the left) and exported in comma-separated vector format (CSV).

This provided information on three unique regions: cortical bone, trabecular bone
and soft tissue. The textures of the X-ray images were analyzed in MaZda 4.6 freeware
invented by the University of Technology in Lodz [8] to test measures of corticalization
in control environments of trabecular bone (representing original bone before implant-
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dependent alterations) and soft tissue (representing product of marginal bone loss). MaZda
provides both first-order (mean optical density) and second-order (entropy, differential
entropy (DifEntr), long-run emphasis moment (LngREmph)) data. Due to the fact that
the second-order data are given for four directions in the image, and in the present study,
the author did not wish to search for directional features, the arithmetic mean of these
four primary data was included for further analysis. The regions of interest (ROIs) were
normalized (μ ± 3σ) to share the same average (μ) and standard deviation (σ) of optical
density within the ROI. To eliminate noise, [9] worked on data reduced to 6 bits. For
analysis in a co-occurrence matrix, a spacing of 5 pixels was chosen. In the formulas that
follow, p(i) is a normalized histogram vector (i.e., histogram whose entries are divided by
the total number of pixels in ROI), i = 1,2,..., Ng denotes the number of optical density levels.
Mean optical density (only a first-order feature) is calculated as follows:

μ = ∑Ng
i=1 ip(i) (1)

Second-order features are found by:

Entropy = −∑Ng
i=1 ∑Ng

j=1 p(i, j) log(p(i, j)) (2)

Di f Entr = −∑Ng
i=1 px−y(i)log

(
px−y(i)

)
(3)

where Σ is sum, Ng is the number of levels of optical density in the radiograph, i and j are
optical density of pixels 5-pixel distant one from another, p is probability and log is common
logarithm [10]. The differential entropy calculated in this way is a measure of the overall
scatter of bone structure elements in a radiograph. Its high values are typical for cancellous
bone [4,11,12]. Next, the last primary texture feature was calculated (Figure 2):

LngREmph =
∑

Ng
i=1 ∑Nr

k=1 k2 p(i, k)

∑
Ng
i=1 ∑Nr

k=1 p(i, k)
(4)

where Σ is sum; Nr is the number of series of pixels with density level i and length k; Ng is
the number of levels for image optical density; Nr is the number of pixel in the series; and p
is probability [13,14]. This texture feature describes thick, uniformly dense, radio-opaque
bone structures in intraoral radiograph images [4,12].

The equations for DifEntr and LngREmph were subsequently used for the index
construction [4–6,12]. The bone index (BI), which represents the ratio of the diversity of the
structure observed in the radiograph to the measure of the presence of uniform longitudinal
structures, was calculated:

Bone Index =
Di f Entr

LngREmph
(5)

Two more formulas were developed with the intention that they would describe the
intuitive increases in their values together with the progression of corticalization and that
they would suppress the results for cancellous and soft-tissue sites by representing such
sites with low values:

Corticalization Index ver.1 =
LngREmph·Mean

Di f Entr
(6)

Corticalization Index ver.2 =
LngREmph·Mean

Entropy
(7)

The Kruskal–Wallis test was used for the comparison of medians between cortical,
and trabecular or soft tissue radiograph (Statgraphics–StatPoint Technologies, Inc., The
Plains, VA, USA). Factor analysis was used to find the statistically supported next measure
for the corticalization process product. Input vectors: mean optical density, texture entropy,
DifEntrp, and LngREmph. The procedure was performed for factors of eigenvalue ≥ 1. A
probabilistic neural network (PNN) to classify cases into different ROI was applied. Rate of
correctly classified ROIs by the network was evaluated.
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Figure 2. The source material and the primary texture features extracted from it. The meanings of the
ROIs are the same as in Figure 1. Maps of the local intensity of the studied features are below the
original radiographs. The map is created from square boxes of nine pixels. In the maps of features,
lighter areas indicate higher local intensity of the feature, while darker areas indicate lower intensity
of the feature.
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3. Results

Calculations for selected measures of corticalization in radiographs of three types of
tissue representing the corticalization phenomenon, bone loss and the reference region of
cancellous bone are shown in Table 1. The results of the primary bone imaging features are
shown in Figure 3. These consisted of one first-order feature (mean optical density) and
two second-order features (DifEntr and LngREmph).

Table 1. Numerical results of the investigation of selected measures of corticalization.

Measure
of Corticalization

ROI 1
Cortical Bone

ROI 2
Trabecular Bone

ROI 3
Bone Loss

Note

Mean Optical Density 132 ± 27 91 ± 15 34 ± 15 p < 0.001 1

Entropy 2.68 ± 0.15 2.74 ± 0.19 1.79 ± 0.27 p < 0.001 2

Differential Entropy 1.10 ± 0.09 1.28 ± 0.10 0.81 ± 0.15 p < 0.001 1

LngREmph 1.66 ± 0.21 1.55 ± 0.18 3.01 0.97 p < 0.001 3

Bone Index 0.67 ± 0.13 0.84 ± 0.15 0.31 ± 0.14 p < 0.001 1

Corticalization Index ver.1 200 ± 42 112 ± 28 115 ± 26 p < 0.001 4

Corticalization Index ver.2 81 ± 15 53 ± 13 52 ± 12 p < 0.001 4

Corticalization Factor 114 ± 23 80 ± 12 29 ± 14 p < 0.001 1

1 Statistically significant difference found between all the ROIs compared with each other; 2 ROI 3 is significantly
lower than ROI 1 as well ROI 2; 3 ROI 3 is significantly higher than ROI 1 as well as ROI 2; 4 ROI 1 is significantly
higher than ROI 2 as well as ROI 3. ROI—region of interest; LngREmph—long-run emphasis moment.

 

Figure 3. Based on the above three features (DifEntrp, Mean optical density, LngREmph), the
algorithm manages to initially separate the results for the three tissues (ROIs), but corticalization
(Cortical) is not well discriminated here. It is worth noting that the simple measure of mean optical
density itself shows the differences between the regions of interest studied.

The constructed indices were then examined in three ROIs: bone index (Figure 4),
corticalization index ver. 1 (Figure 5) and corticalization index ver. 2 (Figure 6).
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Figure 4. The bone index (BI) was calculated for the detection of normal bone (i.e., trabecular bone)
within dental alveolus during guide bone regeneration. That is why BI reaches the highest values in
ROI 2 representing trabecular bone. There are significant statistical differences between each ROI.

 

Figure 5. Corticalization index ver. 1 (CI v. 1) is based on two components included in BI and mean
optical density. The components are arranged inversely to the BI to emphasize the corticalization
sites rather than trabeculation, and the mean optical density enhances this effect because it is located
in the numerator and is highest in the cortical bone.
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Figure 6. Corticalization index ver. 2 (CI v. 2). This corticalization measure differs from version 1
by replacing differential entropy (ver. 1) in the denominator with entropy (here, ver. 2). This was
dictated by the good statistical separation of ROI 1 from the other two ROIs by entropy. However,
due to the greater spread of entropy in ROIs than differential entropy, the separation between ROIs is
weaker here (but still highly statistically significant: p < 0.001).

The purpose of the factor analysis was to obtain a small number of factors that would
account for most of the variability in the four textural features (mean optical density,
texture entropy, DifEntrp, and LngREmph). In this case, the factor was extracted with a
high eigenvalue, 3.30 (much greater than or equal to 1.0). It accounted for 82.4% of the
variability in the original texture data. Since principal components was selected, the initial
communality estimates were set to assume that all of the variability in the data was due to
common factors. Moreover, the Kaiser–Meyer–Olkin measure of sampling adequacy (KMO)
was above 0.6 for that set of input features. This factorability test indicates whether or not
it is likely to be worthwhile attempting to extract factors from a set of variables. The KMO
statistic provides an indication of how much common variance is present. For factorization
to be worthwhile, KMO should normally be at least 0.6. Since KMO = 0.768, factorization
was likely to provide interesting information about any underlying factors. The equation
that estimated the common factor (the corticalization factor, CF) was performed to represent
the factor loadings:

CF = 0.8446·Mean + 0.9555·Entropy + 0.9066·Di f Entr − 0.9211·LngREmph (8)

where the values of the variables in the equation are standardized by subtracting their
means and dividing by their standard deviations. It also shows the estimated commu-
nalities, which can be interpreted as estimating the proportion of the variability in each
variable attributable to the extracted factors.

Factor analysis indicated that by placing the main emphasis on the simple measure-
ment of mean optical density and measuring the amount of chaoticity in the texture, it
is possible to more than adequately detect corticalization sites in the bone image (high
CF = 114 ± 23) with simultaneous indication of normal trabecular structure (intermediate
values 80 ± 12) and sites that are no longer bone, such as those affected by marginal bone
loss (lower values 29 ± 14). The presence of pixel long series of similar optical density is
minimized in this corticalization evaluation technique. However, removing LngREmph
from the analysis lowers the KMO to 0.618. Thus, one should suspect that short pixel series
(i.e., the inverse of LngREmph) is more important in assessing corticalization. A second
conclusion from this relationship is the essentiality of evaluating pixel series for indicating
corticalization sites.
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Thus, the last of the corticalization measures examined here was obtained from factor
analysis: CF (Figure 7). It was strongly stratified and allowed for good discrimination of
cortical bone from cancellous bone, cancellous bone from soft tissue, and soft tissue from
cortical bone (p < 0.001).

 

Figure 7. Corticalization Factor (CF). It has statistical features similar to BI, but it is most strongly
expressed in cortical sites, weaker in trabecular bone and weakest in soft tissues.

The relationships of the corticalization index with the bone index and corticalization
factor are shown in Figure 8 below.

 
(a) (b) 

Figure 8. The relationships of selected corticalization measures in the evaluation of intraoral radio-
graphs. (a) Corticalization index ver.1 with bone index (BI). A probabilistic neural network (PNN)
used to classify cases into different three structures in radiograph (cortical, trabecular, bone loss),
based on two input variables (corticalization index ver.1 and bone index). Of the 120 ROIs, 93% were
correctly classified by the network. (b) Corticalization index ver.1 with corticalization factor. Among
the 120 ROIs used, 94% were correctly classified in this pair of corticalization evaluators.

4. Discussion

It is worth noting that a simple measure derived from radiograph histogram analysis (i.e.,
mean optical density) has been used in dentomaxillofacial radiology for decades [9,15–24].
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It carries a great deal of clinically useful information but does not allow the automation
feature of radiomics [25–28] because it requires an analog context for understanding the
significance of local density changes. A second argument is the vast amount of other
information coming from the radiograph beyond the histogram data. In dentistry, more
than 10,000 texture features computing from the determined ROIs are now possible [29]. A
final issue is the non-specificity of the mean optical density for assessing bone corticalization
since residual granules of biomaterial previously implanted into bone, for example, can be
detected by this feature [30,31].

In peri-implant bone, optical density increases on plain intraoral radiography in pa-
tients treated with immediate-loading implants [1,32]. Similar observations were made for
late-loaded implants in the same time horizon (12 months of functional loading) that were
noted in the peri-implant bone texture structure [33]. The sum of squares, a feature from
the co-occurrence matrix, was studied, and it was found that there is a significant decrease
in the value of this texture feature around the integrated dental implant at 12 months after
prosthetic loading. This indicates a homogenization of the bone texture and a decrease
in its intrinsic contrast [33]. These are the initial reports describing the phenomenon of
corticalization of the alveolar crest caused by dental implants.

How to measure the product quantity derived from corticalization process in peri-implant
bone in a clinical situation is a critical question. In recent years, the occurrence of corticalization
in peri-implant bone was mentioned in scientific literature [32,34–36], and attempts are being
made to describe this phenomenon [3] and get to know its clinical significance.

The importance of the standardization of images and ROI should be emphasized first.
The approach to this issue depends on the tools used later. When digital radiographic
subtraction is used [7,9,16–18,21,22], geometric alignment is necessary first because two
radiographs of the same implant but taken at different times are superimposed. Rotational,
translational, scale and affine distortions need to be corrected. Next, alignment and contrast
brightness are needed. This is best achieved by aligning the histograms of the reference
locations [20,23]. In the research presented in this study, this second range of alignment
is essential. An alignment algorithm is introduced in the MaZda program consists of
standardizing the ROI. The ROIs were adjusted (μ ± 3σ) to share the same average (μ) and
standard deviation (σ) of optical density within the ROI.

Bone index (BI) is a good measure for determining the qualitative changes occurring
in the cancellous bone of the jaw. A decrease in its value indicates the disappearance of the
structure characteristic of trabecular bone. This is most likely related to corticalization since
low BI precedes the appearance of marginal trabecular bone in dental implantology by years.
There was a strong association of low BI (0.41 ± 0.19) present in the fifth year of implant
use with marginal bone loss at that time (p < 0.0001) [3]. Bone index also well describes the
results of guided bone regeneration inside the alveolus [4]. It highlights the appearance of
bone trabeculae at the site of biomaterial implantation. Inferences based on the BI also seem
to work well in other disciplines, i.e., in the analysis of bone consolidation quality [37],
where a low BI is present at post-fracture sites because the islands of bone densities are
more homogeneous (compact) than cancellous bone. This results in a less-chaotic structure,
i.e., entropy is reduced (and this entropy is the numerator of the fraction forming the BI).
For the same reasons, the bone image here has broad and uniform radio-opaque fields,
where long lines of pixels of the same optical density can be found. This causes a high
LngREmph, and this is the denominator of the fraction that forms BI. Thus, it affects the
reduction of the final BI to 0.70–0.79. Unfortunately, LngREmph (as well BI) cannot describe
the pixel series as high optical density (bone apposition) or low optical density (bone loss)
points in an image (BI is also low in homogenous radiologically translucent regions).

Moreover, in a study of corticalization, one would need a tool indicating the sites
of corticalization rather than the inverse, a tool indicating trabeculation, since bone loss
is much more strongly represented in this index (i.e., 1/BI) than corticalization itself.
Corticalization index ver. 1 is based on up to the inverse of the described bone index
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enhanced by the mean optical density result in the ROI. Corticalization index ver. 2 in its
design is similar to the inverse of the texture index described previously [5].

The presence of statistically significant differences between the ROIs of the cortical-
ization measures studied indicates that they are all useful to some degree. However, the
three tissues tested differed from each other in mean optical density, differential entropy,
bone index, corticalization factor). This does not provide a simple measure indicating the
site of corticalization searched for in this study. Nevertheless, it should be stated here that
both mean optical density and corticalization factor are highest at the site of corticalization.
Entropy, on the other hand, is uniformly elevated in both bone tissues (i.e., corticalized and
trabecular) relative to soft tissue, which is almost lacking a chaotically scattered texture pat-
tern (Table 1). The next one-element group is the long-run emphasis moment (LngREmph),
whose value is highest in soft tissue and lowest in both bone types studied (p < 0.001).
Yet other measures studied here (both corticalization indices) unambiguously indicate
that a given site is corticalized and significantly different from both trabecular bone and
well bone loss (i.e., soft tissue). Thus, these two measures do not have the interpretive
contamination of random bone loss detection introduced inside. High values here indicate
only a corticalization phenomenon, in contrast to the low values, which indicate everything
else, i.e., trabecular bone and bone loss. Therefore, these two measures also cannot be
used for evaluating the results of guided bone regeneration (the bone index is great for
this purpose), nor can they be used to study sites of bone loss. It will be possible in the
future to select the best measure for studying a particular phenomenon in peri-implant
bone. However, for the considerations in this study, the indices of corticalization (CI ver.1
and CI ver. 2) are the most interesting measures selected.

It seems appropriate to present a dedicated index for detecting corticalization as a
phenomenon important for the long-term success of implant treatment. The purpose of this
paper is to present such an index for clinical application. The interpretation inconvenience
of 1/BI can be resolved by associating the index with high brightness (i.e., high optical
density) as typically found in radiographic images of compact (cortical) bone. This gave
the idea to include in the index the first-order feature of mean brightness/optical density,
i.e., the mean from the histogram of the examined region of interest.

Both versions of CI allow for distinguishing corticalization from atrophy and, of
course, also from trabecular bone. The question is whether it is better to rely on BI in the
assessment of corticalization, which after all is designed to search for trabecular bone in
X-ray images and which also distinguishes bone atrophy well (BI for cancellous bone is the
highest, for cortical bone, it is statistically significantly lower and for the site of bone loss, it
is significantly lower to corticalized bone). Or is it better to rely on a CI that indicates only
corticalization and describes trabecular bone and bone loss together at an equal level i.e.,
CI ver.1 approx. 114, CI ver.2 approx. 52 for non-corticalization sites.

When considering these aspects of the analysis, it should be emphasized that marginal
bone loss has already been very well described in the literature, and the methods to diagnose
it are known and evident [38–43]. It is also known to be an unequivocally unfavorable
phenomenon for implant success [44–46]. Corticalization itself is suspected as a potentially
unfavorable prognostic factor [3]. Thus, it seems best at this stage of the understanding of
this phenomenon to focus on the dichotomous separation of the peri-implant bone image
structure: corticalized versus other (i.e., cancellous or affected by loss).

As is well known, cortical structural changes can have very serious adverse effects, as
in patients treated with antiresorptive therapy (MRONJ) [47], less severe as it seems after a
decade of monitoring bone transformation around dental implants [3] or perhaps have a
positive effect as in the case of immediate loading of dental implants [32].

The phenomenon described here is so pronounced in the jaws because the bone
appositional index here is one of the highest in the body [48]. It is certainly higher than in the
iliac bone, femur or vertebrae. In the mandible, the bone apposition rate is 0.086–0.088 μm
per hour. This process guarantees the osseointegration of the dental implants in the first
phase but is probably responsible in later years for the corticalization of the surrounding
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area modulated by the permanent loading of the bone by biting and chewing forces. The
remodeling and the superimposition of new osteons to the older [49]. This late effect
at sufficiently high levels can lead to increased bone fragility and brittleness through
the mechanism of osteon hypermineralization, which is related to the process of bone
apposition [50]. However, in the jawbone, the phenomenon occurs on a microscale. Whether
it is a negative process for the long-term maintenance of functioning dental implants is
uncertain. Perhaps for this reason, it is worth thinking about other methods of building
measures to describe bone corticalization.

A new approach is the use of factor analysis to evaluate peri-implant bone. The hopes
placed in it are based on good predictive experiences from other surgical teams [51,52]. The
advantage is the statistically reliable combination of information flowing from several tex-
ture features into a single number (corticalization factor) describing the variation occurring
in, for example, four features: mean optical density, the frequency of long series of pixels of
similar optical density (LngREmph) and two measures of texture pattern scattering (en-
tropy and differential entropy). This aforementioned reliability relies on high eigenvalues
and KMO statistics.

Information describing the triplet variation (cortical vs. trabecular vs. bone loss)
can reduce the number of features while retaining their internal information by the factor
analysis and equation for the corticalization factor (8). It turns out that based on the factor
calculated in this way (CF), statistically significant differences (p < 0.05) can be indicated
between corticalization site roentgenograph (value approx. 120) and cancellous bone (value
about 80) versus bone loss (value less than 40). Both analyses (Figure 8) indicate the
possibility of the direct transition of cancellous bone to atrophy and of cortical bone to
atrophy. Based on the presented methods for the detection of corticalization, there is no
indication of a transition state between cancellous bone and bone loss. It is certainly not a
corticalized bone. Bone loss can arise directly from one or the other bone tissue.

On the other hand, when considering the interpretive convenience in a study of only
corticalization, it is more comfortable to use a tool that gives dichotomously differentiated
results, i.e., yes or no for corticalization, and such measures are presented above: the
corticalization indices.

It is important and interesting to validate the corticalization measures presented here
on a wide range of patients in variable clinical situations (e.g., different implants [53,54],
different surgical protocols [55], bone compression screws [56,57], different prosthetic
work [58], vitamin D3 levels [47] and molecular signaling modulation [59]). This will
allow for choosing the best applications for particular measures. Or perhaps it will prove
advisable to use several measures simultaneously, e.g., for monitoring remodeling of the
cancellous and cortical substance. It is also important to test the usefulness in other parts
of skeletal surgery such as hand [60], foot [61], thoracic [62], orthognathic [63], spine [64],
joint replacements [35,65] and rehabilitation [66,67].

One should not forget other measures of corticalization being developed in dentistry
itself like fractal dimension and multifractal spectra [53,68–70]. It seems that this valu-
able and interesting source may in the future bring very useful measures of peri-implant
bone remodeling.

This study provides important clinical considerations for dentistry (especially dental
implantology). First, it systematizes the possibilities of assessing bone remodeling. It
will be possible in the future to select the most suitable index in relation to the observed
bone remodeling processes. Second, it is important to relate an objective measure of bone
condition with the prediction of dental implant maintenance in normal function. The
proposed measures of corticalization are applicable for monitoring bone health around
the dental abutments associated with bridges and crowns and the results of guided bone
regeneration and tissue bone regeneration in implantology and perioodontology. The
clinical relevance of this study can also be seen in monitoring antiresorptive therapy in
the treatment of osteoporosis and controlling the metastasis of malignant tumors to bone.
Orthopedists, neurosurgeons and hand surgeons who also use metal stabilizers, screws,
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cages and joint replacements may also benefit. Many fields of medicine need evaluators that
assess the condition of bone and its transformation as a function of time. In these example
fields of medicine, for example, the use of the corticalization index is being looked at.

5. Conclusions

The corticalization factor, or inverse of bone index, can serve as a measure of peri-
implant bone corticalization. However, better measures are the corticalization indices as
these are dedicated to detecting corticalization and allowing for clear clinical deduction.
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Abstract: Background: This paper presents a novel lightweight approach based on machine learning
methods supporting COVID-19 diagnostics based on X-ray images. The presented schema offers
effective and quick diagnosis of COVID-19. Methods: Real data (X-ray images) from hospital patients
were used in this study. All labels, namely those that were COVID-19 positive and negative, were
confirmed by a PCR test. Feature extraction was performed using a convolutional neural network,
and the subsequent classification of samples used Random Forest, XGBoost, LightGBM and CatBoost.
Results: The LightGBM model was the most effective in classifying patients on the basis of features
extracted from X-ray images, with an accuracy of 1.00, a precision of 1.00, a recall of 1.00 and an F1-
score of 1.00. Conclusion: The proposed schema can potentially be used as a support for radiologists
to improve the diagnostic process. The presented approach is efficient and fast. Moreover, it is not
excessively complex computationally.

Keywords: features extraction; X-ray images; COVID-19; machine learning; image processing

1. Introduction

COVID-19 is a disease caused by the SARS-CoV-2 virus. It has a wide range of
symptoms, most of which affect the respiratory tract. It can lead to serious inflammation
of the lungs and, consequently, pneumonia [1]. The COVID-19 pandemic has exposed
healthcare problems around the world. The large number of patients to diagnose and the
limited number of tests and staff available turned out to be a significant problem. As a result,
the number of diagnostic tests performed was very often too low. The diagnostic method
that turned out to be the gold standard for the confirmation of SARS-CoV-2 infection
was the polymerase chain reaction (PCR) test. However, this method is not error free
and sometimes gives false results [2]. Another difficulty comes from the fact that some
people, despite being infected with the SARS-CoV-2 virus, do not develop symptoms of the
disease [3] and are not referred for PCR testing. This can cause problems with the correct
diagnosis of the disease. Despite its latency, the disease can cause serious changes in the
lungs. In these cases, the diagnosis is possible on the basis of an X-ray of the lungs. For
this reason, machine learning methods have been used to detect COVID-19 infections on
X-ray images. Methods based on machine learning (ML) turned out to be effective and
useful during the analysis and assessment of the impact of diseases (e.g., COVID-19 or
pneumonia) on X-ray images of the lungs [4–6]. The major contributions of this paper are
as follows:

• We propose a novel approach to chest X-ray image analysis in order to diagnose
COVID-19 using an original CNN-based features extraction method.
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• We obtained a new dataset containing samples from confirmed COVID-19 cases as
well as from uninfected patients. The infection status of both groups was confirmed
by a PCR test. We performed an augmentation in order to increase the dataset’s size.

• We implemented the proposed features extraction for different classifiers, obtaining
promising results.

Further parts of this paper are constructed in the following manner: (a) a brief review
of the state-of-the-art is presented in Section 2; (b) in Section 3, we describe the dataset,
augmentation process and the proposed approach to the classification; (c) in Section 4,
we present the obtained results; (d) in Section 5 (the Discussion) we compare our results
with other state-of-the-art approaches, we pull out some conclusions, and we present
perspectives for future work on this topic.

2. Related Work

To combat the challenges posed by the pandemic to the healthcare service,
Khan et al. [7] proposed a deep-learning-based method of accurate and quick diagno-
sis of COVID-19 using X-ray images. They proposed a method consisting of two novel deep
learning frameworks: Deep Hybrid Learning (DHL) and Deep Boosted Hybrid Learning
(DBHL). The use of both of these frameworks led to an improvement in their COVID-19
diagnostic methods. The result was a model capable of identifying COVID-19 in X-ray
images with over 98% accuracy on a previously unseen dataset. This method has been
shown to be effective in reducing both false positives and false negatives and has proven to
be a useful supportive tool for radiologists.

Tahir et al. [8] proposed a model based on a convolutional neural network (CNN)
capable of lung segmentation and localization of specific changes caused by COVID-19.
The dataset used consisted of nearly 34,000 X-ray images, including lung images of people
with COVID-19 and pneumonia and of healthy people. An important element of the study
was the appropriate marking of photos by specialists. This method recognized COVID-19
and its effects on the lung image with sensitivity and specificity values over 99%.

In [9], Brunese et al. used transfer learning to create a model capable of detecting
COVID-19 changes in X-ray images of the lungs. This model is applicable (1) to the
classification of healthy people and patients with changes in lung X-ray images; (2) to
distinguish between COVID-19 and other lung diseases; and (3) to distinguish lung lesions
caused by the SARS-CoV-2 infection. This model was based on the VGG-16 (16-layered
convolutional neural network) and underwent transfer learning. This study included
6523 X-ray images from healthy individuals, patients with various lung diseases and
patients with COVID-19. The model trained on this dataset achieved a sensitivity equal
to 0.96 and a specificity of 0.98 (accuracy of 0.96) for distinguishing between healthy
individuals and patients with lung diseases, and a sensitivity of 0.87 and a specificity equal
to 0.94 (accuracy of 0.98) for distinguishing lung diseases from COVID-19. The image
analysis process itself is extremely fast and takes only about 2.5 s. The data presented by
the authors indicate that the developed model achieves good and reliable results.

Chakraborty et al. [10] presented a COVID-19 detection method based on a Deep
Learning Method (DLM) using X-ray images. The authors used different architectures
of deep neural networks in order to achieve optimal results. They combined several pre-
trained models such as ResNet18, AlexNet, DenseNet, VGG16, etc. This approach showed
to be effective and cost significantly less than standard laboratory diagnostic methods.
The dataset consisted of 10,040 chest X-ray images, which included a normal/healthy
population, COVID-19 patients and patients with pneumonia. The presented model was
highly accurate (96.43%) and sensitive (93.68%). This work showed the high usefulness
of ML models for determining changes in X-ray images, which can facilitate the work of
radiologists who, as a result of this quick method, can refer patients directly to treatment.

Civit-Masot et al. [11] noted that traditional tests to identify SARS-CoV-2 infection are
invasive and time consuming. Imaging, on the other hand, is a useful method for assessing
disease symptoms. Due to the limited number of trained medical doctors who can reliably
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assess X-ray images, it is necessary to invent ways to facilitate this type of assessment.
The authors used the VGG-16-based Deep Learning model to identify pneumonia and
COVID-19. The presented results indicate high accuracy (close to 100%) and specificity of
the model, which qualify it as an effective screening test.

It is also worth mentioning that ML-based methods can support not only radiology
specialists. In [12], we can see the transfer learning approach to discovering the impact
of the stringency index on the number of deaths caused by the SARS-Cov-2 virus. As
presented in [13], ML can be also implemented in order to predict the COVID-19 diagnosis
based on symptoms. Statistical analyses revealed that the most frequent and significant
predictive symptoms are fevers (41.1%), coughs (30.3%), lung infections (13.1%) and runny
noses (8.43%). A total of 54.4% of people examined did not develop any symptoms that
could be used for diagnosis. Moreover, ML can also be a useful tool in vaccine discovering,
as presented in [14].

Recently, numerous ML-based approaches for rapid diagnostics have been published.
In addition, they have gathered increasingly more attention from some government and
international agencies. For example, the European Commission published a White Paper
entitled ‘On Artificial Intelligence—A European approach to excellence and trust [15].
Seven key requirements were identified and are described in the document:

• Human agencies and oversight;
• Technical robustness and safety;
• Privacy and data governance;
• Transparency;
• Diversity, non-discrimination and fairness;
• Societal and environmental well-being;
• Accountability.

The following statement in the EC publication is worth noting: AI can and should
itself critically examine resource usage and energy consumption and should be trained
to make choices that are positive for the environment. It follows from the above citation
that it is extremely important to focus on providing solutions that are not only cost and
time effective but also that spare energy used for computations. This kind of approach
to AI has become introduced as the ‘GreenAI’ [16] and has gathered increasingly more
attention recently [17]. Research working on the GreenAI have also proposed some novel
metrics [18]. As a result of this metric, researchers can compare not only the accuracy and
precision of the proposed method, but also its sustainability and eco-friendliness.

3. Materials and Methods

The general overview of the proposed method is presented in Figure 1. The image
presents an example of the data obtained from the hospital and some consequential steps:
the augmentation process and pre-processing of the sample. In Figure 1, the features
extraction and classification steps are presented. Finally, the proposed method gives the
answer of “true” for the COVID-19-positive sample and “false” for the healthy sample.
Each step of the process is described in detail in this section. All experiments were carried
out with the use of Python 3.7 and the TensorFlow platform. Among others, we used the
following libraries: scikit-learn, Xgboost, Lightgbm and Catboost.

3.1. Dataset

In this research, anonymized real data were used. The data were obtained from
Antoni Jurasz University Hospital No. 1 in Bydgoszcz, Department of Radiology and
Imaging Diagnostics. A total of 60 chest X-ray images were obtained; 30 were from healthy
individuals, and 30 had COVID-19 confirmed by a PCR test. The images were provided in
the DICOM format. The images were in a raw form, without masks. Some samples from
the dataset are presented in Figure 2.
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Figure 1. The following steps of processing in the proposed method: data acquisition, data augmen-
tation, sample pre-processing, features extraction and binary classification of COVID-19 as positive
or negative (healthy).

Figure 2. The exemplary images from the dataset divided into two classes: Healthy and COVID-19
confirmed by a PCR test.

3.2. Data Augmentation

In order to perform training, the dataset was divided into 3 disjointed subsets: the
training set (80%), validation set (10%) and testing set (10%). Unfortunately, the quantity
of samples was not enough to use any ML technique. Thus, we decided to use augmen-
tation for increasing the size of the training dataset. As a result of the augmentation,
10 samples from one single image were obtained. The initial proper balance in the dataset
was unchanged, and as a result, the dataset was still well balanced. The following methods
for augmentation were implemented:

• rotations—1◦, 2◦ and 3◦ both clockwise and anti-clockwise;
• noises—a random Gaussian noise and a salt and pepper noise were added;
• zooming out—the image was resized to obtain 95% of its original size.

3.3. Data Pre-Processing

First of all, the samples were moved to grayscale images and were normalized. The
goal of normalization was to improve the quality of the images, e.g., by enhancing the
contrast, as described in [19]. The data obtained from the hospital were not masked.
Thus, the essential step of processing was to provide proper masks to help in selecting the
region of interest. The goal of this step was to prevent the ML-based model from learning
information that is useless from the point of view of COVID-19 diagnostics, such as images
of a collar bone or a stomach. Hand crafting masks would be time consuming, and it would
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require the involvement of a specialist. On the other hand, proposing a novel method
of segmentation can be treated as a separate scientific problem, as presented in [20,21].
Therefore, it was decided to use the pretrained model, which is widely available and very
powerful in masking X-ray images [22].

3.4. ML-Based Methods

ML-based methods were used in two steps of processing, namely features extraction
and classification. As a baseline, a convolutional neural network (CNN) was used for both
steps. Then, almost the same CNN architecture was used solely for extracting features,
since it was reported as very promising and efficient [23,24].

The features extraction step can be an essential one for the whole image processing
system. It can reduce the complexity of the problem, and consequently, it can make the
proposed approach more efficient, require less computing time and, therefore, more eco-
friendly. The general schema of the CNN is presented in Figure 3. The input in this
architecture was grayscale images with sizes of 512 × 512 pixels. Then, three pairs of
convolutional layers and max pooling layers were used. Each of them was responsible for
performing operations between the filters and the input of each corresponding layer. The
convolutional layers consisted of 64, 128 and 256 filters, respectively. On each layer, an
ReLU activation function was used to implement and perform nonlinear transformations.
Then, the flattened layer and the dense layer were used. The proposed neural networks
against the dense layer neuron quantity were examined. The values, with a range of [5,200],
were tested. Involving the validation subset, it was observed that the most promising
was using 57 features. This features extraction type was qualified for further research
and development. Then, numerous classifiers were examined: XGBoost [25], Random
Forest [26], LightGBM [27] and CatBoost [28]. It was decided to use these classifiers
due to some reasons. First of all, they are tree-based algorithms, and they perform very
well in binary classification problems. Secondly, they have been already used in similar
applications, as presented in [29–31], providing promising results.

Figure 3. The architecture of the CNN used in the research. In dashed lines, the added Dense network
was in solely a CNN-based approach.

The approach based on solely CNN both for features extraction and for classification
had one change in the architecture. In this case, the next dense layer with the softmax
activation function (presented in Figure 3 in dashed line) was added. It enabled the binary
classification of COVID-19 positive or negative. This approach was trained, validated and
tested using the above-mentioned training, validation and testing datasets, respectively.
The training parameters were: 50 epochs, a learning rate equal to 0.00001 and a loss function
set to SparseCategoricalCrossentropy.
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4. Results

Since the hospital data represent two classes (COVID-19 positive and healthy), the
problem of the disease diagnostics can be treated as a binary classification. In this research,
the confusion matrices were used in order to evaluate and compare the ML-based methods.
Four measures were defined, as follows:

• TP—true positives—COVID-19-infected patients classified as sick;
• FP—false positives—healthy patient images classified as COVID-19 infected;
• FN—false negatives—COVID-19-infected patients classified as healthy;
• TN—true negatives—healthy patients classified as healthy.

Each model in the research was evaluated using accuracy (Equation (1)), precision
(Equation (2)), recall (Equation (3)) and F1-score (Equation (4)), which use the above-
mentioned measures of TP, FP, FN and TN.

Acc =
TP + TN

TP + TN + FP + FN
, (1)

Precision =
TP

TP + FP
, (2)

Recall =
TP

TP + FN
, (3)

F1-score =
2 · Precision · Recall
Precision + Recall

, (4)

All experiments were performed using a Tesla with GPU support. As a result of its
enormous computing power, low price, relatively low demand for electricity and the CUDA
environment support, Tesla systems have become an attractive alternative to traditional
high-power computing systems, such as CPU clusters and supercomputers. This kind of
device can be extremely helpful in image processing and also in medicine diagnostics.

The obtained results from all the experiments are provided in Table 1. All the evaluated
metrics are given: accuracy, precision, recall and F1-score. The approach using the CNN
both for features extraction and for classification provided the less promising results.
Two examined classifiers provided the highest results: XGBoost and LightGBM, with
accuracy = 1.0, precision = 1.0, recall = 1.0 and F1-score = 1.0. For selecting the optimal
classifier for the presented solution, the computational time for both classifiers, namely the
training time and prediction time for a single image, was compared. It was decided to use
this parameter for optimization because the goal was to provide a light, sustainable and
eco-friendly solution. For XGBoost, the average training time was equal to 242 ms, and
the prediction time for a single image was above 11ms. For LightGBM, those times were
132 ms and less than 2 ms, respectively. That is why LightGBM is marked in bold in Table 1.

Table 1. Obtained results: accuracy, precision, recall and F1-score for all experiments.

F. Extractor Classifier Accuracy Precision Recall F1-Score

CNN CNN 0.86 0.75 1.00 0.86
CNN XGBoost 1.00 1.00 1.00 1.00
CNN Random Forest 0.91 0.86 1.00 0.92
CNN LightGBM 1.00 1.00 1.00 1.00
CNN CatBoost 0.91 0.86 1.00 0.92

One could ask ‘what makes LightGBM faster than XGBoost?’. The following are the
features of LightGBM that affect its effectiveness and the mathematics (Equation (5)) behind
LightGBM that allow one to understand the answer to this question [32,33].

Vj(d) =
1
n

(5)
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where Al =
{

xi ∈ A : xij ≤ d
}

, Ar =
{

xi ∈ A : xij > d
}

, Bl =
{

xi ∈ B : xij ≤ d
}

,
Br =

{
xi ∈ B : xij > d

}
, d is the point in the data where the split is calculated to find

the optimal gain in variance and the coefficient 1−a
b is used to normalize the sum of the

gradients over B back to the size of AC.
LightGBM produces trees and finds the leaves with the greatest variance to perform

division with the use of leaf-sage techniques. LightGBM achieves the optimal number of
leaves in the trees and uses the minimum amount of data in the tree.

5. Discussion

ML methods can be valuable tool for COVID-19 diagnosis. ML-based methods cannot
replace an experienced medical doctor in the final diagnosis, but they help significantly in the
process, relieving the burden on health care and improving the diagnostic process. Screening
with X-ray images is less expensive and faster than PCR testing [34]. This is one of the reasons
why it is worth developing ML-based techniques to assist specialists in diagnostics.

In [35], the authors paid particular attention to the explainability AI (xAI), as it is
essential in clinical applications. Explainable approaches increase the confidence and trust
of the medical community in AI-based methods. They noted that X-ray imaging was not a
method of choice when diagnosing COVID-19. However, the changes visible in the X-ray
images of the lungs allow for the detection of pathological changes at an early stage of their
development. For this reason, the authors indicated the usefulness of models supporting
radiologists in their work and improving the decision-making process. The dataset of X-ray
images used by the authors contained nearly 900 X-ray images of both COVID-19 patients
and healthy patients, which was a significantly bigger dataset than that presented in this
paper. Therefore, it could learn a wider range of differences between the images. In this
work, the authors used pre-trained networks (ResNet-18 and DenseNet-121) to perform
image classification with the best AUC score of 0.81. The sensitivity and specificity results
obtained by authors were significantly lower than ours, however, which may be caused
by dataset size differences. The model proposed in this research is fast, efficient and does
not require high computing power; thus, it can be used in ordinary computers in hospital
laboratories. The presented model obtained satisfactory results of evaluation metrics,
which confirm its accuracy. These results are comparable and potentially better than those
reported in the state-of-the-art review (Section 2). Some detailed results provided in the
literature are presented in Table 2. However, our concern remains on the small number of
original images that formed the basis of the database used. We believe that the method of
data augmentation used may introduce bias; however, with such a small amount of data,
this step was necessary. We believe that this is an aspect that could be improved in the
course of further cooperation with hospitals that would provide more learning data.

Table 2. Results compared to other state-of-the-art methods, namely accuracy, precision, recall,
F1-score and AUC. The results not provided by the authors are marked with ‘-’.

Authors Method Acc. Prec. Rec. F1 AUC

Rajagopal [27] CNN + SVM 0.95 0.95 0.95 0.96 -
Júnior et al. [30] VGG19 + XGBoost 0.99 0.99 0.99 0.99 -
Nasari et al. [29] DenseNet169 + XGBoost 0.98 0.98 0.92 0.97 -

Ezzoddin et al. [36] DenseNet169 + LightGBM 0.99 0.99 1.00 0.99 -
Laeli et al. [28] CNN + RF 0.99 - - - 0.99

Proposed CNN + LightGBM 1.00 1.00 1.00 1.00 1.00

Table 2 presents numerous approaches providing comparable results. It is essential
to mention that some of them are based on very complex architectures, use an extremely
big number of training parameters, need excessive computational power and require long
training. However, we decided to use fewer than 60 features and a light, fast classifier in
our approach. Thus, the approach proposed in this paper is lightweight, efficient and fast.
In the literature, we can observe very complex and resource-consuming approaches (such
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as COVID-Net, as proposed in [37], or ResNet, as implemented in [38]). It is worth empha-
sizing that the proposed solution is lighter but still equally or more efficient. Unfortunately,
it is very difficult to compare the eco-friendliness of different computing-based diagnostic
approaches, as it is not customary to provide such information in scientific publications.
Hopefully, in the near future, the sustainability of the proposed methods will become more
significant for researchers and editors.

We are also aware that there are some future improvements required for the presented
model. It is necessary to validate the model on a larger, different dataset. X-ray images
made with the use of various equipment exhibit different features, which may be an obstacle
to the universality of the presented model. It is worth checking how the model performs
on a new set of data from the same hospital and, alternatively, on a set from a different
source. Likely, the additional pre-processing can help to make all samples uniform. Another
potential extension of this work is providing the xAI. Its main aim is not only giving the
classification but also providing an explanation of why such a decision was made by a
ML-based method. Implementing the xAI can allow radiologist doctors to evaluate the
model and verify whether it makes the decisions based on real COVID-19 lesions.
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Abstract: Background: Titanium trabecular cages (TTCs) are emerging implants designed to achieve
immediate and long-term spinal fixation with early osseointegration. However, a clear radiological
and clinical demonstration of their efficacy has not yet been obtained. The purpose of this study
was to evaluate the reactive bone activity of adjacent plates after insertion of custom-made titanium
trabecular cages for the lumbar interbody with positron emission tomography (PET)/computed
tomography (CT) 18F sodium fluoride (18F-NaF). Methods: This was an observational clinical study
that included patients who underwent surgery for degenerative disease with lumbar interbody fusion
performed with custom-made TTCs. Data related to the metabolic-reparative reaction following the
surgery and its relationship with clinical follow-up from PET/CT performed at different weeks were
evaluated. PET/CTs provided reliable data, such as areas showing abnormally high increases in
uptake using a volumetric region of interest (VOI) comprising the upper (UP) and lower (DOWN)
limits of the cage. Results: A total of 15 patients was selected for PET examination. Timing of PET/CTs
ranged from one week to a maximum of 100 weeks after surgery. The analysis showed a negative
correlation between the variables SUVmaxDOWN/time (r = −0.48, p = 0.04), ratio-DOWN/time
(r = −0.53, p = 0.02), and ratio-MEAN/time (r = −0.5, p = 0.03). Shapiro−Wilk normality tests
showed significant results for the variables ratio-DOWN (p = 0.002), ratio-UP (0.013), and ratio-
MEAN (0.002). Conclusions: 18F-NaF PET/CT has proven to be a reliable tool for investigating the
metabolic-reparative reaction following implantation of TTCs, demonstrating radiologically how this
type of cage can induce reparative osteoblastic activity at the level of the vertebral endplate surface.
This study further confirms how electron-beam melting (EBM)-molded titanium trabecular cages
represent a promising material for reducing hardware complication rates and promoting fusion.

Keywords: lumbar arthrodesis; titanium trabecular cages

1. Introduction

Vertebral fusion is the most common and effective intervention for the treatment of
lumbar disc degeneration [1], and the introduction of minimally-invasive techniques has
gained popularity, lowering surgery-related traumatic insult [2,3]. However, the occurrence
of failed-back-surgery syndrome after arthrodesis still remains a problem in 5% to 15% of
lumbar-spine-fusion cases [4]. To reduce the rate of failure, scientists have, in recent decades,
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moved to investigating new concepts concerning techniques and instrumentation. Further,
the evaluation of the sagittal balance and pelvic parameters has assumed increasing value
becoming an element of analysis and discussion. High pelvic incidence-lumbar-lordosis
mismatch has been shown to be associated with adjacent segment degeneration, increased
risk of revision surgery, and residual or worsened postoperative symptoms [5–7]. For
these reasons, the restoration and long-term preservation of segment lordosis (SL) is now
considered one of the major goals of vertebral-fusion procedures. The use of interbody
fusion with intersomatic cages is the most widely used and effective method to increase and
correct SL [8]. Restoration of intervertebral-disc lordosis and height with iperlordotic-cage
insertion produces a significant axial load [9] on the vertebral endplate, enhancing sagittal
correction [8].

The most frequent complication of interbody fusion is the cage subsidence within
vertebral endplates with consequent reduction of disc height and loss of segmental lordotic
correction [9,10]. This also results in a reduced mechanical stability leading to pseudoarthro-
sis and poorer clinical outcomes. Time of subsidence has been reported as varying from
some weeks to several months and many factors can contribute to its occurrence, including
bone quality, cage morphology, and materials [11–13]. Therefore, the need to generate stable
lordotic corrections has also brought attention to the use of materials able to guarantee
primary stability and rapid biological-integration capacity. In this regard trabecular metal
cages present remarkable aspects of interest [14].

Trabecular titanium is emerging as a valuable candidate to achieve immediate and
long-term spinal correction and stability through effective early osteo-integration.

Recent in vitro studies [15,16] demonstrated that trabecular titanium is a biocompati-
ble surface able to induce mesenchymal stem cell adhesion, proliferation, and differentia-
tion towards the osteogenic lineage, even without the addition of osteogenic factors [17].
Trabecular titanium had a sufficient roughness to allow cell attachment, migration, and
proliferation suggesting interesting biological behaviors of the scaffold. It appears very
likely that the highly porous contact area between the cage and the vertebral endplates
assures an optimal ground for bone ingrowth [18,19].

However, in vivo clinical studies directly demonstrating the effectiveness of the osteo-
integrative activity of these materials and their role in preventing subsidence are still
lacking. Fluorine-18-sodium fluoride (F-NaF) PET/CT is a relatively new high-resolution
bone imaging technique that measures turnover. 18F-NaF PET has previously been shown
to correlate with histomorphometric parameters [20] and the osteo-integration capacity of
different materials and their use has been increasingly used to accurately assess the images
and provide awareness of the normal distribution and major artifacts in imaging [21]. This
study aimed to evaluate reactive adjacent endplate bony activity after trabecular titanium
cage (TTC) placement in order to assess, in vivo, the potential for implant osteo-integration
through the analysis of data extracted from positron-emission tomography/computed
tomography (PET/CT) obtained at varying times after surgery using 18F-sodium fluo-
ride (18F-NaF), a tracer chemically absorbed into hydroxyapatite in the bone matrix by
osteoblasts able to reflect bone re-modeling.

2. Materials and Methods

This was an observational study analyzing prospectively collected data of consecutive
patients undergoing single- or multi-level lumbar interbody fusion surgery using TTC for
degenerative diseases of the lumbar spine who underwent additional imaging examination
with 18F-NaF PET/CT for diagnostic evaluation in cases of persistent/recurrent low back
pain to investigate the reactive bone activity of the vertebral endplates adjacent to the
implanted cage, where standard imaging (MRI or CT) was inconclusive and showed no
common signs of cage failure. Patients were recruited over a period from March 2017 to
June 2019. The study was then approved by the ethics committee at our institution (Numb.
15092, 8 April 2019).
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Due to the cost of the diagnostic procedure, recruitment stopped when the maximum
number of patients approved by the committee was reached. Written informed consent
was obtained from each patient prior to their enrolment in the study.

2.1. Inclusion and Exclusion Criteria

All consecutive patients scheduled for lumbar-spinal-fixation surgery were eligible for
this study.

Patients were included in the study if they underwent a lumbar-spine stabilization
procedure in the absence of comorbidities and bone disease. Patients were included if,
in the postoperative period, they could undergo and sustain an appropriated follow-up
program. Patients evaluated had each had implanted the same type of custom-made
TTC: TTCs modeled by CAD/CAM technology by means of electron-beam melting (EBM)
technology (MT Ortho s.r.l., Aci Sant’Antonio, CT, Italy) for lumbar interbody fusion
performed through a lateral transpsoas (XLIF) and/or anterior retroperitoneal (ALIF)
approach. Other inclusion criteria were: a previous surgery for degenerative disease with
lumbar or lumbosacral interbody fusion performed with TTCs during the investigation
period, spontaneous acceptance and informed consent for execution of 18F-NaF PET/CT,
absence of comorbidities that contraindicate the execution of the examination, and full
availability to achieve at least one year of follow-up.

Exclusion criteria were: (1) patients aged below 16 years; (2) those who were undergo-
ing scoliosis surgery; (3) patients who had a previous surgical history entailing laminectomy
or the application of osteosynthesis material at the target levels; (4) patients with incom-
plete or incorrect data on clinical, radiological, surgical, or follow-up records; (5) patients
with ongoing infectious, traumatic, or oncological spinal diseases; and (6) patients with
diagnosed osteoporosis (a T-score less than −2.5 on dual-energy X-ray absorptiometry
bone densitometry measurements).

All patients underwent a general medical, neurological, and oncologic evaluation at
admission. For all the included patients, we recorded patient-related variables such as sex,
age, timing of surgery and PET/CT scan, type of surgery, clinical status before and after
surgery with the Oswestry Disability Index (ODI) and NRS score for back pain with at least
one year follow-up, and PET/CT data (see below the imaging protocol paragraph). Each
patient underwent only one PET examination to limit exposure to radioisotopes.

18F-NaF PET/CT was used in the enrolled patients for clinical assessment in cases
of persistent/recurrent back pain to investigate reactive bony activity of the vertebral
endplates adjacent to implanted porous titanium cage, when standard imaging (MRI or
CT) was inconclusive and did not show common signs of cage subsidence.

2.2. Interbody Implants and Surgery

All patients underwent interbody fusion with TTCs via the lateral transpsoas or
anterior retroperitoneal approach. After radical discectomy and careful preparation of
the vertebral endplates, intervertebral cages (MT Ortho s.r.l., Aci Sant’Antonio, CT, Italy)
(Figure 1), were inserted into the disc space. The upper and lower vertebrae were fixed using
transpedicular screws connected to titanium rods for primary stabilization. The choice
of posterior instrumentation with percutaneous or open technique was made according
to the need for open decompression or in degenerative, multilevel coronal misalignment.
No anterior plates were used with anterior approaches. The specific design features, such
as anterior height, individual lordosis correction angle, and footprint are provided by the
medical prescriber; moreover, each device is designed exclusively for specific patient since
the upper and lower cage surfaces match perfectly with the respective endplate morphology.
The shape of the cage was designed in order to restore local lordosis and to respect the
harmony of individual spino-pelvic parameters and the pelvic incidence, pelvic tilt, and
lumbar lordosis [20,21]. Neuromonitoring was always used during lateral approaches [22].
All interventions were performed by a single surgeon (F.T.) with extensive experience in
anterior and lateral approaches.
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Figure 1. Custom-made trabecular titanium cage for XLIF surgery.

2.3. 18F-NaF PET/CT Imaging Protocol

The preoperative 18F-NaF PET/CT scan was performed in accordance to the European
Association of Nuclear Medicine (EANM) guidelines for bone imaging [23] and the Society
of Nuclear Medicine (SNM) practice guidelines for 18F-NaF PET/CT bone scan 1.0. [24]
Patients were well hydrated before the study and during the uptake time to enhance renal
excretion, reducing radiation exposure. Metal objects were removed to prevent attenuation
artifacts. PET/CT images were acquired on a 3D integrated PET/CT system Discovery IQ
(GE Healthcare, Milwaukee, WI, USA).

Dynamic PET images of the target vertebral region were acquired in list mode for
30 min (frames/time 6 × 5 s, 3 × 10 s, 9 × 60 s, 10 × 120 s) immediately after i.v. injection
of 18F-NaF (1.5–3.7 mbq /kg) diluted in 3–5 mL of saline as a 60 s bolus and flushed with
saline. Whole-body PET/CT (WB-PET/CT) was acquired in supine position 60 min after
tracer injection. Patients voided immediately prior to the scan to reduce bladder activity
and were positioned supine on the tomographic bed with arms elevated over the head. WB-
PET/CT protocol included a topogram to define the field of view (FOV) from the base of
the skull to the pelvis, followed by a low-dose CT scan (120 kV, 140 mA, pitch 1, collimation
16 × 1.25) for attenuation correction and anatomical correlation, and a PET emission scan
(3 min per bed position, diagonal FOV 70 cm, 512 × 512 matrix size). Acquired data were
reconstructed by Q Clear (GE Healthcare), a Bayesian penalized-likelihood reconstruction
algorithm (strength 350). Images were corrected for injected dose, tracer decay, patient
body-weight, and attenuation using the low-dose CT scan. Late 18F-NaF PET/CT image of
the site of cages was acquired 90 min after tracer injection.

2.4. Metabolic Parameters

Imaging review and analysis of attenuation-corrected PET and CT images were per-
formed using an Advantage Workstation 4.4. (GE Healthcare, Milwaukee, WI, USA).

18F-NaF PET/CT scans were analyzed by three nuclear medicine physicians (M.S.,
L.R., and G.B.) who were blinded to patients’ clinical history and differences between
readers were resolved through consensus.

Areas with abnormally high uptake increases—focal, well-circumscribed, and clearly
above the background reference area—were identified and contoured using a volumetric
region of interest (VOI) encompassing the upper (UP) and lower (DOWN) cage limit
(vertebral endplates).

Standardized uptake values (SUVs) were obtained by normalizing the 18F-NaF concen-
tration in the bone region of interest for injected activity and body weight
(SUV = kbq/mL × body weight (kg)/injected activity (mbq)) [25].

The maximum SUV value (SUVmax) as the hottest voxel within the VOI was calculated
for the UP and DOWN VOIs (SUVmaxUP and SUVmaxDOWN) [26]. Mean values between
SUVmaxUP and SUVmaxDOWN were evaluated and classified as M-SUV.
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Uptake of both UP and DOWN VOIs, as well as the mean between them, were
normalized (ratio-UP, ratio-DOWN, ratio-MEAN) relatively to 18F-NaF uptake (SUVmax)
in the right hip bone, measured within a VOI placed on the normal-appearing bone,
encompassing both the cortex and the marrow space, in order to obtain a baseline uptake
of the patient and allow a reliable comparison among patients.

2.5. Size, Statistics, and a Potential Source of Bias

The study size was given by the selection of the inclusion criteria. As previously stated,
we addressed no missing data because incomplete records were an exclusion criterion.
The sample was analyzed with SPSS v18 (SPSS Inc., Released 2009, PASW Statistics for
Windows, Version 18.0, Chicago, IL, USA) to outline potential correlations between the
investigated variables. Comparisons between nominal variables were made with the
chi-square test. The threshold of statistical significance was considered as p < 0.05.

As a first step only the most caudal level of fusion was analyzed in order to guar-
antee the independence of observations. The choice to include in this analysis the most
caudal level was due to the greatest load borne. The correlation between time and all the
considered variables was evaluated by a Pearson correlation analysis (Pearson coefficient
and p-value of the related test are reported to evaluate the significance). Scatter plots
were drawn to visualize the relationship with a regression line. Then all the dataset was
analyzed with a mixed-effects model which can handle non-independent observations, and
Shapiro−Wilk tests were performed on the variables to satisfy the normality assumption of
the models. This model analyzes the influence of the variable time on the target variable,
where the variable subject is considered as the random factor. Final models were fitted
using the restricted maximum likelihood (REML) method and the general Satterthwaite
approximation for the degrees of freedom.

3. Results

A total number of 38 patients underwent arthrodesis with EBM TTCs between March
2017 and June 2019. After selection with the previously described criteria, 15 selected cases
(7 M, 8 F) underwent lumbar PET/CT with 18F-NaF. Descriptive data are summarized
in Table 1. A total of 35 interbody fusions (26 XLIF, 9 ALIF) were performed in these
patients. The most frequently treated level was L4-L5 (12/35). In the 35 patients, 18F-NaF
PET/CTs were performed within 6 months of the surgical procedure. In four patients
PET/CT examination was performed more than one year after surgery, despite radiological
evidence of fusion, because of recurrent back pain revealing no complications involving
the arthrodesis. No toxicity or adverse reactions to the tracer were reported by patients
However, PET/CTs did not reveal any complication involving the arthrodesis. In one
case, L3-L5 arthrodesis was followed by L5-S1 elongation two years later; the patient was
submitted to PET/CT 11 weeks after L4-L5 surgery and 4 weeks after elongation.

All patients achieved fusion with clinical improvement of their back pain at the last
follow-up when compared to the pre-op evaluation, and no subsidence or surgical revisions
was reported, preserving the homogeneity of the sample and the interpretation of 18F-NaF
PET data.

Study of Metabolic Results

Mean value of SUVmax was 20 ± 8.9 for the UP-VOI and 21.8 ± 9.6 for the DOWN-VOI.
The mean value of the ratio-UP was 1.4 ± 1.1 and of the ratio-DOWN was 1.6 ± 1.3.

Mean follow-up time was 22.2 months (min/max 13/32). (Table 1). Fusion was achieved
and registered in all the cases at one-year follow-up. Considering Pearson correlation,
the analysis showed a negative correlation between the variables SUVmaxDOWN/time
(r = −0.48, p = 0.04), ratio-DOWN/time (r = −0.53, p = 0.02), and ratio-MEAN/time
(r = −0.5, p = 0.03). The p was not significant for the variables SUVmaxUP/time (p = 0.15),
M-SUV/time (p = 0.07), or ratio-UP/time (p = 0.058) (Figure 2).
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Table 1. Descriptive Data.

Patients 15 (7 M, 8 F)

Age
(mean/min/max) 61/41/77

Levels

4 L1-L2 (11.5%)
6 L2-L3 (17.1%)
7 L3-L4 (20%)

12 L4-L5 (34.3%)
6 L5-S1 (17.1%)

Type of fusion XLIF (26), ALIF (9)

Number of levels of surgery

4 Single level (26.7%)
6 Two levels (40%)

2 Three levels (13.3%)
2 Four levels (13.3%)
1 Five levels (6.7%)

Follow-up
(mean/min/max) 22.2/13/32

Figure 2. Pearson correlation analysis between all considered variables and time. Scatter plots were
drawn to visualize the relationship with a regression line.

Shapiro−Wilk normality tests showed significant results considering the variables
ratio-DOWN (p = 0.002), ratio-UP (p = 0.01), and ratio-MEAN (p = 0.002). The p was not
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significant considering as variables SUVmaxDOWN (p = 0.05), SUVmaxUP (p = 0.93), or
M-SUV (p = 0.33) (Figure 3).

Figure 3. Mixed-effects model analysis with the considered variables and time.

4. Discussion

Trabecular titanium was developed to take advantage of its increased porosity and
interconnectivity in order to enable greater bone growth and tissue differentiation [27]. The
reason for its wide use is due to its biocompatibility, corrosion resistance, low density, and
capacity for osteo-integration [28–31]. Early preclinical studies [15–17] on TTCs showed
good adhesion and proliferation of mesenchymal cells on the surface of the scaffold [32,33],
suggesting an effective cell-material interaction [15–17] with a favorable contribution to
improved fusion.

In this study the use of 18F-NaF PET/CT provided some adjunctive information about
the metabolic-reparative reaction following the implantation of an interbody fusion cage
during clinical follow-up; PET/CT supports the evidence regarding the ability of the cage
to reach effective early osteo-integration.(Figures 4 and 5) and provide some indications
regarding the time required for the bone-remodeling process (the patients underwent
PET examinations at different times and this has undoubtedly helped to give value to the
final results).
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Figure 4. CT and PET images showing metabolic activity on vertebral plates after arthrodesis surgery
with trabecular titanium cage. L5-S1 ALIF, 11 weeks (A); L4-L5 XLIF, 27 weeks (B).

 

Figure 5. Pre-operative standing X-ray (A), immediate postoperative (B), and 58 weeks follow-up
(C) showing good sagittal correction after L1-L2 and L2-L3 XLIF surgery. PET (F) and CT (E) images
showed no activity at the level of the implanted vertebral plates suggesting a proper integration
with the bone. Appearance of L3-L4 activity was related to the occurrence of degenerative junctional
pathology as also shown by T1-weighted MRI sequences with Modic I signal (D).
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The investigation was performed to obtain metabolic information related to surgical
implant with regard to clinical status. Ratio values of upper and lower endplates, as well
as mean ratio showed, in both the Pearson correlation and in Shapiro−Wilk normality
tests, that an increase of regional blood flow and bone formation activity is registered after
surgery for arthrodesis.

According to our results, tracer uptake was already visible in the first week after
implantation. This first finding is probably related to the increase in blood flow after
preparation of the vertebral endplate and to the consequent bone-cell activation at the
contact surface. Therefore the metabolic activity, probably linked to the osteogenic activity,
increases progressively until reaching a peak between approximately the 3rd and 4th month
after surgery (Figures 2 and 3). This progressive increase in activity can be correlated, as
supported by in vitro studies, to the migration, adhesion, and growth of cells from the
vertebral bone tissue and to consequent osteoblastic activity with apposition of the bone
matrix within the cage pores [34]. In the later stages, the metabolic hyperactivity on the
vertebral endplates decreases progressively and tends to disappears around the 10th–12th
month after surgery (Figures 2 and 3). This reduction may be the expression of a lower need
for bone remodeling caused by sufficient acquired interbody fusion and stability [35,36].
The reparative phase could tend to run out after the formation of bone bridges between
the cages and the vertebral plate. The growth of tissue inside the cage can be the basis
for a real osteo-integration avoiding delayed subsidence and ensuring stability of the
obtained correction.

Few studies have reported the use of 18F-NaF PET for clinical reasons after spinal
fusion. Fischer et al. [37] investigated successful incorporation of cervical and lumbar
cages after fusion with the use of PET/CT demonstrating that an unsuccessful fusion with
residual stress and micro instability was characterized by increased 18F-NaF uptake [37]
This is why some studies started reporting associations between tracer uptake and failed
implant incorporations [38]. PET hyperactivity was described by Brans et al. [39] in patients
with persisting symptoms after lumbar surgery and was connected to concomitant CT
findings of subsidence. An increased uptake has also been registered in other studies of
cases with screw-loosening with a specificity of 97.4% in patient-based analysis [40]. A
relationship with painful pseudarthrosis was suggested by Peters et al. in a retrospective
series of 36 patients, because after surgery 18F-NaF activity was reported to be significantly
higher in patients with worse functional scores [41]. Abnormal foci of uptake appear to
be related to the patient’s source of pain and could be located at various sites involved
in arthrodesis (cages, screws, rods, or bone grafts) helping surgeons to choose the best
management and strategy if a surgical revision is considered mandatory [42,43].

In this series, implant stability and fusion were finally confirmed by radiological
exams (X-rays of CT), helping us to adequately validate our results. As described by
previous studies, the presence of pseudarthrosis, subsidence, or implants loosening could
result in abnormal uptake, increasing over time and helping to discriminate between
asymptomatic and symptomatic cases requiring revision [41–43]. According with our
preliminary results [36], the use of custom-made TTCs is confirmed to represent a promising
approach in order to achieve good stability promoting active osteo-integration and fusion,
while minimizing subsidence rates.

We argue that customization for cages and the use of TTCs allows surgeons to take
advantage of implant stability by maximizing the contact surface area, and also to plan
appropriate SL restoration when necessary.

The innate osteo-inductive capability of the porous titanium scaffold has been sug-
gested from these data. Cells were able to migrate and colonize the inner portions of the
cages indicating that trabecular titanium represents a suitable material with appealing
properties in terms of biological behavior. In addition, we can clinically confirm that
the use of a fully porous device allows for an homogeneous biomechanical distribution
of axial load—thus reducing the risks of subsidence of hollow cages filled with bone
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substitutes—and for the bone matrix to grow into the cage, rapidly stabilizing the implant,
confirming what was shown in pre-clinical studies [34–37].

Zhang et al. [34] verified, at first, the satisfactory biomechanical properties of TTCs
compared with standard solid cages in a finite-element analysis and McGilvray et al. also
demonstrated a statistically significant range of motion of 3D printed TTCs compared with
PEEK or porous PEEK coated with titanium [35].

In conclusion, 18F-NaF PET/CT proved to be a reliable tool to assess incorporation of
spinal implants after surgery, providing some adjunctive confirmation about the metabolic-
reparative reaction [44] following the implantation of a TTC.

Limitations and Further Studies

This is the first prospective study of the radiological demonstration of TTCs
using PET/TC.

The main limitations of the study were the exiguity of the sample and the variability
of the number of treated levels that empowered the clinical burden of the radiological
analysis. In order to avoid unethical exposure of control patients to radioisotopes, there
was no control group of standard titanium/PEEK cages. The inclusion of such a control
group would also not have supported the aim of the study. PET studies were performed at
different times after surgery but not at previously well-defined times. The different timings
definitely contributed to the value of the statistical analysis and results. The correlation
between data obtained with PET and the data obtained from in vitro experiments was
largely based on abstract rational associations.

Among future perspectives, other than its already-described role in diagnosing symp-
tomatic subsidence and implant failure or loosening, the use of 18F-NaF PET/CT could be
of importance in the correct clinical diagnosis of adjacent-segment disease and especially in
identifying symptomatic discs in the context of a multilevel degenerated spine, playing the
part of the outdated spinal discography (Figure 5).

5. Conclusions

18F-NaF PET/CT proved to be a reliable tool for investigating the metabolic-reparative
reaction following the implantation of an interbody fusion cage. Customization of cages
and the use of TTCs allows surgeons to take advantage of implant stability by maximizing
the contact surface area, and also, when necessary, to plan appropriate SL restoration.
18F-NaF PET/CT demonstrates that TTCs have a good capacity for induction, over time,
of reparative osteoblastic activity at the vertebral endplate surface reaching a peak after
3–4 months, with metabolic activity later progressively decreasing until fusion is achieved,
probably after 10–12 months.

This aspect was associated with stability and absence of subsidence at radiological
follow-up, confirming that EBM-printed TTCs represent a promising material for reducing
hardware complication rates and promoting fusion.
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Abstract: Background: Intraoperative CT-guided navigation (iCT-navigation) has been reported
to improve the accuracy and safety of transpedicular screw placement in primary spinal surgery.
However, due to a disrupted bony anatomy and scarring tissue, revision spinal surgery can be
challenging. The purpose of this study was to evaluate the accuracy and safety of iCT-navigation for
screw placement at the virgin site versus the revision site in revision thoracolumbar spinal surgery.
Method: In total, 254 screws were inserted in 27 revision surgeries, in which 114 (44.9%) screws were
inserted at the site with previous laminectomy or posterolateral fusion (the revision site), 64 (25.2%)
were inserted at the virgin site, and 76 (29.9%) were inserted to replace the pre-existing screws. CT
scans were conducted for each patient after all screws were inserted to intraoperatively confirm the
screw accuracy. Results: In total, 248 (97.6%) screws were considered accepted. The rate of accepted
screws at the virgin site was 98.4% (63/64) versus 95.6% (109/114) at the revision site (p: 0.422). There
were six (2.4%) unaccepted screws, which were immediately revised during the same operation.
There was no neurological injury noted in our patients. Conclusion: With the use of iCT-navigation,
the rate of accepted screws at the revision site was found to be comparable to that at the virgin site.
We concluded that iCT-navigation could achieve high accuracy and safety for transpedicular screw
placement in revision spinal surgery and allow for the immediate revision of unaccepted screws.

Keywords: thoracolumbar spine; revision spinal surgery; intraoperative computed tomography;
navigation; transpedicular screw

1. Introduction

The transpedicular screw (TPS) system is one of the most widely used fixation devices
in spinal surgery. It provides a three-column fixation [1] of the spine. It is essential to ensure
the optimal trajectory of TPS insertion to offer the strongest bony purchase and prevent
nerve tissue injury. TPS insertion can be challenging in revision spinal surgery [2], because
the anatomical features used to identify the entry of a TPS may have been destroyed or
obscured by the fusion mass or abundant scar tissue, causing a standard fluoroscopy to be
insufficient to identify the proper entry of a TPS due to blurry images for altered or fused
anatomy [2–4].
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Several advanced image-guided techniques have emerged in the past two decades,
including three-dimensional (3D) fluoroscopy [5,6], O-arm [7,8] and intraoperative com-
puted tomography (iCT) [9,10]. One study [11] reported that the accuracy of the TPS was
comparable for both primary and revision spine surgery using O-arm-guided navigation.
However, some of the TPS placements in revision spinal surgery were performed at the
virgin site for the extension of posterior instrumentation, instead of right over the revision
site. Thus, the accuracy of TPS placement at the revision site could be different from that of
the whole revision spine surgery. In the current study, we aimed to evaluate the accuracy
and safety of iCT-navigation for TPS placement right over the revision site versus the virgin
site in complex revision thoracolumbar spinal surgery.

2. Materials and Methods

We enrolled 27 consecutive patients who underwent TPS placement assisted with
intraoperative CT (Siemens, Munich, Germany) integrated with navigation (Brainlab,
Munich, Germany) for revision thoracolumbar spinal surgeries. The study was approved
by the Institutional Review Board of the Chang Gung Memorial Hospital.

There were 27 patients (13 women and 14 men) in the present study, with an average
age of 67 years (range 47–92 years). A total of 254 TPSs was inserted during the revision
spinal surgeries, which were categorized into 3 groups: “revision site” screws (no. = 114)
inserted over a previous laminectomy or posterolateral fusion field; “virgin site” screws (64)
inserted at a site away from previous laminectomy or posterolateral fusion for the extension
of posterior instrumentation; and “exchanged” screws (76), inserted to replace pre-existing
screws with screws of a different style or brand through the previous trajectories.

2.1. Surgical Technique

After general anesthesia, the patient was positioned prone on a Wilson radiolucent
frame (Mizuho OSI, California, CA, USA) on a Jackson table. A midline incision with
paraspinal muscle stripping was performed to expose the previous operation site and
extended to the virgin level if necessary. The pre-existing screws were exchanged for
screws of a different brand, if necessary, which were inserted manually through previous
trajectories without using iCT-navigation. Thereafter, the superior articular processes of
the facets through which we planned to insert new TPSs were exposed. The reference array
was then securely fixed at a vertebra distal to the expected lowest instrumented vertebra
(usually L5 or S1) by tightly clamping its spinal process.

The operative field was scanned with the intraoperative CT, and the image data were
transferred to the navigation system. A straight drilling guide was then registered to guide
a 2.7 mm in diameter drill bit to create the optimal track for the TPS under iCT-navigation
by checking the axial, sagittal and coronal views (Figure 1). A TPS with an optimal length
and diameter was chosen and inserted through the pedicle trajectory after being adequately
tapped. After completing all TPS placements, CT scans were conducted to confirm whether
the TPSs were in the optimal position, which we called confirmatory CT scans (Figure 2).

2.2. Assessment of TPS Placement

Intraoperatively, with the aid of the confirmatory CT scan, we evaluated the TPS
accuracy and divided the results into 2 conditions: “accepted” and “unaccepted”. An
accepted screw was defined as having a medial pedicle breach of ≤3 mm or a lateral pedicle
or body wall breach of ≤3 mm. The position of the TPS was considered biomechanically
optimal and safe from neurologic injury. An unaccepted screw was defined as having a
medial pedicle breach of >3 mm or a lateral pedicle or body wall breach of >3 mm (Figure 3);
the TPS could be biomechanically suboptimal and create a risk of nerve tissue injury, and,
therefore, was immediately revised under iCT-navigation. After replacing the unaccepted
screw, the second confirmatory CT scan was performed to ensure that the screw was in an
accepted position.
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Figure 1. The straight drilling guide (red arrow) was used to guide a 2.7 mm in diameter drill bit to
create the optimal TPS track under iCT-navigation by checking the axial, sagittal and coronal views.
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Figure 2. A 55-year-old male patient with post-laminectomy instability and spinal stenosis; X-ray
(a) showed previous laminectomy of L4, L5 and partial L3. This patient underwent revision spinal
surgery with the use of iCT-navigation; X-ray (b) showed the reference array fixed at the spinal process
of S1 for iCT-navigation. Intraoperatively, after all screws were inserted, the confirmatory CT scan
demonstrated sagittal and axial views of screws (c,e) at the virgin site and (d,f) at the revision site.

2.3. Radiographic and Clinical Analyses

The accuracy of the TPS placement was assessed with the first confirmatory CT. The
rates of accepted screws and unaccepted screws were calculated for comparison between the
virgin site and the revision site. Perioperative medical records were collected retrospectively,
and postoperative neurological complications were evaluated.

74



J. Clin. Med. 2022, 11, 5853

 

Figure 3. Unaccepted screw (red star) was defined as (a) a medial pedicle breach of >3 mm or (b) a
lateral pedicle or body wall breach of >3 mm.

2.4. Statistical Analysis

Descriptive statistics were reported as percentages to describe the rates of accepted
screws and unaccepted screws. Fisher’s exact test was used to compare the rates of accepted
and unaccepted screws between the virgin site and the revision site. The test was considered
significant if p < 0.05.

3. Results

In total, 27 patients were categorized using the etiology for revision spine surgery:
12 patients (44.4%) were diagnosed with postlaminectomy instability with or without
posterolateral fusion; 9 (33.3%) patients had adjacent segmental disease with spinal stenosis
or instability; 4 (14.8%) patients had malpositions of a previous TPS with clinical neurologic
symptoms; and the remaining 2 (7.4%) patients had a refractory postoperative infection
(Supplementary Table S1).

Of the total 254 TPSs, 248 screw placements were considered accepted (97.6%) by
the first confirmatory CT, including all of the “exchanged screws” (N = 76). The rates of
accepted screws were comparable both at the virgin site (63, 98.4%) and the revision site
(109, 95.6%). There was no significant difference between both groups (p = 0.422).

There were six screws (2.4%) considered unaccepted: one (1.6%) at the virgin site with
a medial pedicle breach; and five (4.4%) at the revision site, including two with a medial
pedicle breach and three with a lateral pedicle or body wall breach. The rates of unaccepted
screws trended higher at the revision site than at the virgin site, but were not significantly
different. All the unaccepted screws were revised immediately with the assistance of
iCT-navigation, and, then, each proved to be accepted with a secondary confirmatory CT.
No postoperative neurologic deterioration was observed related to the screw placement.

4. Discussion

With the use of iCT-navigation for revision spinal surgery, the rate of accepted screws
was 97.6%, which was comparable to other studies [2,11] for revision surgery. Hsieh et al. [11]
adopted an O-arm with navigation to guide TPS placement. They reported “good or
fair” rates of screw placement (pedicle breach <3 mm) as 98.7% in the primary surgery
group and 98.6% in the revision surgery group, which were not significantly different.
Even compared with our previous studies for primary surgery [10,12], which reported
the accuracy of TPS placement was 96–98%, the accuracy in the current study for revision
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surgery was comparable. However, we divided our series of TPS placements into two
groups for comparison: the revision site and the virgin site. The rate of accepted screws was
98.4% (63/64) at the virgin site and 95.6% (109/114) at the revision site (p = 0.422). There
was one (1.6%) unaccepted screw noted at the virgin site, and five (4.4%) at the revision site.
The rates of unaccepted screws trended higher at the revision site than at the virgin site,
but were not significantly different. We assumed that some of the TPSs in revision spinal
surgery could be inserted at the virgin site for the extension of posterior instrumentation
instead of right over the revision site. Thus, the accuracy of TPS placement at the revision
site could be different from or inferior to that at the virgin site across the whole revision
spinal surgery.

In the current study, most of the unaccepted screws were noted at the revision site. We
considered dense postoperative fibrotic tissue or scarring to be the principal causes resulting
in screw malpositioning at the revision site. Once the navigation device bent around the
dense scar during the process of TPS placement, the navigation had the potential to fail. The
scar tissue caused excessive pressure on the instrument and usually resulted in the medial
deviation of the screw trajectory. Furthermore, if the surgeon exerted excessive bending
force on the instrument (the drill or awl) to apply soft tissue pressure, the instrument
could skive off the pedicle and result in the lateral skidding of the trajectory. The skiving
effect might explain why there were more unaccepted screws presenting with a lateral wall
breach (3, 60%) at the revision site. We suggest that the skiving effect could be diminished
with the adequate release of soft tissue tension, and by using a high-speed drill with a
shard bit for drilling [13].

There have been few studies focused on the feasibility or accuracy of TPS placement
in revision spinal surgery. Kim et al. [2] reported that the accuracy of TPS placement
in revision surgery was excellent with the free-hand technique. The revision rates of
misplaced screws were 1.1% in the virgin site screw group and 2.9% in the revision site
group, which were not significantly different. However, the TPSs were evaluated with
plain radiography, not CT, which might have underestimated the number of misplaced
screws. Free-hand TPS insertions in revision spinal surgery are technically demanding, and
it is laborious to identify the entry point of the TPS when anatomic features are distorted.
With the use of iCT-navigation in the current study, surgeons were able to confidently insert
the TPSs during revision spinal surgery. Hsieh et al. [11] adopted an O-arm (Medtronic,
Inc., Minneapolis, MN, USA) with navigation to guide TPS placement. They collected
postoperative CT scans to evaluate screw accuracy in revision spinal surgery. Interestingly,
for the purpose of decreasing radiation, confirmatory intraoperative CT scans were not
routinely performed in their study, unless there was concern for screw malpositioning.
There were six poor screws (1.4%, pedicle breach of > 3 mm) found postoperatively in their
study; fortunately, none caused neurological deficits and, thus, were not revised. In our
study, unaccepted screws were identified intraoperatively with the first confirmatory CT.
After the secondary confirmatory CT, all the revised screws were accepted.

Since unaccepted screws may not always result in neurologic deficits, it might not
be necessary to revise all of them intraoperatively. Laine et al. [14] reported that no
screw caused neurological problems if the pedicle breach was less than 4.0 mm on the
postoperative CT scan. Castro et al. [15] found that a TPS with medial pedicle breach of
more than 6 mm created a high risk of nerve root damage. In the current study, the criteria
to revise a screw was a medial pedicle breach of > 3mm or a lateral pedicle or body wall of
>3 mm, which might be appropriate. However, we should keep in mind that even a medial
2 mm breach can be symptomatic, whereas a lateral breach of approximately 5 mm often
remains asymptomatic in some extreme case. Although all unaccepted screws were revised
intraoperatively and successfully, the use of a secondary confirmatory CT increased the
patients’ exposure to radiation. Intraoperative neuromonitoring was available in the current
study, by which the authors could have avoided revising some of the unaccepted screws
and rescued a TPS with a pedicle breach of <3 mm and abnormal neuromonitoring alerts.
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In spinal surgery with posterior instrumentation, the free-hand technique combined
with intraoperative fluoroscopy is commonly used to confirm the entry point and trajectory
of the TPS. The reported incidence of misplaced screws ranged from 10.5% to 21% [14,16–18].
Two-dimensional (2D) fluoroscopy may not provide sufficient image information to safely
insert TPSs in spinal deformities [12,17,18] due to a remodeled bony structure or spinal
fractures [10,16] because of hypermobile spinal segments and disrupted anatomy, such
as facets or pedicle fractures. Furthermore, it would be technically challenging to use
fluoroscopy for TPS placement in revision spine surgery due to the altered anatomy,
indistinct bony landmarks and excessive scar tissue [2]. CT scans can provide adequate
image information to evaluate TPS position, including the axial, coronal and sagittal
planes [14], and is, therefore, the better choice for guiding TPS placement in cases of
compromised spine anatomy, such as deformity, trauma, and revision spine surgery.

In the last two decades, several advanced imaging techniques have emerged that are
able to provide 3D images. Usually, 3D fluoroscopy is limited by a small “field-of-view”
scan area and an inferior image quality, with a screw accuracy inferior to iCT [19]. The
O-arm is a cone-beam computed tomography, which has higher rates for screws revised
intraoperatively [20], but has a similar accuracy for postoperative screw placement as
compared with iCT. Therefore, we believe that iCT is the imaging technology of choice
to provide the optimal image resolution for TPS placement. However, it cannot provide
real-time imaging to immediately determine the screw trajectory and may further expose
the patients to a greater radiation dosage.

Certain navigation techniques enable the diminution of CT scans for guiding TPS
placement, while providing virtual but real-time images to guide TPS placement. The iCT-
navigation technique is an effective method for TPS placement in complex spinal surgery
for patients with spinal deformities [12] and unstable thoracolumbar spine fractures, with
a high TPS accuracy of up to 98% [9,10]. It also allows for the immediate revision of
unaccepted TPSs during surgery, followed by a secondary confirmatory CT scan. This
option is highly practical in the case of immediate intraoperative revision, because returning
to another surgery for screw revision would increase the risk for the patient. Although the
confirmatory CT scan exposes patients to radiation, the medical staff are protected from
radiation in a lead-shielded room.

There were several limitations in our study. It might be relatively expensive to set up
the iCT-navigation system; however, the installation charge should be considered against
the cost of reoperation for patients with misplaced screws. We should have measured the
dose of radiation to which patients were exposed, which might have been relatively high,
since the entire workflow of iCT-navigation surgery contained at least two CT scans, includ-
ing the registration scan and confirmatory scan. According to our previous studies [10] for
primary surgery, the mean dose of patient radiation exposure was 15.8 mSv, and the mean
dose per single level was 2.7 mSv. Fortunately, according to the recommendation by the
International Commission on Radiological Protection, the annual maximum permissible
dose is 20 mSv per year with no single year exceeding 50 mSv. Hence, the radiation dose to
the patient in our study might have been within the limit. Furthermore, although this study
was purely an imaging-based investigation and did not focus on functional outcomes, it
was found that there were no immediate postoperative neurologic deficits.

5. Conclusions

The use of iCT-navigation for TPS placement in revision thoracolumbar spinal surgery
was a useful technique for improving the accuracy and safety of TPS placement and
allowed for the immediate intraoperative revision of unaccepted screws. The rate of
accepted screws at the revision site was comparable to that at the virgin site in revision
spinal surgery, although the rate of unaccepted screws at the revision site trended higher
than at the virgin site. No postoperative neurological injury was noted in our patients.
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Abstract: The reason why marginal bone loss (MBL) occurs after dental implant insertion without
loading has not yet been clearly investigated. There are publications that confirm or reject the notion
that there are factors that induce marginal bone loss, but no research investigates what exactly
occurs in the bone surrounding the implant neck. In this study, 2196 samples of dental implant
neck bone radiographs were analyzed. The follow-up period was 3 months without functional
loading of the implant. Marginal bone loss was evaluated in relation to the torque used during the
final phase of implant insertion. Radiographic texture features were also analyzed and evaluated.
The analyses were performed individually for the anterior and posterior part of the alveolar crest
in both the mandible and maxilla. After 3 months, an MBL relation with higher torque (higher
than 40 Ncm; p < 0.05) was observed, but only in the lower jaw. The texture features Sum Average
(SumAverg), Entropy, Difference Entropy (DifEntr), Long-Run Emphasis (LngREmph), Short-Run
Emphasis (ShrtREmph), and discrete wavelet decomposition transform features were changed over
time. This study presents that MBL is related to the torque value during dental implant insertion
and the location of the procedure. The increasing values of SumAverg and LngREmph correlated
with MBL, which were 64.21 to 64.35 and 1.71 to 2.01, respectively. The decreasing values of Entr,
DifEntr, and ShrtREmph also correlated with MBL, which were 2.58 to 2.47, 1.11 to 1.01, and 0.88
to 0.84, respectively. The analyzed texture features may become good indicators of MBL in digital
dental surgery.

Keywords: dental implant; torque; marginal bone loss; intraoral radiographs; radiomics; texture
analysis; bone remodeling

1. Introduction

Presently, the most common procedure in oral surgery after wisdom tooth extraction
are dental implants [1]. With the increasing number of dental implant placements, more and
more post-operative complications also occur. One of the major complications is marginal
bone loss (MBL) next to the dental implant neck [2]. Marginal bone loss is a condition
where the bone surrounding the implant neck atrophies. It is affected by different factors,
e.g., smoking, diabetes mellitus, vitamin D and 25-hydroxycholecaliferol level, implant
placement technique, region of the jaw, and also torque during the surgical procedure [3–6].
MBL may occur after few years, but also after the first 3 months of healing. The osteotomy
techniques used for implant placement may also differ and may affect MBL [7]. MBL
that occurs after a few years may be a condition related to more factors, e.g., prosthetic
restoration and gingival vertical and horizontal width. MBL may be associated with a high
torque value [8,9] if the correct procedure steps have not been followed and the appropriate
primary stability of the implant has occurred [10].

The visual assessment of the surrounding implant neck bone on radiographs may not
be sufficient or reliable. Another way to evaluate radiographic images is to check how
the radiographic textures change over time—the shade level of the pixels can be analyzed.
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81



J. Clin. Med. 2022, 11, 6158

This analysescan be used, for example, to check how the texture of the bone substitute
materials have changed after several months, translating this change into healing process
progress [11–14].

The first aim of this study is to check whether torque and the location of the implant
have an influence on MBL and to determine whether there is a change of radiographic
texture in the bone surrounding the implant neck. The second aim is to check how the radio-
graphic texture near the implant neck changes over time and to determine the prognostic
factors of MBL in image texture.

2. Materials and Methods

In this study, 2196 samples of neck area implants were included and analyzed. A total
of 504 males and 496 females aged between 15 and 86 years old were included in the study.
All patients had undergone the same surgical procedure, namely, bone-level dental implant
placement under local anesthesia (4% articaine with 1:100,000 adrenaline, 3 M ESPE AG,
Seefeld, Germany). The patients were divided into two groups depending on whether
MBL occurred after 3 months or not, and also into a mandible and maxilla group where the
anterior and posterior parts were distinguished:

MBL appearance (YES) if MLB is >0
MBL appearance (NO) if MBL is =0

The inclusion criteria were two-dimensional radiographs taken immediately after
surgery and 3 months later, the measurement of torque value immediately after dental
implant placement, and laboratory tests to check patients’ vitamin levels, ions, and hor-
mones: parathormone (PTH), where the norm is 10 to 60 pg/mL; thyrotropin (TSH), where
the norm is 0.23–4.0 μU/mL; calcium in serum (Ca2+), where the norm is 9–11 mg/dL;
glycated hemoglobin (HbA1c), where the norm is <5%; and vitamin 25(OH)D3 (D3), where
the norm is 31–50 ng/mL. Spine densitometry, where the T-score can be examined, was
also considered. The T-score shows the ratio between the bone mineral density (BMD) of
the examined patient and the average BMD for young patients. A normal value for normal
bone is >−1.0, osteopenia is indicated by values between −1.0 and −2.5, and scores < −2.5
indicate osteoporosis. The exclusion criteria included a lack of X-rays, defective X-ray
images in the visual assessment, lack of a clear torque value, and lack of laboratory tests. In
this study, only patients with proper values from the laboratory tests were included.

Surgery was done under local anesthesia, Septanest + A 1:100.00, by one surgeon
according to the recommended protocols. The healing process was carried out under a
closed mucoperiosteal flap, unloaded in two-stage implants. The thickness of the soft tissue
did not affect the healing process or MBL in the first stage of healing. Table 1 presents
the implants used in this study and their technical features. The data were confirmed at
www.spotimplant.com/en/dental-implant-identification, accessed on 5 March 2022.

Two-dimensional X-ray images were taken immediately after surgery (00M) and
3 months later (03M). Radiographs were taken using the DIGORA OPTIME radiography
system (TYPE DXR-50, SOREDEX, Helsinki, Finland). The radiographs were taken in the
standardized way [15] with the following parameters: 7 mA, 70 mV, and 0.1 s (the focus
apparatus was from Instrumentarium Dental, Tuusula, Finland). Positioners were used to
take images repeatedly, with the X-ray beam at a 90◦ angle to the surface of the phosphor
plate. The texture of the X-ray images was analyzed in the MaZda 4.6 software, developed
by the University of Technology in Łódź, Poland [16], to check how the features changed
over the 3 months of observation. A limitation of the study is that the laboratory tests were
not checked after 3 months.

82



J. Clin. Med. 2022, 11, 6158

T
a

b
le

1
.

N
am

es
an

d
fe

at
ur

es
of

im
pl

an
ts

us
ed

.

Im
p

la
n

t
N

a
m

e
T

it
a
n

iu
m

A
ll

o
y

N
o

.
In

se
rt

io
n

L
e
v

e
l

C
o

n
n

e
ct

io
n

T
y

p
e

C
o

n
n

e
ct

io
n

S
h

a
p

e
N

e
ck

S
h

a
p

e
N

e
ck

M
ic

ro
th

re
a
d

s
B

o
d

y
S

h
a
p

e
B

o
d

y
T

h
re

a
d

s
A

p
e
x

S
h

a
p

e
A

p
e
x

H
o

le
A

p
e
x

G
ro

o
v

e

A
B

D
en

ta
lD

ev
ic

es
I5

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
N

o
Ta

pe
re

d
Sq

ua
re

Fl
at

N
o

ho
le

Ye
s

A
D

IN
D

en
ta

lI
m

pl
an

ts
To

ua
re

g
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

Ye
s

Ta
pe

re
d

Sq
ua

re
Fl

at
N

o
ho

le
Ye

s
A

lp
ha

Bi
o

A
TI

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
Ye

s
St

ra
ig

ht
Sq

ua
re

Fl
at

N
o

ho
le

Ye
s

A
lp

ha
Bi

o
O

C
I

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
N

o
St

ra
ig

ht
N

o
Th

re
ad

s
D

om
e

R
ou

nd
N

o
A

lp
ha

Bi
o

D
FI

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
Ye

s
Ta

pe
re

d
Sq

ua
re

Fl
at

N
o

ho
le

Ye
s

A
lp

ha
Bi

o
SF

B
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

N
o

Ta
pe

re
d

V
-s

ha
pe

d
Fl

at
N

o
ho

le
Ye

s
A

lp
ha

Bi
o

SP
I

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
Ye

s
Ta

pe
re

d
Sq

ua
re

Fl
at

N
o

ho
le

Ye
s

A
rg

on
M

ed
ic

al
Pr

od
.K

3p
ro

R
ap

id
G

ra
de

4
Su

bc
re

st
al

In
te

rn
al

C
on

ic
al

St
ra

ig
ht

Ye
s

Ta
pe

re
d

V
-s

ha
pe

d
D

om
e

N
o

ho
le

Ye
s

Be
go

Se
m

ad
os

R
I

G
ra

de
4

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
Ye

s
Ta

pe
re

d
R

ev
er

se
bu

tt
re

ss
C

on
e

N
o

ho
le

Ye
s

D
en

ti
um

Su
pe

r
Li

ne
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

C
on

ic
al

St
ra

ig
ht

N
o

Ta
pe

re
d

Bu
tt

re
ss

D
om

e
N

o
ho

le
Ye

s
Fr

ia
de

nt
A

nk
yl

os
C

/X
G

ra
de

4
Su

bc
re

st
al

In
te

rn
al

C
on

ic
al

St
ra

ig
ht

N
o

Ta
pe

re
d

V
-s

ha
pe

d
D

om
e

N
o

ho
le

Ye
s

Im
pl

an
tD

ir
ec

tI
nt

er
A

ct
iv

e
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

C
on

ic
al

St
ra

ig
ht

Ye
s

Ta
pe

re
d

R
ev

er
se

bu
tt

re
ss

D
om

e
N

o
ho

le
Ye

s

Im
pl

an
tD

ir
ec

tL
eg

ac
y

3
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

Ye
s

Ta
pe

re
d

R
ev

er
se

bu
tt

re
ss

D
om

e
N

o
ho

le
Ye

s

M
IS

Bi
oC

om
M

4
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

N
o

St
ra

ig
ht

V
-s

ha
pe

d
Fl

at
N

o
ho

le
Ye

s

M
IS

C
1

G
ra

de
5

Bo
ne

le
ve

l
In

te
rn

al
C

on
ic

al
St

ra
ig

ht
Ye

s
Ta

pe
re

d
R

ev
er

se
bu

tt
re

ss
D

om
e

N
o

ho
le

Ye
s

M
IS

Se
ve

n
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

Ye
s

Ta
pe

re
d

R
ev

er
se

bu
tt

re
ss

D
om

e
N

o
ho

le
Ye

s

O
ss

te
m

Im
pl

an
tC

om
pa

ny
G

S
II

I
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

C
on

ic
al

St
ra

ig
ht

Ye
s

Ta
pe

re
d

V
-s

ha
pe

d
D

om
e

N
o

ho
le

Ye
s

SG
S

D
en

ta
lP

7N
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

H
ex

ag
on

St
ra

ig
ht

Ye
s

Ta
pe

re
d

V
-s

ha
pe

d
Fl

at
N

o
ho

le
Ye

s
TB

R
Im

pl
an

té
G

ra
de

5
Bo

ne
le

ve
l

In
te

rn
al

O
ct

ag
on

St
ra

ig
ht

N
o

St
ra

ig
ht

N
o

th
re

ad
s

Fl
at

R
ou

nd
Ye

s
W

ol
fD

en
ta

lC
on

ic
al

Sc
re

w
-T

yp
e

G
ra

de
4

Bo
ne

le
ve

l
In

te
rn

al
H

ex
ag

on
St

ra
ig

ht
N

o
Ta

pe
re

d
V

-s
ha

pe
d

C
on

e
N

o
H

ol
e

Ye
s

83



J. Clin. Med. 2022, 11, 6158

The analyses were performed in a few steps: first, all of the X-rays were edited (leveled)
(Figure 1); next, the MBL near the implant neck area was measured (Figure 2), and then
the X-ray image was loaded into MaZda in a bitmap file format. Next, the region of
interest (ROI) was marked near the neck on the mesial and/or distal side of the implant
(5–6 mm height) (Figure 3a). The ROI was marked on the RTG image immediately after
inserting the dental implant and after 3 months of healing (Figure 3b). Any bone loss
after 3 months was evaluated through radiographic analysis, as the vertical differences
between the implant platforms and the first bone contact with the implant surface. The
ROIs were normalized (μ ± 3σ) to share the same average (μ) and standard deviation (σ)
of optical density within the ROI. The selected image texture features—sum of squares
(SumOfSqrs), sum of average (SumAverg), entropy, different entropy (DifEntr), long-run
emphasis moment (LngREmph), and short-run emphasis moment (ShrtREmph)—in the
ROIs were calculated for the reference bone and for the bone near the implant neck.
The Haar wavelet decomposition (LH, HL, LL, HH) was also performed and statistically
analyzed after 3 months of observation. All features were gathered from four angles: 0◦,
45◦, 90◦, and 135◦ from done pixel and the average value was later calculated.

SumAverg = ∑2Ng
i=1 ipx+y(i)

SumO f Sqrs =
Ng

∑
Ng

·
Ng

∑
j=1

(i − μx)
2 p(i, j)

Entropy = −
Ng

∑
i=1

Ng

∑
j=1

p(i, j) log(p(i, j))

Di f Entr = −
Ng

∑
i=1

px−y(i) log(px−y(i))

where Σ is sum, N is the number of levels of optical density in the radiograph, i and j are
the optical density of pixels five-image-point distant one from another, p is probability, and
log is logarithm [11].

LngREmph = (
Ng

∑
i=1

Nr

∑
j=1

j2 p(i, j))/C

ShrtREmph = (
Ng

∑
i=1

Nr

∑
j=1

j−2 p(i, j))/C

where Σ is sum, N is the number of series of pixels with density level i and length j. Ng
is the number of levels for image density (8 bits, i.e., 256 gray levels), Nr is the number of
pixels in series, p is the probability, and C is the coefficient, as below:

C =
Nr

∑
j=1

Ng

∑
i=1

p(i, j)

Statistical Analysis

The Kruskal–Wallis test (to compare time-dependent alternations in medians) was
applied for statistical analysis. Next, a multiple comparison procedure was used to deter-
mine which means were significantly different from the others. The method discriminates
among the variables Fisher’s least significant difference (LSD) procedure. The difference
was considered significant if p < 0.05. Stargraphics Centurion XVI (Statgraphics-StatPoint
Technologies, Inc., The Plains, VA, USA) was used for the statistical analyses.
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Figure 1. Geometrical alignment of radiograph image. The green line marked on the implants
indicates the long axis of the implant.

 

Figure 2. Measuring of marginal bone loss on the radiographic images. Red lines indicate the implant
platform to the bottom of the bone loss cavity.
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(a) 

 
(b) 

Figure 3. (a) Marking a ROI. ROIs were marked near the implant neck area. Green area—mesial
implant neck area; red area—distal implant neck area; blue area—reference bone. Abbreviations:
ROI—region of interest. (b) Marking a region of interest on RTG image immediately after inserting
the implant and 3 months after the first stage of the healing process. Green area—mesial implant
neck area; red area—distal implant neck area. At the bottom of the marked area on the right (03M),
it can be noticed that MBL occurred and is analyzed. Abbreviations: MBL—marginal bone loss;
00M—0 months of observation; 03M—3 months of observation.
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3. Results

3.1. Marginal Bone Loss Statistical Evaluation

The statistical evaluation revealed that the amount of marginal bone loss was between
0 and 8.05 mm after 3 months of observation; the average MBL for the mandible was
0.29 ± 0.98 mm and for the maxilla was 0.23 ± 0.91 mm, which were both statistically
significant at p < 0.01. The MBL means for the anterior and posterior parts of the jaw were
0.32 ± 1 mm and 0.22 ± 0.91 mm, respectively, where p was lower than 0.01, which means
that that was statistically significant.

3.2. Torque Statistical Evaluation

It was also noticed that when MBL occurred, higher torque was observed in the
mandible group (mean 46.77 Ncm ± 14) than in the maxilla group (mean 40.5 Ncm ± 11.9),
with statistical significance (p < 0.05); the torque value during the implantation procedure
was between 5 Ncm and 90 Ncm (Table 2).

Table 2. Average values for marginal bone loss and torque. Values are presented for mandible,
maxilla, and for anterior and posterior areas of the jaw. Since the p-value is greater than or equal to
0.05, there is no statistically significant relation.

Feature Marginal Bone Loss p-Value for MBL Torque p-Value for Torque

Mandible 0.29 mm ± 0.98 p < 0.01 42.5 ± 12.67 p < 0.01
Maxilla 0.23 mm ± 0.91 p < 0.01 41.04 ± 12.7 p > 0.05
Anterior 0.32 mm ± 1 p < 0.01 43.15 ± 11.31 p < 0.01
Posterior 0.22 mm ± 0.91 p < 0.01 41.08 ± 13.07 p < 0.01

Abbreviations: p—the probability of obtaining test results at least as extreme as the results actually observed,
under the assumption that the null hypothesis is correct.

3.3. Torque Value and Marginal Bone Loss as a Dependency

Marginal bone loss is related to the torque value during the implant placement
(CC = 0.06, R2 = 0.3%, p < 0.05). If the torque increases, then MBL occurs more often
(Figure 4). The study also showed that the average torque in the group with detected bone
loss was higher than in the group without bone loss (42.01 and 40.04, respectively, where p
was lower than 0.05, which means that was statistically significant) (Figures 5 and 6).

 

Figure 4. Dependence of marginal bone loss appearance from torque value after the dental implant
insertion after 3 months of observation. The greatest number of marginal bone loss samples occurred
in implants with a torque value equal to 45 Ncm. The higher the torque, the higher the MBL
occurrence (with statistical significance). Abbreviations: MBL—marginal bone loss.
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Figure 5. Dependence of average torque to marginal bone loss appearance after 3 months of ob-
servation. The mean where marginal bone loss was detected was higher than 42 Ncm. When the
torque did not have an influence on MBL, the average torque was 40 Ncm or lower. Abbreviations:
MBL—marginal bone loss.

 

Figure 6. Figure presenting two radiographs. On the left is the radiograph image taken immediately
after dental implant placement at 00M. The level of the bone at the beginning of the observation is
marked by a green line. On the right is the RTG at 3 months of observation after implant placement.
The red lines mark the marginal bone loss in relation to the previous bone level. Abbreviations:
RTG—radiograph image; 00M—0 months of observation.

3.4. Implant Placement Region in Jaw

After splitting the implant samples into two groups, the mandible and the maxilla
group, the statistical evaluation revealed that marginal bone loss only correlated with torque
in the mandible group (p < 0.01), even though most samples with MBL in the maxilla group
occurred with a torque higher than 40 Ncm (Figure 7). There was no correlation between
the groups where augmentation was performed before implant placement (p > 0.05).
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Figure 7. The graph on the left shows the dependence of marginal bone loss from dental implant
insertion placement torque in the upper jaw (maxilla). There was no statistically significant difference
(p > 0.05). The graph on the right presents the dependence of marginal bone loss on dental implant
insertion placement torque in the lower jaw (mandible). There was statistical significance (p < 0.05).

Not all of the analyzed texture features were statistically significantly related to the
marginal bone loss (p < 0.05). A p-value lower than 0.05 was observed for the following
features after 3 months of observation:

• SumAverg,
• Entropy,
• DifEntr,
• LngREmph,
• ShrtREmph,
• Wavelets 4 and 5.

Texture features where the p-value was higher than 0.05, which means that this is not
statistically significant, were:

1. SumOfSqrs,
2. Wavelet 6—was not detected.

As the reference, textural features for the trabecular bone were analyzed. The basal
values for SumAverg, Entropy, DifEntr, LngREmph, and ShrtREmph are presented in
Table 3.

Table 3. Reference texture feature values. Since the p-value is greater than or equal to 0.05, there is no
statistically significant relation.

Texture Feature Value p-Value Reference

SumAverg 63.22 ± 2.32 p < 0.05 Trabecular Bone
Entropy 2.70 ± 0.24 p < 0.05 Trabecular Bone
DifEntr 1.25 ± 0.12 p < 0.05 Trabecular Bone

LngREmph 1.53 ± 0.75 p < 0.05 Trabecular Bone
ShrtREmph 0.90 ± 0.05 p < 0.05 Trabecular Bone

WavEnLH_s-4 131.03 ± 94.39 p < 0.05 Trabecular Bone
WavEnLH_s-5 313.35 ± 213.69 p < 0.05 Trabecular Bone
WavEnHH_s-5 42.36 ± 44.35 p < 0.05 Trabecular Bone

Abbreviations: p—the probability of obtaining test results at least as extreme as the results actually observed,
under the assumption that the null hypothesis is correct.

3.5. SumAverg Changes

The SumAverg for the implant neck area was 64.21 ± 2.9 at 00M. After 3 months,
the SumAverg for the implant neck area with MBL was higher than after implantation,
presenting 64.35 ± 3.54 and 64.16 ± 3.85, where MBL was not detected, and this was
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statistically significant (p < 0.05). There was no statistical difference between the maxilla
and mandible groups (p > 0.05).

3.6. Entropy Changes

The Entropy for the implant neck area was 2.58 ± 0.19, and after implantation changed
to 2.47 ± 0.21 where MBL was detected and 2.52 ± 0.2 where MBL was not detected, which
was statistically significant. Statistically significant (p < 0.01) changes were also noticed in
the maxilla and mandible groups with MBL (2.58 ± 0.12 changed to 2.52 ± 0.16, p > 0.05;
and 2.58 ± 0.14 changed to 2.42 ± 0.16, p < 0.01, respectively).

3.7. DifEntr Changes

The DifEntr after implantation at 00M near the implant neck area was 1.11 ± 0.16 and
changed to 1.01 ± 0.15 with MBL, and to 1.04 ± 0.16 where MBL was not present (p < 0.05).
The DifEntr in the mandible group with MBL was 1.07 ± 0.15 and changed to 0.95 ± 0.14,
which was statistically significant (p < 0.05).

3.8. LngREmph Changes

The LngREmph value at 00M was 1.71 ± 0.57 and changed to 2.01 ± 0.55 in the area
with MBL, and 1.97 ± 0.75 where MBL did not appear (p < 0.05). The LngREmph value in
the mandible group changed from 1.74 ± 0.64 to 2.11 ± 0.75 and there was no statistically
significant difference (p > 0.05).

3.9. ShrtREmph Changes

The ShrtREmph also changed significantly: at 00M it was 0.88 ± 0.05, and after
3 months changed to 0.84 ± 0.05 for the area where MBL appeared and 0.85 ± 0.06 for the
implant neck area without MBL. The ShrtREmph in the mandible group where MBL was
correlated with MBL changed from 0.88 ± 0.6 to 0.84 ± 0.06, which was not statistically
significant (p > 0.05).

3.10. Wavelet Decomposition Changes

The value for WavEnLH_s-4 after implantation for the maxilla group was 142.92 ± 111.54
and changed to 118.04 ± 87.24, which was statistically significant (p < 0.01). In the mandible
group with MBL, the WavEnLH_s-4 changed from 134.35 ± 86.67 to 112.18 ± 116.14, which
was statistically significant (p < 0.05).

The WavEnLH_s-5 in the mandible group changed from 345.23 ± 203.47 to
212.15 ± 185.22, which was statistically significant (p < 0.05). The WavEnHH_s-5 in the
mandible group statistically significantly changed from 61.28 ± 65.77 to 35.75 ± 38.44,
where the p-value was lower than 0.05 (p < 0.05).

Interestingly, the Wavelets 6 disappeared after 3 months of observation in the whole
group with marginal bone loss (in the mandible and maxilla groups). The Wavelets 6 were
also not detected in the reference trabecular bone. This texture index may be an indicator
for cortical bone or changes in structure during the observation (Tables 4–6).

Table 4. Texture feature values at 00M, 03M, and for reference trabecular bone. Since the p-value is
greater than or equal to 0.05, there is no statistically significant relation.

Texture
Feature

Value at 00M p-Value 00M
Value at 03M for the

Area with MBL
Value at 03M for the
Area without MBL

p-Value
03M

Reference Value for
Trabecular Bone

SumAverg 64.21 ± 2.9 p > 0.05 64.35 ± 3.54 64.16 ± 3.85 p < 0.05 63.22 ± 2.32
Entropy 2.58 ± 0.19 p > 0.05 2.47 ± 0.21 2.52 ± 0.20 p < 0.01 2.70 ± 0.24
DifEntr 1.11 ± 0.16 p > 0.05 1.01 ± 0.15 1.04 ± 0.16 p < 0.01 1.25 ± 0.12

LngREmph 1.71 ± 0.57 p > 0.05 2.01 ± 0.55 1.97 ± 0.75 p < 0.01 1.53 ± 0.75
ShrtREmph 0.88 ± 0.05 p > 0.05 0.84 ± 0.05 0.85 ± 0.06 p < 0.01 0.90 ± 0.05

Abbreviations: 00M—0 months of observation; 03M—3 months of observation, MBL—marginal bone loss; p—the
probability of obtaining test results at least as extreme as the results actually observed, under the assumption that
the null hypothesis is correct.
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Table 5. Texture feature values for mandible and maxilla groups after 3 months.

Texture
Feature

Maxilla at 03M
with MBL

Maxilla at 03M
without MBL

p-Value for
Maxilla

Mandible at
03M with

Mandible at
03M without

p-Value for
Mandible

SumAverg 64.42 ± 0.91 64.37 ± 1.20 p > 0.05 64.76 ± 0.78 64.67 ± 0.89 p > 0.05
Entropy 2.52 ± 0.16 2.57 ± 0.14 p > 0.05 2.42 ± 0.16 2.50 ± 0.18 p < 0.01
DifEntr 1.05 ± 0.16 1.08 ± 0.15 p > 0.05 0.95 ± 0.14 1.01 ± 0.15 p < 0.05

LngREmph 1.89 ± 0.43 1.84 ± 0.48 p > 0.05 2.20 ± 0.68 2.11 ± 0.75 p > 0.05
ShrtREmph 0.85 ± 0.05 0.86 ± 0.05 p > 0.05 0.83 ± 0.6 0.84 ± 0.06 p > 0.05

WavEnLH_s-4 118.04 ± 87.24 122.93 ± 79.40 p < 0.01 112.18 ± 116.14 120.90 ± 74.04 p < 0.05
WavEnLH_s-5 304.59 ± 208.42 308.534 ± 268.32 p > 0.05 212.15 ± 185.22 287.54 ± 209.37 p < 0.05
WavEnHH_s-5 73.10 ± 65.97 63.89 ± 66.59 p > 0.05 35.75 ± 38.44 63.21 ± 73.00 p < 0.05

Abbreviations: 03M—3 months of observation; p—the probability of obtaining test results at least as extreme as
the results actually observed, under the assumption that the null hypothesis is correct; MBL—marginal bone loss.

Table 6. Texture feature values for mandible and maxilla groups on the day of surgery.

Texture Feature
Maxilla at 00M before
MBL Did Not Occur

Maxilla at 00M before
MBL Occurred

Mandible at 00M before
MBL Did Not Occur

Mandible at 00M
before MBL Occurred

SumAverg 64.14 ± 0.15 64.16 ± 1.22 64.52 ± 0.94 64.71 ± 1.14
Entropy 2.61 ± 0.14 2.58 ± 0.12 2.56 ± 0.14 2.58 ± 0.14
DifEntr 1.15 ± 0.15 1.13 ± 0.12 1.07 ± 0.14 1.07 ± 0.15

LngREmph 1.68 ± 0.41 1.75 ± 0.52 1.77 ± 0.42 1.74 ± 0.64
ShrtREmph 0.88 ± 0.05 0.87 ± 0.05 0.87 ± 0.5 0.88 ± 0.6

WavEnLH_s-4 138.15 ± 94.13 142.92 ± 111.54 133.22 ± 86.73 134.35 ± 86.67
WavEnLH_s-5 331.45 ± 283.28 339.16 ± 300.11 324.12 ± 222.26 345.23 ± 203.47
WavEnHH_s-5 68.31 ± 88.00 69.94 ± 61.29 68.59 ± 75.42 61.28 ± 65.77

Abbreviations: 00M—the day of surgery; p—the probability of obtaining test results at least as extreme as the
results actually observed, under the assumption that the null hypothesis is correct. MBL—marginal bone loss.

The research also showed that implant design also has an impact on marginal bone
loss near the implant neck. This study compared several design properties: insertion
implant level, neck microthreads, body shape, and body threads (thread shape). Apex
shape, apex hole, apex groove, and connection type were not taken into account, as in the
authors’ opinion, these implant features do not have an impact on marginal bone loss in
the early period of healing without exposing the implant for oral cavity conditions.

The statistical evaluation showed that MBL in the case of bone-level implants was
0.26 ± 0.97 mm, and for subcrestal implants was 0.09 ± 0.51 mm, which was statistically
significant (p < 0.05).

Greater MBL occurred near the neck of implants without microthreads (0.31 ± 0.92 mm)
than near the implants where microthreads were present (0.25 ± 0.94 mm), and this was
statistically significant at p < 0.05.

The marginal bone loss for implants without body threads was higher (0.99 ± 0.77 mm)
than for the implants where the body threads were V-shaped (0.15 ± 0.64 mm). MBL was
also shown in the case of square-, buttress-, and reverse buttress-shaped body threads at
0.28 ± 0.93 mm, 0.67 ± 1.75, and 0.25 ± 0.97 mm, respectively. Statistical significance at
p < 0.05 was noticed between the reverse buttress and no threads; between square threads
and no threads; and between V-shaped threads and no threads.

The research also showed that the MBL in the case of straight-body implants was
0.20 ± 0.49 mm and in the case of tapered implants was 0.25 ± 0.95 mm. There was no
statistical significance, as p > 0.05 (Table 7).

Taking into account torque as a factor that can lead to MBL, some implant design
features were examined depending on the insertion region and the torque used (higher
or lower than 45 Ncm). Titanium alloy, the level of implant placement, the presence of
microthreads on the implant neck, implant body shape, and also the design of the threads
on the implant body were checked.
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Table 7. Comparison of marginal bone loss depending on selected implant design features.

Compared Implant Design Feature MBL p-Value

Bone-level implant 0.26 ± 0.97 mm p < 0.05
Subcrestal implant 0.09 ± 0.51 mm

Neck microthreads 0.25 ± 0.94 mm p < 0.05
Without neck microthreads 0.31 ± 0.92 mm

Without body threads 0.99 ± 0.77 mm

p < 0.05
V-shaped threads 0.15 ± 0.64 mm

Square threads 0.28 ± 0.93 mm
Buttress threads 0.67 ± 1.75 mm

Reverse buttress threads 0.25 ± 0.97 mm
Abbreviations: MBL—marginal bone loss; p—the probability of obtaining test results at least as extreme as the
results actually observed, under the assumption that the null hypothesis is correct.

It was noticed that significantly higher MBL occurred in the anterior part of the
mandible when the torque was lower than 45 Ncm, where dental implants made of titanium
alloy Grade 4 (mean 1.06 ± 0.94 mm) were used. There was no correlation between MBL
and titanium alloy in the maxilla samples. In the rest of the samples, titanium alloy was
not correlated with MBL due to the localization of the implant or the insertion torque.

The research shows that the level of implant placement has an impact in the case of
maxilla and mandible implants. In the anterior of the maxilla, greater MBL was noticed
according to the tissue implant level (0.97 ± 0.88 mm) and the smallest MBL was found
where subcrestal implants were used (mean 0.24 ± 1.14 mm), but only in cases when the
torque was higher than 45 Ncm. In mandible-inserted implants, a subcrestal location had an
impact on MBL in cases where the torque was lower than 45 Ncm (mean 1.06 ± 2.14 mm).
The level of implant placement had no influence in the maxilla, either for the anterior part
with a torque lower than 45 Ncm or the posterior part regardless of the torque used; and
for the mandible, the anterior part with a torque higher than 45 Ncm and the posterior part
regardless of the torque used.

Higher MBL was noticed in the anterior part of the maxilla when torque higher than
45 Ncm was used for implants without microthreads (mean 0.82 ± 1.76 mm). The presence
or absence of neck microthreads in the case of the mandible, the posterior part of the maxilla,
and the anterior part of the maxilla with torque lower than 45 Ncm was not correlated
with MBL.

The shape of the implant body was not correlated with MBL in the case of maxilla and
mandible dental implants regardless of the torque used during the insertions.

The research also showed that in maxilla implants with buttress threads inserted
in the anterior part with a torque higher than 45 Ncm, and in the anterior part of the
mandible where implants with V-shaped threads on the implant body were inserted with
a torque lower than 45 Ncm, the MBL was greater and was statistically significant (mean
2.19 ± 3.34 mm and 1.06 ± 2.24 mm, respectively).

4. Discussion

The question is: Does the torque value of dental implants affect early marginal bone
loss after 3 months of healing? There are publications about crestal bone stability claiming
that there is no relation between implant torque insertion value and marginal bone loss [17].
In this study, 2196 samples of implant neck areas were analyzed and proved that there
is a statistical relationship between a torque higher than 40 Ncm and marginal bone loss
after 3 months of healing. Due to the lack of prosthetic loading, it can be declared that high
torque during implant insertion is the main surgeon-related factor of MBL near the implant
neck after 3 months of healing. Additionally, it was presented that dental implants inserted
with a torque higher than 40 Ncm in the lower jaw were more susceptible to marginal bone
loss, even though there are studies indicating that there is no correlation between marginal
bone loss in the maxilla vs. the mandible [18,19].
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The radiological or clinical evaluation of marginal bone loss is not always possible
using only visual assessment. Sometimes, changes in the morphological part of the bone or
bone substitute materials are not visible. Tomasz Wach et al. and Kozakiewicz et al. show
that changes overcome during the healing process can be detected using texture features,
already on the level of pixels [12,14,20]. Some of the texture features (inter-pixel relation in
the optical density environment) can also be a good indicator of bone structure changes
near the implant neck after 3 months of healing.

SumAverg and Entropy change over 3 months. It can be noticed that the decreasing
value of SumAverg in cases where MBL was not detected can be a sign that the tissue
around the dental implant neck is similar to intact trabecular bone tissue. The increasing
value of Entropy also shows that in the group without MBL, the tissue around the dental
implant neck after 3 months is more similar to trabecular bone. Referring to the other
publications, it can also mean that the texture feature values of tissue near the implant neck
after 3 months of healing in the group where MBL was detected approach cortical bone
texture feature values [13,14].

The decreasing values of DifEntr and increasing values of LngREmph texture features
are further proof that the tissue around the implant neck in the group with marginal bone
loss is not similar to the trabecular one. For confirmation, Kozakiewicz et al. also proved
that increasing LngREmph texture feature values and decreasing values of DifEntr are one
of the signs of corticalization, which is correlated with bone loss [21]. In cases where MBL
was detected and was correlated with corticalization, more longitudinal objects were ob-
served (increasing LngREmph) as well as a decrease in chaotic patterns (decreased DifEntr).

Texture feature values that become similar to the reference of cortical bone can be an
indicator of MBL. The process called corticalization near the implant neck surface is related
to MBL [21]. On the other hand, an increasing value of the Entropy feature can be one of
the signs that chaotic patterns have increased. Greater entropy means greater chaos, which
can be equal to the decrease in bone structure.

It can be noticed that the values of the texture features in the group where marginal
bone loss appeared were similar to the texture features of the reference scale for cortical
bone. It is also related to higher torque when placing an implant. This means that higher
torque during implant placement may lead to the densification of tissue around the implant
neck. Condensed bone can be the first step to cortical bone formation, which is correlated
with MBL.

Wavelet decomposition may be a healing process indicator. It can show that the tra-
becular part of the bone becomes part of the structure surrounding the dental implants. It
also indicates the changes of long and small objects: longitudinal or circular shades [14,22].
It was noticed in Wach and Kozakiewicz’s study [14] that the higher the scale of wavelet
decomposition, the larger the object appears in the texture. The subbands HH and LL
indicate circular shades, while LH and HL indicate longitudinal ones. The decrease in
wavelets in scale 4 and 5 in subband LH in the mandible group where MBL was detected
may be related to the disappearance of bone structure. The disappearance of the decompo-
sition of wavelets in scale 6 in our research was interesting. Our research can lead to the
conclusion that the wavelets in scale 6 are an indicator of the healing process that occur
later than 3 months post-operation. Wavelets in scale 6 should be observed in the next
observation period.

The subcrestal implant level placement looks promising. This study shows that the
lowest MBL appeared near this kind of implant. It is likely that the level of implant
placement is not the only factor to have an impact on MBL. There are also studies that show
that implant level placement does not have an influence on MBL near the implants [6].
MBL before the loading and exposure of the implant may be a result of different stresses of
the implant neck.

Implant design features and structural features may also have an impact on marginal
bone loss regardless of the torque used or the region of insertion [23,24], or may have
preservation influence on the bone around the implants [25]. Taking into consideration that
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torque was not correlated with marginal bone loss in the case of implants in the maxilla,
the research shows a correlation between MBL and implant design in the anterior part of
the maxilla where the torque was higher than 45 Ncm. This proves that marginal bone
loss in the maxilla is not correlated with a high insertion torque, or high torque along with
some other implant feature can result in greater MBL. In the implant samples analyzed in
the lower jaw, dental implant design had an insignificant impact on MBL in cases where
the torque was lower than 45 Ncm. This is further proof that insertion torque (higher than
45 Ncm) has an impact on MBL near the implant neck after the first 3 months of healing.

One limitation of the study is that the laboratory tests were not checked after 3 months.
Another limitation is that the radiograph texture analyses were not compared to the
histopathological examination of bone near the implant neck. Clinical marginal bone loss
in mm was not carried out because of trauma—the authors checked the marginal bone
loss before the second stage of treatment—before exposing the implant. There was also a
limited number of samples, as not all patients came back after 3 months of healing and not
all of the pictures taken were qualified after visual assessment for analyses. The BMI of the
patients was also not taken into account. The research needs further evaluation of other
local factors that could have an impact on marginal bone resorption.

5. Conclusions

Marginal bone loss is related to higher torque value during the implant placement
procedure (higher than 40 Ncm torque was closely associated with MBL), but only in
implants located in the lower jaw. The texture feature values that change over the healing
process are closely related to the occurrence of MBL. It can be concluded that there are
some texture features that can be used as indicators of problems near the inserted implants.
The texture feature values (SumAverg, Entropy, DifEntr, and LngREmph) can indicate the
likelihood of MBL occurrence. Haar wavelet decompositions should be observed in the
next period of observation. Selected implant design features near the implant neck may
have a positive impact on marginal bone, lower early bone loss associated with the neck
microthreads and body threads. The level of implant placement also has an effect on early
MBL. Additionally, the statistics verified the correlation between the design of the implant,
insertion region, and torque, showing that cases where the implants were inserted with
higher torque were more vulnerable to MBL near the implant neck in the early period of
healing. This study is also the beginning of research into the correlation between texture
features near the implant neck on the day of surgery and future bone loss.
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Abstract: Objectives: This study aimed to examine and compare the findings of nail and enthesis ul-
trasonography in patients with psoriasis and psoriatic arthritis. Methods: We identified 154 patients
with psoriatic arthritis and 35 patients with psoriasis who were treated at Chang Gung Memorial Hos-
pital, Taiwan, between September 2018 and January 2019. Results: There were significant differences
in the Nail Psoriasis Severity Index scores and Glasgow Ultrasound Enthesitis Scoring System scores
between patients with psoriasis and those with psoriatic arthritis. B-mode ultrasonography revealed
that onychopathic changes were more common in the psoriasis group. The psoriatic arthritis group
showed a higher proportion of lower-limb enthesopathy, with significant differences in distal patellar
ligament thickness and Achilles tendon thickness. Conclusion: The findings of nail ultrasonography
were more severe in psoriasis cases, and the ultrasonographic findings of enthesopathy of the lower
limb were more severe in cases of psoriatic arthritis.

Keywords: Glasgow Ultrasound Enthesitis Scoring System; nail; psoriasis; psoriatic arthritis;
ultrasonography

1. Introduction

Psoriatic disease is a noncontagious, multisystem autoimmune disease with predomi-
nantly skin and joint involvement [1]. Psoriasis (PsO) manifests with scaly erythematous
plaques usually affecting extensor surfaces of the elbows and knees, and sometimes involves
other parts of the body [2]. Psoriatic arthritis (PsA) is a chronic multifactorial inflammatory
musculoskeletal disease, usually associated with PsO [3]. PsA affects similar diverse organ
systems involving the skin, nails, enthesis, and axial and peripheral joints [4]. Diagnosis of
PsA is difficult due to variable clinical signs. Nevertheless, classification systems such as
the Classification for Psoriatic Arthritis (CASPAR) criteria, and several other screening tools,
can facilitate recognition of this disease. Nail dystrophy, including onycholysis, pitting, and
hyperkeratosis, is included in the CASPAR criteria [5]. Nail involvement is usually present
in psoriatic disease, and the fingernails are more commonly affected than the toenails. In
clinical examinations, high-frequency sonography provides valuable information regarding
structural changes in the nail unit in PsO patients [6]. These morphostructural changes in
PsO and PsA patients include ventral nail plate deposits, increased nail plate thickness,
and irregular or completely fused nail plates [7]. Arbault et al. reported that feasibility and
reliability were satisfactory for ultrasonography (US) of the nail in PsA [8].

In addition to nail changes, US can accurately detect enthesis involvement, including
thickened tendons, hypoechogenicity, bursitis, and bone erosion [9]. The Glasgow Ultra-
sound Enthesitis Scoring System (GUESS) score is significantly higher in patients with PsO
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than in healthy controls [10,11]. In addition, entheseal involvement has been reported in
asymptomatic patients with PsO, with a high prevalence of subclinical enthesopathy [11].
US may be useful for rheumatologists and dermatologists to identify subclinical PsA based
on identification of enthesopathy in the distal interphalangeal (DIP) joint, quadriceps
tendon, and the distal and proximal patellar ligament.

In our study, we aimed to establish the status of ultrasound as a valuable tool to
evaluate nail changes and enthesopathy in psoriatic patients. This cross-sectional study
revealed clinical characteristics and ultrasonographic differences between PsO and PsA in
the nails and enthesis.

2. Materials and Methods

2.1. Study Design

This single-centre, cross-sectional study was performed between September 2018
and January 2019 at Chang-Gung Memorial Hospital Linkou branch, Taiwan. The study
population consisted of 189 non-consecutive patients comprising 35 with PsO and 154
with PsA (CASPAR criteria) attending the outpatient clinics of the Dermatology and
Rheumatology units at Chang-Gung Memorial Hospital. The exclusion criteria were age
<18 years, mycosis, trauma and/or local corticosteroid injection within the past 6 weeks
at the DIP joints and/or lower-limb entheses. Patients with other causes of hand or leg
enthesopathy were also excluded, for example, rheumatoid arthritis, osteoarthritis, or
crystalline deposition disease. The study was conducted in accordance with the tenets
of the Declaration of Helsinki and local regulations. Ethical approval for the study was
obtained from the Chang-Gung Memorial Hospital Local Ethics Committee, and all patients
provided informed consent.

The following parameters were included: age, sex ratio, disease duration (years),
family history, uveitis, body mass index (BMI), nail PsO, medical treatment including
classical disease-modifying antirheumatic drugs (cDMARDs; methotrexate, sulfasalazine,
leflunomide, cyclosporine), tumour necrosis factor inhibitor (certolizumab, golimumab,
adalimumab, etanercept), interleukin-17 inhibitor (ixekizumab, secukinumab), interleukin-
12 and interleukin-23 inhibitor (ustekinumab), and interleukin-23 inhibitor (guselkumab).

2.2. Ultrasound Assessment

Real-time high-resolution US was performed by an experienced rheumatologist using
a Siemens ACUSON P300™ US system equipped with a variable-frequency transducer
ranging from 6 to 18 MHz (focal range 0.2–3 cm, image field 16 mm), to observe nail
anatomy. The parameters for B-mode US examinations were set to maximise the precision
of detection. The settings for structures were: full nail structure (18 Hz), superior pole of
the patella—quadriceps tendon enthesis (16 Hz), inferior pole of the patella—proximal
patellar ligament enthesis (16 Hz), tibial tuberosity—distal patellar ligament enthesis
(16 Hz), superior pole of the calcaneus—Achilles tendon enthesis (16 Hz), inferior pole of
the calcaneus—plantar aponeurosis enthesis (6 Hz). Definition for abnormal enthesopathy
thickness: quadriceps tendon > 6.1 mm, proximal and distal patellar ligament > 4 mm,
Achilles tendon > 5.29 mm, plantar aponeurosis > 4.4 mm.

The patient was asked to sit with the forearm in a neutral position over a table, and
the nails were scanned in longitudinal and transverse planes. We ensured a sufficient
amount of US gel was applied to avoid alteration of nail thickness caused by transducer
compression. Fingernails were scanned in grayscale mode with an 18 MHz transducer, to
detect morphostructural changes (nail plate thickness, Wortsman’s classification, nail bed
thickness, hyperechoic spots, nail matrix thickness or loss) [12]. In more detail, nail plate
thickness was determined by measuring the distance between the ventral and dorsal nail
plates, and nail bed thickness defined as the distance from the ventral nail plate to the dorsal
side of the distal phalange 2.5 mm from the proximal nail fold. The following elemental
lesions were evaluated by grayscale US assessment according to the Brown University
Nail Enthesis Scale (BUNES) preliminary definition of onychopathy (0–90): Wortsman’s
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classification of the nail plate, thickness of the nail bed, hyperechoic spots on the nail bed,
and nail matrix loss [7]. The nail plate, nail bed, and nail matrix thickness were measured
in millimetres.

Abnormally hypoechoic and/or thickened tendons at the bony attachment, and bony
changes including thickness, bursitis, enthesophytes, and erosions, were evaluated by
grayscale US assessment at the quadriceps tendon enthesis, proximal patellar ligament
enthesis, distal patellar ligament enthesis, Achilles tendon enthesis, and plantar aponeurosis
enthesis, according to the GUESS (0–36) preliminary definition of enthesopathy [13].

2.3. Nail Change Assessment

The nail psoriasis severity index (NAPSI) was used for severity grading, which
included parameters of the nail matrix (pitting, leuconychia, red spots in the lunula,
crumbling) and nail bed (onycholysis, splinter haemorrhage, subungual hyperkeratosis,
oil stains).

2.4. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics 25.0 for Windows (IBM,
Armonk, NY, USA). The results were evaluated using descriptive statistics. Linear corre-
lations were represented using Pearson’s correlation coefficient (r). Continuous variables
were expressed as the mean ± standard deviation depending on the distribution, and
categorical variables were expressed as percentages with the corresponding 95% confidence
interval (95% CI). The independent-samples t-test was applied to compare continuous
variables, which were expressed as frequencies and crosstabs. Pearson’s Chi-square test
was applied to compare categorical variables. Associative US features with the presence of
nail involvement were also calculated using binary logistic regression analysis, adjusted
for other variables. Inferential statistical analysis was conducted at a significance level of
5%, and p < 0.05 was taken to indicate statistical significance.

3. Results

3.1. Patient Characteristics

The study population consisted of a total of 189 patients comprising 154 with PsA and
35 with PsO. The characteristics of the study population are presented in Table 1. Nail PsO
was observed in 158 of the 189 patients (83.6%).

Table 1. Demographic profile of study population and disease-related data for PsO and PsA patients.

Parameters All (n = 189) PsA (n = 154, 81.5%) PsO (n = 35, 18.5%) p Value

Age (years), mean ± SD 48.3 ± 14.2 49.3 ± 14.0 43.5 ± 14.6 0.028

Male:female 112:77 90:64 22:13 0.631

Disease duration (years),
mean ± SD 12.2 ± 10.9 12.96 ± 11.14 8.83 ± 9.33 0.043

Family history, N (%) 45 (23.8%) 34 (22%) 11 (31.4%) 0.241

Uveitis, N (%) 6 (3.2%) 6 (3.9%) 0 (0%) 0.342

Body mass index (kg/m2),
mean ± SD

27.56 ± 5.272 27.86 ± 5.237 26.24 ± 5.312 0.136

Nail psoriasis, N (%) 158 (83.6%) 126 (82.9%) 32 (91.4%) 0.318

cDMARDs, N % 112 (59%) 97 (63.0%) 15 (42.9%) 0.182

Methotrexate 71 (37.6%) 58 (0.4%) 13 (0.4%) 0.916

Sulfasalazine 50 (26.5%) 49 (31.8%) 1 (2.9%) 0.001

Leflunomide 28 (14.8%) 27 (17.5%) 1 (2.9%) 0.031
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Table 1. Cont.

Parameters All (n = 189) PsA (n = 154, 81.5%) PsO (n = 35, 18.5%) p Value

Cyclosporine 6 (3.2%) 4 (2.6%) 2 (5.7%) 0.318

b-DMARDs, N% 47 (25%) 43 (27.9%) 4 (11.4%) 0.137

TNFi, N % 24 (12.7%) 23 (14.9%) 1 (2.9%) 0.059

Golimumab 2 (1.1%) 2 (1.3%) 0 (0%) 0.506

Adalimumab 16 (8.5%) 16 (10.4%) 0 (0%) 0.050

Etanercept 6 (3.2%) 5 (3.2%) 1 (2.9%) 0.934

IL17i, N % 19 (10%) 18 (11.7%) 1 (2.9%) 0.312

Ixekizumab 2 (1.1%) 2 (1.3%) 0 (0%) 0.506

Secukinumab 18 (9.5%) 17 (11.0%) 1 (2.9%) 0.149

IL12, 23i, N % 6 (3.2%) 4 (2.6%) 2 (5.7%) 0.313

Ustekinumab 6 (3.2%) 4 (2.6%) 2 (5.7%) 0.318

IL23i, N % 1 (0.5%) 1 (0.6%) 0 (0%) 0.639

Guselkumab 1 (0.5%) 0 (0%) 1 (0.6%) 0.638

NAPSI (points), mean ±
SD 23.8 ± 23.1 21.4 ± 21.4 33.9 ± 27.5 0.016

PsO, psoriasis; PsA, psoriatic arthritis; n, the number of patients; cDMARD, conventional disease-modifying
antirheumatic drugs; bDMARDs, biological disease-modifying antirheumatic drugs; TNFi, tumor necrosis factor
inhibitor; IL17i, interleukin 17 inhibitor; IL12, 23i, interleukin 12, 23 inhibitor; IL23i, interleukin 23 inhibitor;
GUESS, Glasgow Ultrasound Enthesitis Scoring System; NAPSI, nail psoriasis severity index; BUNES, Brown
University Nail Enthesis Scale; SD, standard deviation.

The PsA and PsO groups showed significant differences in mean age (49.3 ± 14.0
vs. 43.5 ± 14.6, respectively; p = 0.028), disease duration (12.96 ± 11.14 vs. 8.83 ± 9.33;
p = 0.043), GUESS value (3.9 ± 2.6 vs. 2.8 ± 1.8; p = 0.004), and NAPSI value (21.4 ± 21.4
vs. 33.9 ± 27.5; p = 0.016). The PsA and PsO groups showed a modest linear correlation
between NAPSI and BUNES scores (r = 0.365; p < 0.0001). The rates of administration of
sulfasalazine, leflunomide, and adalimumab were significantly higher in the PsA group
than the PsO group (49 of 154 vs. 1 of 35, respectively; p = 0.001; 27 of 154 vs. 1 of 35;
p = 0.031; 16 of 154 vs. 0 of 35; p = 0.050).

3.2. Ultrasonography Findings at Finger Nails

After excluding samples that were not available, 1880 fingernails in the total study
population were evaluated: 1530 from the PsA group and 350 from the PsO group.

According to the morphostructural US (Figure 1A–C), there were no significant dif-
ferences in nail thickness or nail morphometric changes between the PsA and PsO groups
(Table 2). Across the total study population, the nail plate thickness was 0.44 ± 0.21 mm,
nail bed thickness was 1.78 ± 0.53 mm, and nail matrix thickness was 1.96 ± 0.47 mm.
Moreover, 783 of 1880 (41.6%) fingernails showed normal morphometry (Wortsman type 0)
and 1097 of 1880 (58.4%) fingernails showed abnormal morphometry (Wortsman types 1–4)
in the nail plate. Furthermore, 1355 of the 1880 fingernails showed thickening of the nail
bed, 30 (1.6%) showed hyperechoic spots, and 1351 (71.9%) showed nail matrix loss.
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(A) 

 
(B) 

(C) 

Figure 1. Comparison health control with nail psoriasis. (A). Grayscale ultrasonogaphy of the
fingernail in a healthy control. Arrow: trilamellar and convex structure of nail plate with two
hyperechoic lines, ventral and dorsal, separated by a hypoechoic line. Dashed line: the diameter of
the nail bed is thinner in the distal part than the proximal. Asterisk: nail matrix present. (B). Grayscale
ultrasonography of the fingernail in mild psoriatic nail disease. Arrow: interruption of hyperechoic
line and loss of convex structure of nail plate (Wortsmann type II). Dashed line: loss of thinner distal
part of nail bed. Asterisk: nail matrix present. (C). Grayscale ultrasonography of the fingernail in
severe psoriatic nail disease. Arrow: a single and wavy hyperechoic layer losing its normal trilamillar
appearance (Wortsmann type IV). Dashed line: thickening of nail bed. Asterisk: loss of normal nail
matrix structure.

Table 2. Nail morphometry in ultrasounds.

Parameters All PsA (n = 154) PsO (n = 35) p Value

BUNES (points), mean ± SD 22.9 ± 8.5 22.6 ± 8.6 24.3 ± 8.3 0.292

Nail plate 1097 (58.4%) 853 (55.8%) 244 (69.7%) 0.276

Normal 783 (41.6%) 677 (44.2%) 106 (30.3%) 0.291

Wortsman type 0 783 (41.6%) 677 (44.2%) 106 (30.3%) 0.291

Abnormal 1097 (58.4%) 853 (55.8%) 244 (69.7%) 0.276

Wortsman type 1 206 (11.0%) 166 (10.8%) 40 (11.4%) 0.355

Wortsman type 2 211 (11.2%) 167 (10.9%) 44 (12.6%) 0.414

Wortsman type 3 84 (4.5%) 65 (4.2%) 19 (5.4%) 0.388

Wortsman type 4 595 (31.6%) 455 (29.7%) 141 (40.3%) 0.279

Nail plate thickness, mean ± SD 0.44 ± 0.21 mm 0.45 ± 0.21 mm 0.40 ± 0.25 mm 0.165

Nail bed 1362 (72.4%) 1083 (70.8%) 279 (79.7%) 0.631
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Table 2. Cont.

Parameters All PsA (n = 154) PsO (n = 35) p Value

Thickness 1355 (72.1%) 1077 (70.4%) 278 (79.4%) 0.604

Hyperechoic spotting 30 (1.6%) 24 (1.6%) 6 (1.7%) 0.670

Nail bed thickness, mean ± SD 1.78 ± 0.53 mm 1.73 ± 0.45 mm 1.98 ± 0.77 mm 0.072

Nail matrix 1351 (71.9%) 1084 (70.8%) 267 (76.3%) 0.551

Loss 1351 (71.9%) 1084 (70.8%) 267 (76.3%) 0.551

Nail matrix thickness, mean ± SD 1.96 ± 0.47 mm 1.94 ± 0.45 mm 2.04 ± 0.54 mm 0.270

PsO, psoriasis; PsA, psoriatic arthritis; n, the number of patients.

The patients with psoriatic disease and clinical fingernail involvement presented
onychopathic signs: pitting, leuconychia, crumbling, onycholysis, splinter haemorrhage,
subungual hyperkeratosis, and oil stains (Supplementary Table S1). Subungual hyper-
keratosis was significantly more common in the PsO group than the PsA group (25.7%
vs. 11.7%, respectively; p = 0.035), while there were no significant differences in the other
subtypes between the two groups.

Binary logistic regression analysis indicated clinical features associated with fingernail
thickness (Supplementary Table S2). In particular, NAPSI (OR = 0.977; CI = 0.959–0.995;
p = 0.013) and GUESS (OR = 1.332; CI = 1.046–1.696; p = 0.020) scores were significantly
associated with fingernail thickness, independent of age, sex, and BMI.

3.3. Ultrasonographic Findings at the Lower-Limb Enthesis

Multiple sites of enthesopathy were detected with clinical lower-limb involvement in
PsA and PsO patients, including quadriceps tendon enthesis, proximal patellar ligament
enthesis, distal patellar ligament enthesis, Achilles tendon enthesis, and plantar aponeurosis
enthesis (Table 3). US indicated abnormally hypoechoic lesions, thickened tendons at sites
of bone attachment, and changes in bones. The ligaments of the lower limbs were thicker
in the PsA group than the PsO group, but the differences between the two groups were
not significant, except for distal patellar ligament thickness and Achilles tendon thickness,
which were significantly greater in patients with PsA than in those with PsO (3.7 ± 0.7 mm
vs. 3.4 ± 0.7 mm, respectively; p = 0.032; 4.8 ± 1.0 mm vs. 4.5 ± 0.8 mm; p = 0.044) (Table 3).

Table 3. GUESS values and tendon thickness of PsA and PsO patients.

Parameters All (n = 189) PsA (n = 154) PsO (n = 35) p Value

GUESS (points), mean ± SD 3.7 ± 2.5 3.9 ± 2.6 2.8 ± 1.8 0.004

Superior pole of the patella—quadriceps
tendon enthesis 75 (39.7%) 64 (41.6%) 11 (31.4%) 0.588

• Quadriceps tendon thickness > 6.1 mm 61 (32.3%) 53 (34.4%) 8 (22.9%) 0.303

Quadriceps tendon thickness (mm),
mean ± SD 5.4 ± 1.0 mm 5.4 ± 1.0 mm 5.1 ± 1.1 mm 0.056

• Suprapatellar bursitis 1 (0.5%) 1 (0.6%) 0 (0%) 0.622

• Superior pole of patella erosion 0 (0%) 0 (0%) 0 (0%) -

• Superior pole of patella enthesophyte 22 (11.6%) 19 (12.3%) 3 (8.6%) 0.159

Inferior pole of the patella—proximal
patellar ligament enthesis 130 (68.8%) 104 (67.5%) 26 (74.3%) 0.636

• Patellar ligament thickness > 4 mm 129 (68.3%) 103 (66.9%) 26 (74.3%) 0.626

Proximal patellar ligament thickness
(mm), mean ± SD 4.4 ± 0.9 mm 4.5 ± 0.9 mm 4.2 ± 0.8 mm 0.160

• Inferior pole of patella erosion 4 (2.1%) 4 (2.6%) 0 (0%) 0.320

• Inferior pole of patella erosion 4 (2.1%) 4 (2.6%) 0 (0%) 0.320
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Table 3. Cont.

Parameters All (n = 189) PsA (n = 154) PsO (n = 35) p Value

• Inferior pole of patella enthesophyte 2 (1.1%) 1 (0.6%) 1 (2.9%) 0.272

Tibial tuberosity—distal patellar ligament
enthesis 94 (49.7%) 82 (53.2%) 12 (34.3%) 0.364

• Patellar ligament thickness > 4 mm 72 (38.1%) 63 (40.9%) 9 (25.7%) 0.140

Distal patellar ligament thickness (mm),
mean ± SD 3.6 ± 0.7 mm 3.7 ± 0.7 mm 3.4 ± 0.7 mm 0.032

• Infrapatellar bursitis 24 (12.7%) 21 (13.6%) 3 (8.6%) 0.438

• Tibial tuberosity erosion 8 (4.2%) 8 (5.2%) 0 (0%) 0.155

• Tibial tuberosity enthesophyte 9 (4.8%) 9 (5.8%) 0 (0%) 0.319

Superior pole of the calcaneus—Achilles
tendon enthesis 95 (50.3%) 79 (51.3%) 16 (45.7%) 0.251

• Achilles tendon thickness > 5.29 mm 69 (36.5%) 57 (37.0%) 12 (34.3%) 0.251

Achilles tendon thickness (mm), mean ±
SD 4.8 ± 1.0 mm 4.8 ± 1.0 mm 4.5 ± 0.8 mm 0.044

• Retrocalcaneal bursitis 7 (3.7%) 5 (3.2%) 2 (5.7%) 0.123

• Posterior pole of calcaneus erosion 10 (5.3%) 10 (6.5%) 0 (0%) 0.278

• Posterior pole of calcaneus
enthesophyte 39 (20.6%) 35 (22.7%) 4 (11.4%) 0.145

Inferior pole of the calcaneus—plantar
aponeurosis enthesis 32 (16.9%) 27 (17.5%) 5 (14.3%) 0.381

Plantar aponeurosis thickness > 4.4 mm 31 (16.4%) 26 (16.9%) 5 (14.3%) 0.416

• Plantar aponeurosis thickness (mm),
mean ± SD 3.5 ± 0.7 mm 3.5 ± 0.8 mm 3.4 ± 0.6 mm 0.639

• Inferior pole of calcaneus erosion 1 (0.5%) 1 (0.6%) 0 (0%) 0.622

• Inferior pole of calcaneus enthesophyte 1 (0.5%) 1 (0.6%) 0 (0%) 0.622

PsO, psoriasis; PsA, psoriatic arthritis; n, number of patients; GUESS, Glasgow Ultrasound Enthesitis Scoring
System; SD, standard deviation.

3.4. Uniform Score Systems under Different Systemic Therapies

Subgroup analysis was carried out to investigate whether treatments impacted pso-
riatic nail change and enthesopathy. We selected three uniform score systems (NAPSI,
BUNES and GUESS) and defined them as six categorical variables (NAPSI ≥ 20, NPASI < 20,
BUNES ≥ 22, BUNES < 22, BUESS ≥ 3, BUNESS < 3). Next, we compared six parameters
in relation to psoriatic disease (PsA, PsO) and three subgroup therapies (only cDMARDs,
only bDMARDs, and combined therapy). Under Pearson’s Chi-square analysis, there were
significant differences between high or low GUESS values and PsO or PsA. (p = 0.030). High
or low GUESS values also showed significant differences for the three systemic therapies
(p = 0.021) (Table 4). Furthermore, for the high or low GUESS parameter, comparisons of
cDMARDs versus bDMARDs and bDMARDs versus combined therapy revealed significant
differences (p = 0.012, p = 0.007, respectively).

Table 4. NAPSI, BUNES and GUESS values in patients with psoriatic disease receiving
systemic therapy.

Parameters
PSO

(n = 35)
PSA

(n = 154)
p Value

cDMARDs
(n = 94)

bDMARDs
(n = 29)

Combined
Therapy (n = 18)

p Value

High NAPSI (≥20) 21 (60%) 72 (46.8%) 0.157 44 (46.8%) 15 (51.7%) 7 (38.9%) 0.693

Low NAPSI (<20) 14 (40%) 82 (53.2%) 0.157 50 (53.2%) 14 (48.3%) 11 (61.1%) 0.693

High BUNES
(≥22) 21 (60%) 74 (48.1%) 0.168 51 (54.3%) 16 (55.2%) 7 (38.9%) 0.416
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Table 4. Cont.

Parameters
PSO

(n = 35)
PSA

(n = 154)
p Value

cDMARDs
(n = 94)

bDMARDs
(n = 29)

Combined
Therapy (n = 18)

p Value

Low BUNES (<22) 13 (37.1%) 78 (50.6%) 0.168 42 (44.7%) 12 (41.4%) 11 (61.1%) 0.416

High GUESS (≥3) 12 (34.3%) 82 (53.2%) 0.030 60 (63.8%) 26 (89.7%) 10 (55.6%) 0.021

Low GUESS (<3) 23 (65.7%) 68 (44.2%) 0.030 31 (33.0%) 3 (10.3%) 8 (44.4%) 0.021

PsO, psoriasis; PsA, psoriatic arthritis; n, number of patients; cDMARDs, only conventional disease-modifying
antirheumatic drugs; bDMARDs, only biological disease-modifying antirheumatic drugs; Combined therapy,
cDMARDs plus bDMARDs; GUESS, Glasgow Ultrasound Enthesitis Scoring System; NAPSI, nail psoriasis
severity index; BUNES, Brown University Nail Enthesis Scale.

4. Discussion

In this study, we used ultrasonography to quantify the severity of enthesopathy
affecting nails and lower extremities, aiming to reveal correlations between enthesopathy
and subgroups of psoriatic diseases. The prevalence of enthesopathy involvement was
demonstrated under designated ultrasound survey. PsA was associated with a higher
GUESS value, and nail US was not different between PsO and PsA groups.

In our study population, higher proportions of nail plate, nail bed, and nail matrix
abnormalities were seen in patients with PsO than in those with PsA. The mean nail
plate thickness was greater in the PsA group, although the difference was not significant.
Conversely, the mean nail bed and nail matrix thicknesses were greater in the PsO group,
although the differences were not significant (Table 2). However, Naredo et al. reported
that nail bed thickness, nail plate thickness, and B-mode scores were significantly higher in
the nails of patients with PsO than those with PsA [14]. The nail imaging findings in our
study were similar to those of previous studies by Aydin et al. and Idolazzi et al [15,16].
Those studies reported nail involvement in both PsA and PsO, with higher frequencies of
structural and inflammatory changes in both groups compared with healthy controls, but
no significant differences between the PsA and PsO groups [15,16]. The sample size of the
PSO group was small. That may be the reason that that NAPSI value was higher in the
PSO group, but no differences in nail morphometry parameters were found between the
groups. Numerous surveys have shown a remarkably high frequency of clinically occult
musculoskeletal symptoms in psoriasis patients, ultrasound in particular having revealed a
high prevalence of subclinical enthesitis and other inflammatory changes. Strategies must
recognize and incorporate assessment of community-based psoriasis sufferers with only
mild skin disease, as this group is at particular risk of PsA [17].

Among our patients, the GUESS values were significantly higher in the PsA group
than the PsO group. A previous study showed that common sites of enthesitis in PsA
patients included the insertion of the quadriceps tendon into the patellar bone, insertion
of the proximal patellar ligament into the patellar bone, insertion of the distal patellar
ligament into the tibial tuberosity, insertion of the Achilles tendon into the calcaneus
bone, and insertion of the plantar aponeurosis into the calcaneus bone [18]. Three studies
have shown the validity of US for early detection of subclinical enthesopathy in psoriatic
diseases [19–21].

In contrast to lesion thickness, the distal patellar ligament and Achilles tendon were
significantly thicker in PsA than in PsO (Table 3). Moshrif et al. reported that thickening
of the Achilles tendon was the most common sign in patients with enthesitis [22]. In the
ULISSE study, Achilles tendon lesion was found to be significantly higher in PsA than
in PsO [17]. However, this was contrary to the report by Michelsen et al. indicating no
association between clinical and US signs of Achilles enthesitis in PsA [23]. Graceffa et al.
reported that thickness of enthesis at the superior pole of the patella was significantly
increased in PsA, but not in PsO nor healthy controls [24]. Macchioni et al. also reported that
entheseal thickening of the Achilles tendon was significantly greater in PsA than PsO [25].

104



J. Clin. Med. 2022, 11, 6296

However, isolated peripheral enthesitis was not significant in most of our study population,
except in cases of Achilles tendon thickness and distal patellar ligament thickness.

In our study, the rate of clinical nail abnormalities was higher in the PsO group
than the PsA group (32 of 35 (91.4%) vs. 126 of 152 (82.9%), respectively). There were no
significant differences between the two groups, except in nail bed subungual hyperkeratosis
(Supplementary Table S1). Castellanos-González et al. and Naredo et al. reported that there
was a significant correlation between target NAPSI value and evidence of enthesopathy [26].
Our observation that GUESS values were significantly higher in patients with PsO than
in healthy controls or those with other dermopathies was consistent with the reports of
Gutierrez et al. and Pistone et al. [11,27]. Both of those studies revealed the ability of US to
detect signs of subclinical enthesopathy, and demonstrating its value in detecting entheseal
changes in psoriatic patients according to GUESS rating.

In the present study, GUESS value was significantly higher in the PsA group than the
PsO group on binary logistic regression analysis (OR = 1.332; CI = 1.046–1.696; p = 0.020)
(Supplementary Table S2). In addition, there was a modest correlation between GUESS and
BUNES scores in the PsA group. Ash et al. reported that enthesopathy and inflammation
scores were higher in PsO patients with nail disease than in those without nail disease, or
in healthy controls [28]. Furthermore, El Miedany et al. also reported that structural joint
damage was significantly associated with onychopathy-defined changes in the trilaminar
appearance of the nails, extensor tendon enthesopathy, or enhanced vascularity in the nail
bed (OR = 2.30, 95% CI = 1.17–3.69) [29]. Those studies supported the suggestion that
clinical evidence of onychopathy may be correlated with enthesopathy in psoriatic patients.
Increased GUESS values and/or entheseal thickness are more common in patients with
PsA than in those with PsO.

This study had some limitations. First, we did not investigate intraobserver reliability
of US features. Second, there was a marked difference in the numbers of patients with PsA
(n = 154) and those with PsO (n = 35). Third, we could not discriminate the directionality of
the association between nail thickening and skin manifestations of psoriatic disease. Fourth,
the sonographer was not blinded to the presence of enthesopathy and nail involvement.
Furthermore, the longer duration of PsA might be a suspicious confounding factor in
GUESS analysis. We had no data about the subgroups of PsA, the severity of PsA, nor the
severity of PsO. Finally, treatment plans and disease activity, including remission, might be
important confounding factors.

5. Conclusions

In conclusion, US was valuable for evaluating nail changes and enthesopathy in PsO.
We found several quantitative parameters that may be useful in US assessment of psoriatic
nails and the entheseal complex. Further US studies of nail and entheseal involvement in
psoriatic diseases are required for application in clinical practice.
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Abstract: Background: Reduced temporal muscle thickness (TMT) was verified as an independent
negative prognostic parameter for outcome in brain tumor patients. Independent thereof, chronic
subdural hematoma (CSDH) is a neurosurgical condition with high recurrence rates and unreliable
risk models for poor outcome. Since sarcopenia was associated with poor outcome, we investigated
the possible role of TMT and the clinical course of CSDH patients. Methods: This investigation is a
single-center retrospective study on patients with CSDH. We analyzed the radiological and clinical
data sets of 171 patients with surgically treated CSDH at a University Hospital from 2017 to 2020.
Results: Our analysis showed a significant association between low-volume TMT and increased
hematoma volume (p < 0.001), poor outcome at discharge (p < 0.001), and reduced performance status
at 3 months (p < 0.002). Conclusion: TMT may represent an objective prognostic parameter and assist
the identification of vulnerable CSDH patients.

Keywords: temporal muscle thickness; sarcopenia; chronic subdural hematoma; recurrence; outcome;
risk factors

1. Introduction

Chronic subdural hematoma (CSDH) is the most common neurosurgical condition,
and with the increasing age of the Western population, the incidence of CSDH is expected
to further increase in the near future [1]. To date, the major challenges in the management
of CSDH is the difficult prognostication of outcome and high recurrence with reported
rates of up to 40% [2]. Predictive models remain inconsistent and have not been routinely
translated into clinical practice [3]. On the other hand, the loss of skeletal muscle mass
(sarcopenia) was recently introduced as an objective parameter for outcome in hospitalized
older patients [4]. Sarcopenia is usually verified through muscle function tests such as
the gait speed test and the grip strength test [5,6]. However, measuring muscle function
with the abovementioned techniques often cannot be performed in CSDH patients because
of the frequently present disturbances of consciousness and/or hemiparesis. However,
an alternative evaluation of muscle mass and function was recently shown through the
association of radiologically measured temporal muscle thickness (TMT) and outcome
in brain tumor patients [7–9]. Further, CT scans (computed tomography) are routinely
performed on CSDH patients, and TMT measurement is easy and rapid to implement.
We therefore investigated TMT as an alternative method to evaluate muscle mass and
investigated its role as an objective parameter for CSDH outcome.

J. Clin. Med. 2022, 11, 6456. https://doi.org/10.3390/jcm11216456 https://www.mdpi.com/journal/jcm
109



J. Clin. Med. 2022, 11, 6456

2. Materials and Methods

2.1. Patients and Data Collection

All patients admitted to the neurosurgical department of the authors’ institution be-
tween August 2017 and June 2020 with the diagnosis of a CSDH were included in the
analysis. The inclusion criteria were: (1) chronic subdural hematoma diagnosed by CT or
MRI scan and (2) patients aged 18 years and above. The patient characteristics and medical
data were collected using the institutional electronic database. For this retrospective analy-
sis, ethical approval was obtained from the Ethics Committee of the University Medicine
Rostock, Germany (identification number: A 2021-0112). As a non-interventional monocen-
tric study, patient consent was waived. The exclusion criteria were lack of radiological data
or hospital discharge in less than 24 h after admission. The investigated medical record
parameters included: age at admission, sex, GCS at admission, anticoagulation status,
preexisting conditions, symptoms at admission, radiological parameters such as hematoma
diameter and midline shift, clinical course, and status at discharge and at 3 months after
operation.

2.2. Image Analysis

Preoperative, postoperative, and follow-up CT scans were analyzed with PACS soft-
ware Jivex® v5.2 (VISUS Technology Transfer GmbH, Bochum, Germany). Image analysis
was performed by two neurosurgeons (D.D. and S.Y.-W.) that were blinded to the patients’
medical data. A representative analysis is displayed in Figure 1. TMT was measured on
the left and on the right side separately in each patient and each side was summed up and
divided by two, resulting in a mean TMT per patient. The TMT side showed no statistical
difference. High-volume TMT was defined as mean of 6–9 mm and low-volume TMT as
1–5 mm.

 

Figure 1. Representative case for the assessment of temporalis muscle thickness (TMT) on cranial
CT scan shown in red arrows. (A) TMT measurement on axial CT scan image of a patient with
low-volume TMT (bilateral mean TMT = 2.3 mm) and (B) a patient with a high-volume TMT on axial
CT scan analysis (bilateral mean TMT = 8.1 mm).

2.3. Surgical Treatment

Unless there was a known history of cephalosporin allergy, all patients received a
perioperative intravenous cefazolin (2 g) prophylaxis for evacuation. A closed subdural
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drainage system after evacuation was implanted in all cases. A postoperative CT scan was
obtained prior to drain removal. Prophylactic low molecular weight heparin was started
after 24 h in all patients. In cases with preoperative anticoagulation, the anticoagulant
was re-administered not earlier than postoperative day 7. Recurrence was defined as the
accumulation of chronic subdural fluid requiring re-operation. A second surgery performed
during the same hospitalization was not considered as a recurrence.

2.4. Study Design

The present analysis is a retrospective, single center study of patients with CSDH. The
aim of the study was to observe patients’ TMT on preoperative CT scans and to correlate
the TMT volume with patient outcomes.

2.5. Statistics

The data analysis was performed with IBM SPSS Statistics version 23.0 (SPSS Inc.,
IBM Corp, Armonk, NY, USA). For the patient characteristics, descriptive statistics were
used. Fisher’s exact test was used for the comparison of categorical variables between
the cohorts. For continuous parameters, the Wilcoxon/Mann–Whitney test was used.
Bivariable and multi-variable logistic regression models were used to find correlations with
TMT. The multivariable logistic regression analysis included variables with a p-value of
less than or equal to 0.05 in the bivariable regression. A p-value < 0.05 was considered to
determine statistical significance. To assess the impact of the variables, odds ratios (ORs)
with 95% confidence intervals (CIs) were calculated. Results with p ≤ 0.05 were considered
statistically relevant.

3. Results

3.1. Participant Characteristics

A total of 173 CSDH patients were analyzed. Two patients were excluded due to
lack of radiological data, therefore a total of 171 CSDH patients were included in the final
analysis. The mean TMT was 5 mm (IQR 3–9). The average age was 74.5 (IQR: 63–82) and
115 (67%) of the patients were male. The median GCS at admission was 15 (IQR: 14–15) and
96 patients (56%) received anticoagulation at admission. In terms of preexisting conditions,
112 patients presented with a history of hypertension (71%), 39 with atrial fibrillation (23%),
47 with diabetes mellitus (27%), 77 with coronary heart disease (45%), and 21 with dementia
(12%). The symptoms at admission were headache in 59 cases (35%), confusion in 35 (20%),
impaired consciousness in 40 (23%), nausea in 16 (9%), hemiparesis in 119 (70%), and
seizure in 9 (5%). On initial axial CT scan, the maximal hematoma width was 18.4mm
(IQR: 12–25) and the median width was 3.5mm (IQR: 4–6). The median midline shift was
6mm (IQR: 2–9). A total of five patients had postoperative seizures, six patients had early
(<7 postoperative days) seizures (4%), four patients late (>7 postoperative days) seizures
(3%), and one patient had status epilepticus (1%). Recurrence was seen in 56 patients (33%)
and the modified Rankin scale at 3 months was 1.5 (IQR: 0.5–3) (Table 1).

Table 1. Demographics, management, and surgical data. IQR: Inter quartile range; GCS: Glasgow
Coma Score; mRS: Modified rankin scale.

Patient Characteristics (n = 171)

Sex

male, n (%) 115 (67)

Age, median (IQR) 74.5 (63–82)

GCS at admission, median (IQR) 15 (14–15)

Anticoagulation, n (%) 96 (56)

Preexisting conditions
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Table 1. Cont.

Patient Characteristics (n = 171)

Hypertension, n (%) 122 (71)

Atrial fibrillation, n (%) 39 (23)

Diabetes mellitus, n (%) 47 (27)

Coronary heart disease, n (%) 77 (45)

Dementia, n (%) 21 (12)

Symptoms at admission

Headache, n (%) 59 (35)

Confusion, n (%) 35 (20)

Impaired consciousness, n (%) 40 (23)

Nausea, n (%) 16 (9)

Hemiparesis, n (%) 119 (70)

Seizure, n (%) 9 (5)

Radiological parameters

Hematoma median, mm (IQR) 18.4 (12–25)

Midline-shift, median, mm (IQR) 6 (2–9)

Postoperative seizures

Early seizure (<7 d), n (%) 6 (4)

Late seizure (>7 d), n (%) 4 (3)

Status epilepticus, n (%) 1 (1)

Status at discharge

GCS at discharge, median (IQR) 15 (15–15)

mRS at discharge, median (IQR) 2 (1–3)

Recurrence, n (%) 56 (33)

Outcome

mRS3 months, median (IQR) 1.5 (0.5–3)

3.2. Characteristics and Admission Status in CSDH According to Temporal Muscle Thickness

In our uni- and multivariate analysis, male patients showed an association with low-
volume TMT (59% of patients with low-volume TMT were male vs. 76% in the high-volume
TMT cohort; p = 0.022). Furthermore, uni- and multivariate analysis showed a significant
association between low-volume TMT and increased age (median age of 79 in the low
volume TMT cohort vs. 70 years in the high-volume TMT cohort; p = 0.001). The GCS at
admission as well as the anticoagulation status were not significantly associated with TMT
volume (p = 1 for GCS and p = 0.089 for anticoagulation status). (Table 2)

3.3. Preexisting Conditions and Temporal Muscle Thickness in Patients with CSDH

In our analysis, atrial fibrillation, diabetes mellitus, and coronary heart disease showed
no significant association with TMT volume (p = 1; p = 0.606 and p = 0.760, respectively)
(Table 3). However, in uni- but not multivariate analysis, 78% of the patients with low-
volume TMT had a history of hypertension vs. 51% of patients with high-volume TMT
(p = 0.043 in univariate and p = 0.102 in multivariate analysis). Furthermore, in the univari-
ate analysis, patients with low-volume TMT showed a history of dementia in 20% vs. 3%
in patients with high-volume TMT (p = 0.001 for univariate). Multivariate analysis showed
approximating significance with p = 0.05.
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Table 2. Univariate analysis of juxtaposed characteristics according to TMT volume in CSDH. Abbre-
viations: OR: odds ratio, IQR: interquartile range, GCS: Glasgow Coma Scale, CRP: C-reactive protein.

Patient Characteristics (n = 171)

Mean TMT Univariate

Low Volume
n = 91

High Volume
n = 80

OR 95% CI p-Value

Sex

male, n (%) 54 (59.3) 61 (76.3) 0.5 0.23–0.88 0.022

Age, median (IQR) 79 (71–84) 70 (56–79) - 4.58–13.42 0.000

GCS at admission, median (IQR) 15 (14–15) 15 (14–15) - −0.44–0.44 1

Anticoagulation, n (%) 57 (62.6) 39 (48.8) 1.8 0.96–3.25 0.089

Preexisting conditions

Hypertension, n (%) 71 (78) 51 (63.8) 2 1.03–4.00 0.043

Atrial fibrillation, n (%) 21 (23.1) 18 (22.5) 1 0.51–2.12 1

Diabetes mellitus, n (%) 27 (29.7) 20 (25.0) 1.3 0.64–2.50 0.606

Coronary heart disease, n (%) 42 (46.2) 35 (43.8) 1.1 0.60–2.02 0.760

Dementia, n (%) 18 (19.8) 3 (3.8) 6.3 1.79–22.39 0.001

Symptoms at admission

Headache, n (%) 24 (26.4) 35 (43.8) 0.5 0.24–0.88 0.023

Confusion, n (%) 33 (36.3) 12 (15.0) 3.2 1.53–6.81 0.001

Impaired consciousness, n (%) 20 (22.0) 20 (25.0) 0.9 0.42–1.72 0.718

Nausea, n (%) 3 (3.3) 13 (16.3) 0.2 0.10–0.64 0.004

Hemiparesis, n (%) 39 (42.9) 40 (50.0) 0.8 0.41–1.37 0.361

Seizure, n (%) 5 (5.5) 4 (5.0) 1.1 0.29–4.26 1

Radiological parameters

Hematoma median, mm (IQR) 20 (13–25) 17 (11–25) 1.5 0.49–5.1 0.019

Midline-shift, median, mm (IQR) 6 (2–8) 6 (2–11) - −1.44–1.44 1

Postoperative seizures

Early seizure (<7 d), n (%) 2 (2.2) 4 (5.0) 0.4 0.08–40 0.420

Late seizure (>7 d), n (%) 3 (3.3) 1 (1.3) 2.7 0.27–26.43 0.623

Status epilepticus, n (%) 1 (1.1) 0 (0) - - 1

Status at discharge

GCS at discharge, median (IQR) 15 (15–15) 15 (15–15) - −0.13–0.13 1

mRS at discharge, median (IQR) 2 (1–3) 1 (0.75–2) - 0.58–1.42 0.001

Recurrence, n (%) 27 (29.7) 29 (36.3) 0.7 0.39–1.41 0.415

Outcome

mRS3 months, median (IQR) 2 (1–4) 1 (0–2) - 0.36–1.63 0.002

3.4. Symptoms at Admission and Temporal Muscle Thickness in Patients with CSDH

In the univariate analysis, headache as the leading symptom was significantly associ-
ated with low-volume TMT (26% in the low-volume TMT cohort vs. 35% in high-volume
TMT, p = 0.023). Furthermore, confusion was present in 36% of patients with low-volume
TMT vs. 15% in the high-volume cohort, which was statistically significant (p = 0.001).
Nausea was present in 3% of the low-volume TMT vs. 16% in the high-volume TMT cohort,
an association that is also statistically significant in univariate analysis (p = 0.004). Impaired
consciousness, hemiparesis, and seizures were not significantly associated with patients’
TMT volume. Multivariate analysis only confirmed a significant association for nausea
(p = 0.054).

3.5. Association of Radiological Parameters and TMT in Patients with CSDH

The median hemorrhage diameter in patients with low-volume TMT was 20 mm (IQR
13–25) vs. 17 mm (IQR 11–25) in patients with high-volume TMT, which showed a statistical
significance in the univariate (p = 0.019) and multivariate analysis (p = 0.012). On the other
hand, the midline shift was not statistically associated with patients’ TMT volume (p = 1).
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Table 3. Uni- and multivariate analysis of juxtaposed characteristics according to TMT volume in
CSDH. Abbreviations: OR: odds ratio, IQR: interquartile range, GCS: Glasgow Coma Scale, CRP: C-
reactive protein.

Patient Characteristics (n = 171)

Mean TMT Univariate Multivariate

1–5 mm
N = 91

6–9 mm
N = 80

OR 95% CI p-Value OR 95% CI p-Value

Sex

Male, n (%) 54 (59.3) 61 (76.3) 0.5 0.23–0.88 0.022 2.8 1.31–6.05 0.008

Age, median (IQR) 79 (71–84) 70 (56–79) - 4.58–13.42 0.001

Preexisting conditions

Hypertension, n (%) 71 (78.0) 51 (63.8) 2 1.03–4.00 0.043 0.5 0.25–1.14 0.102

Dementia, n (%) 18 (19.8) 3 (3.8) 6.3 1.79–22.39 0.001 0.3 0.07–1.0 0.050

Symptoms at admission

Headache, n (%) 24 (26.4) 35 (43.8) 0.5 0.24–0.88 0.023 1.7 0.78–3.58 0.183

Confusion, n (%) 33 (36.3) 12 (15.0) 3.2 1.53–6.81 0.001 0.5 0.21–1.21 0.124

Nausea, n (%) 3 (3.3) 13 (16.3) 0.2 0.10–0.64 0.004 4.1 1.0–17.43 0.054

Radiological parameters

Hematoma median, mm (IQR) 20 (13–25) 17 (11–25) 1.5 0.49–5.1 0.019 8.1 0.26–0.61 0.012

Outcome

mRS3 months, median (IQR) 2 (1–4) 1 (0–2) - 0.36–1.63 0.002 0.2 0.58–1.36 0.613

3.6. Postoperative Seizures and Temporal Muscle Thickness in Patients with CSDH

Neither early nor postoperative seizures were statistically associated with patients’
temporal muscle thickness: p = 0.420 for early and p = 0.623 for late postoperative seizures.
Status epilepticus was observed in only one patient among the analyzed cohort and was
therefore not statistically significant (p = 1).

3.7. Clinical Outcome and Temporal Muscle Thickness in Patients with CSDH

The GCS at discharge showed no significant association with patients’ TMT volume,
with 15 in both groups (p = 1). However, mRS showed a significant association (p = 0.001)
with a median mRS of 2 (IQR 1–3) in the low-volume TMT cohort vs. 1 in the high-volume
TMT cohort (IQR: 0.75–2). This statistical significance was not observed in the multivariate
analysis. Regarding the CSDH recurrence, no significant association was observed in
the analyzed cohort: 27% in patients with low-volume TMT vs. 29% with high-volume
TMT (p = 0.415). Furthermore, the 3-month follow-up confirmed better mRS status in the
high-volume TMT cohort (1 vs. 2 in the low-volume cohort). This statistical significance
could not be replicated in multivariate analysis.

4. Discussion

This study investigates the value of TMT volume on conventional preoperative CT
scans preformed on patients with CSDH. The major finding is the significant association of
low-volume TMT and increased hematoma volume as well as decreased outcome status
at 3 months. The findings of this study suggest that TMT may represent an objective
parameter with prognostic value, novel for CSDH patients.

Frailty and sarcopenia are emerging as (substantially overlapping) parameters that
are gaining recent scientific attention since both showed an association with a wide range
of ageing outcomes and were shown to be predictive for mortality and morbidity in the
elderly [10]. In the case of frailty, recent studies argued for the incorporation of frailty
assessment into risk models for mortality and outcome in elderly patients with CSDH [11].
Sarcopenia, on the other hand, has been shown to be a negative prognostic factor for the
outcome of brain tumor patients, although the underlying pathophysiology remains unclear.
Among the discussed hypotheses were the association of TMT with general physical fitness,
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insufficient nutrition status, or inflammatory processes [12]. A possible crossover of this
finding to CSDH patients is unexamined at this time.

In terms of TMT as a general physical fitness parameter, several studies confirmed the
reliability of sarcopenia as a useful assessment instrument in older trauma patients. Tanabe
et al. could show an association of sarcopenia and increased 1-year mortality in older
trauma patients [13]. However, in their analysis, a different muscle group (masseter) as
well as distinct measuring techniques were used. Our results are in line with the available
literature, but extend the applicability to the CSDH disease pattern.

Patients’ nutritional status is certainly of significant importance for postoperative
outcome in CSDH patients. Scaretti et al. recently showed that reduced nutritional status
analyzed via Mini Nutritional Assessment (MNA) in 178 CSDH patients was a strong
predictor of poor clinical outcome after hematoma evacuation [14]. Our analysis confirms
the previously mentioned negative association between reduced nutritional status and poor
outcome as our cohort with a low-volume TMT showed similarly poor clinical outcome.
Furthermore, in their multivariate analysis of SAH patients, Katsuki et al. confirmed
TMT as a prognostic factor in older patients. Similar results were seen in ischemic stroke
patients [15–17]. Our findings add CSDH as a common neurosurgical condition to the list
of previous publications on the prognostic value of TMT in intracranial hematoma patients.

With regard to the possible interaction between inflammatory processes and TMT vol-
ume, several studies highlighted the possible component of inflammation in the formation
and maintenance of CSDH. Local inflammatory cells including neutrophils, lymphocytes,
monocytes, and eosinophils have been observed on the outer CSDH membrane [18]. Inflam-
mation regulates muscle protein metabolism and is known to be associated with a chronic
state of slightly increased plasma levels of pro-inflammatory mediators, such as tumor
necrosis factor α (TNFα), interleukin 6 (IL-6), and C-reactive protein (CRP) [19]. Whether
sarcopenia as a possible consequence of chronic inflammation in CSDH has its rationale
and influences hematoma membrane formation and maintenance remains speculative at
this time since our analysis did not show a significant impact on recurrence rates.

Another interesting finding of our study is the significant association of TMT and
dementia. The loss of muscle mass is known to be associated with brain atrophy in
Alzheimer’s disease (AD), and skeletal muscle mass is proportionately reduced in patients
with dementia compared to those with mild cognitive impairment [20]. Our analysis
confirms this aspect, as patients with reduced TMT volume (hence, reduced muscle mass)
had significantly more often dementia as a subsidiary diagnosis.

Furthermore, several studies could show that protocols for automatic geriatrician
consultation in trauma patients 70 years and older resulted in improved advanced care
planning and increased multidisciplinary care. In the ICU, advanced care planning reduces
readmission and length of stay [21]. In summary, the major possible benefit of implementing
TMT values in clinical routine should be the early identification of vulnerable CSDH
patients that are at high risk of poor outcome.

5. Limitations

Although our analysis shows the value of TMT in a sizable cohort of CSDH patients,
our study faces some limitations. Firstly, after stratification by hematoma volume, our
cohort showed a significant age difference, which could influence outcome. However,
previous studies could not show a significant association between patients’ age and TMT
volume [22]. Further, we performed multivariable statistical approaches to consider this
effect. The statistically significant overrepresentation of the male sex in CSDH is a known
phenomenon that should therefore not present a clinically relevant bias [23]. Secondly,
the retrospective analysis of TMT prohibited the evaluation of anatomical–functional
relationships. Furthermore, patients’ blood type was previously described as a significant
risk factor for rebleeding in acute SDH and SAH patients [24–26]. Due to the lack of patients’
blood type, we could not include this parameter in our analysis, but stress the necessity for
future studies. Furthermore, postoperative pneumocephalus following CSDH evacuation
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has been found to be a risk factor for re-accumulation, and we did not analyze the incidence
of pneumocephalus. Future studies should investigate its role in CSDH recurrence. Even
though recent studies have shown a direct correlation between TMT and sarcopenia, a
generalization in terms of sarcopenia remains to be proven in future studies [27,28]. As
this is a retrospective observational study, confounding, selection bias, and uncontrolled
statistical error risk cannot be excluded. Hence, further prospective randomized trials with
large cohorts are necessary to validate our findings.

6. Conclusions

The results described in this study could pave the way for the implementation of TMT
measurement for the assessment of sarcopenia in CSDH and therefore identify vulnerable
patients with the opportunity of postoperative follow-up optimization.
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Abstract: Percutaneous plasma disc decompression (PPDD) is a minimally invasive treatment for
discogenic low back pain and herniated disc-related symptoms. However, there are no known
outcome predictive variables during the procedure. The purpose of this study was to evaluate
and validate epidurography as an intra-procedure outcome predictor. We retrospectively enrolled
60 consecutive patients who did not respond to conventional treatments. In the next stage of
treatment, PPDD was performed, and the epidurography was conducted before and after the PPDD.
We analyzed the relationship between epidurographic improvement and the success rate. The
Numerical Rating Scale and the Oswestry Disability Index were used to assess pain and functional
capacity, respectively, before the procedure and 1 month after the procedure. The pain reduction
and the success rate in the epidurographic improvement group were significantly higher than in
the epidurographic non-improvement group. Both the Numerical Rating Scale and the Oswestry
Disability Index scores were significantly reduced in both groups, but there was no significant
difference in Oswestry Disability Index scores. This study’s results showed that PPDD is an effective
treatment method. We also suggested that epidurography may be a potential outcome predictor for
ensuring successful outcomes and determining the endpoint of the procedure.

Keywords: decompression; discogenic low back pain; epidurography; intervertebral disc dis-
placement; low back pain; lumbar radicular pain; nucleoplasty; outcome; percutaneous plasma
disc decompression

1. Introduction

Low back pain is very common and affects 80% of individuals at some point in their
lives [1,2]. According to one study, about 40% of chronic low back pain is caused by disco-
genic back pain, and most discogenic back pain is caused by disc prolapse or degenerative
disc disease. Although these are common findings in asymptomatic patients, provocative
discography has been used to distinguish between a painful disc and a nonpainful disc [3].

Management of chronic discogenic low back pain includes noninvasive conservative
treatments, such as medications, physical therapy, behavior management, psychotherapy,
and invasive surgical approaches. In a recent meta-analysis, it was argued that surgical
treatment is not superior to non-surgical treatment as a treatment for chronic low back
pain [4]. In addition, the range of indications for surgery is extremely small; it includes
the paralysis of functionally important muscles and cauda equina syndrome, but not most
patients with disc herniations.

Percutaneous plasma disc decompression (PPDD) was approved in the USA by the
Food and Drug Administration (FDA) as a minimally invasive technique for discogenic
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back pain in 2000 [5]. It is possible to reduce intradiscal pressures and disc volume
through ablation and coagulation (Coblation® technique) using bipolar radiofrequency
energy to remove disc material [6]. PPDD is a minimally invasive procedure with few
complications, and its effects on long-term pain reduction and functional improvement
have been previously demonstrated [7].

To evaluate the success of the procedure, standardized pain measuring tools—e.g., a
visual analog scale (VAS); numerical rating scale (NRS); and standardized assessments of
functional capacity in spinal mobility deficit caused by back pain, such as the Oswestry
Disability Index (ODI)—were used. In addition, several imaging modalities, such as plain
radiography, computed tomography (CT), and magnetic resonance imaging (MRI), were
used to evaluate the success of the procedure. However, these modalities are expensive,
do not offer real-time assessment during the intra-procedure period, and may take longer
to show changes in disc volume. Moreover, their results do not always coincide with the
patients’ symptoms [8].

Although there are studies on variables that can predict and evaluate the success
of PPDD before and after the procedure, there is no study on intra-procedure outcome
predictive variables [6,9]. In order to increase the PPDD success rate, the physician’s
technique to accurately place the needle on the target disc is required. However, since
the process of decompression is made by the manufactured guideline, outcome predictive
variables that enable real-time assessment during the procedure are still required [10–12].

When disc protrusion occurs in the epidural space, the contrast medium does not
spread well on the epidurography. Consequently, epidurography was used during per-
cutaneous epidural neuroplasty and spinal surgery to confirm the success of the proce-
dure [13,14].

We speculated that PPDD would reduce the disc volume, ensuring the epidural space
and resulting in the improvement of epidurography. Thus, the purpose of this study
was to evaluate and validate epidurography as an intra-procedure outcome predictor by
correlating the change in epidurography with the change in the pain and functional score
after PPDD.

2. Materials and Methods

2.1. Patients

This retrospective observational study was approved by the Institutional Review Board
of Ajou University Hospital of Korea (IRB No. AJIRB-MED-MDB-19-409) in November
2019. The requirement for informed consent was waived because of the retrospective
case-control nature of the study.

From January 2017 to December 2019, we retrospectively enrolled 60 consecutive
patients with low back pain, with or without leg radicular pain (NRS ≥ 4), who did
not respond to physical therapy, medications, and epidural steroid injections [15]. As
the next step of treatment, PPDD was performed. The diagnosis was based on the pa-
tient’s symptoms, neurological examination, and imaging studies. Inclusion criteria were:
(1) age between 20 and 80 years old, (2) low back pain with or without leg radicular pain,
(3) unresponsiveness to conservative therapy for more than three months, (4) MRI evi-
dence of contained disc protrusion, (5) preservation of a disc height of ≥50%, (6) accurate
identification of the symptomatic disc level prior to the procedure, (7) discography only
if the physician is not sure about the treating level of the lumbar disc, and (8) PPDD with
insertion of a wire-type epidural catheter. Exclusion criteria were: (1) disc height < 50%,
(2) evidence of sequestration disc, (3) moderate/severe spinal stenosis, (4) previously op-
erated segments, (5) spinal instability, (6) loss of follow-up, (7) inability to evaluate the
outcome of PPDD because of other severe diseases, such as cancer, infection, and fracture,
and (8) incomplete medical records. Patients were regularly followed up until 1 month
after PPDD.
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2.2. Percutaneous Plasma Disc Decompression

PPDD was performed on an outpatient basis by a pain physician with more than
10 years of experience in the field. (Figure 1). A prophylactic dose of 1 g cefazolin was
administered intravenously 1 h prior to the procedure. If necessary, discography was per-
formed prior to PPDD. The patient was placed in a prone position under sterile conditions.
The involved disc space was localized under fluoroscopic guidance, and the soft tissues
were infiltrated with local anesthetics.

Figure 1. (a) Fluoroscopic anterior-posterior view of the pre-percutaneous plasma disc decompression
(pre-PPDD). The filling defect was present at lumbar 4/5 disc level. (b) Fluoroscopic anterior-posterior
view of the during-PPDD. (c) Fluoroscopic anterior-posterior view of the post-PPDD. The resolution
of filling defect was verified. (d) Fluoroscopic lateral view of the post-PPDD. The 17-gauge spinal
cannula was positioned at the junction of the annulus and nucleus Arrow, ABEL catheter; Red circle,
the contrast media does not spread well above the involved disc level; Green circle, the into-LB was
situated 6 o’clock position within the nucleus; Blue circle, the contrast media sufficiently spread
above the involved disc level.

A 17-gauge spinal cannula was introduced into the disc using the Kambin’s triangle
approach. The Kambin’s triangle was formed by the path of the spinal nerve, upper border
of the lower vertebral body, and anterior border of the superior articular process of the
low vertebra.
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After the cannula was positioned at the junction of the annulus and nucleus, the stylet
was removed from the cannula, and the into-LB (intocare Co., Ltd., Yangju, Republic of
Korea) was placed into the spinal cannula and advanced until its tip was approximately
5 mm beyond the tip of the spinal cannula. At this point, the active portion of the into-LB
was situated beyond the inner layer of the annulus and within the nucleus. A total of
6 channels were created at the 2, 4, 6, 8, 10, and 12 o’clock positions. After the withdrawal of
the into-LB, 2 mL of 0.3% mepivacaine was injected into the PPDD tract, but not intradiscally.
The skin puncture site was then closed with a suture or Steri-Strips.

2.3. Epidurography

Before the PPDD, a wire-type epidural catheter, ABEL catheter (GS Medical, Cheong-
won, Republic of Korea), was inserted via the sacral hiatus toward the anterior epidural
space of the involved disc level under fluoroscopic guidance. After confirming the position
of the wire-type epidural catheter, 5 cc of a nonionic contrast medium (Iopamiro 300 inj.;
Bracco Imaging Korea, Ltd., Seoul, Republic of Korea) was injected (Figure 1a), and the
physician assessed and recorded whether the contrast media spread above the involved
disc level. In addition, the physician tried to insert the catheter upward past the involved
disc level and recorded whether it was possible. After PPDD, a second epidurography was
conducted to assess any changes in epidural spreading (Figure 1c,d). Then, the physician
tried to insert the catheter more proximally again and recorded whether it was possible
after PPDD, and finally the catheter was carefully removed.

2.4. Post-Procedure Care

All the patients were observed for 2–4 h postoperatively for any development of neuro-
logical deficit or other procedure-related complications. Before discharge, we provided pa-
tients with post-procedure precautions and information about rehabilitation treatment [16].
For the first 3 days, the patients were allowed to walk, stand, and sit for up to 10–20 min
at a time, but the patients were instructed not to perform any lifting or bending activity
during this period. No driving was allowed for the first 2 days. Return to sedentary or light
work was permitted 3–4 days following PPDD. Lifting was limited to 3–4 kg during the
first 2 weeks, and all the patients were prescribed 500 mg of oral cefadroxil bid for 5 days.

2.5. Evaluation of Outcome Variables

Each patient’s epidurograms (pre- and post-PPDD anteroposterior, lateral views)
were analyzed by two pain physicians, who were not involved in the procedures and
were only aware of the spinal level to be investigated. The analysis of the epidurograms
was categorized as “improvement” or “no improvement.” Epidurographic improvement
was defined as post-PPDD contrast media extending above the involved disc level in
the anteroposterior view, although it did not extend above the involved disc level in pre-
PPDD contrast media (Figure 1a,c). Epidurographic non-improvement was defined as no
improvement in post-PPDD epidurograms. When the analyses differed, a third physician
assessed the epidurograms, and a consensus was reached. After analysis of the fluoroscopic
images, we divided the patients who underwent PPDD into two groups. The first, Group I,
was defined as demonstrating an improvement in the epidurogram. The second, Group N,
was defined as demonstrating no improvement in the epidurogram.

The patient’s degree of pain was measured using a standardized 11-point (0–10) NRS
and evaluated by a well-trained physician at baseline 1 month after PPDD. The severity
of pain was scored from 0 to 10, where “0” represented no pain and “10” represented the
worst pain. The patients were encouraged to express their feelings regarding the pain.

The ODI was used to assess the patients’ degree of dysfunction. The ODI assessments
were performed at baseline 1 month after PPDD. The ODI is a 10-item questionnaire used
globally to functionally assess patients with low back pain. However, in this study, we used
the 9-item Korean version of the ODI, which excludes the assessment of sexual function,
for cultural reasons [17].
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A successful treatment after 1 month was defined as over a 50% reduction in the
NRS score post-PPDD. Further, we analyzed the relationship between epidurographic
improvement and the success rate.

2.6. Statistical Analysis

When estimating the sample size by the pilot study, the total sample size was 28 pa-
tients when the significance level was 0.0500 and the power was 0.8 in the Chi-square
test. However, since the number of patients is small and if w (Phi) is corrected, a suitable
total sample size of 60 was obtained. The patients’ demographic data were analyzed using
the Student’s t-test, Chi-square test, and Mann–Whitney U test. A Wilcoxon signed-rank
test was used to determine the difference in NRS and ODI scores before and after PPDD.
The relationship between epidurographic improvement and the success rate was analyzed
using the Chi-square test.

3. Results

The demographic data are shown in Table 1. There was no significant difference
between group I and group N. Changes in the NRS and ODI scores were analyzed before
and 1 month after PPDD. Both NRS and ODI scores were significantly reduced in both
groups. The NRS scores were significantly reduced between the groups, but there was no
significant difference in ODI (Table 2). However, the success rate in group I was significantly
higher than in group N (Table 3, p < 0.001).

Table 1. Demographic data.

Variable
Improvement Group

(n = 39)
Non-Improvement Group

(n = 21)
p-Value

Sex 0.725 a

Male 20 (51.28%) 9 (42.86%)
Female 19 (48.72%) 12 (57.14%)

Age, years 0.981 b

Mean ± SD 58.51 ± 16.27 58.61 ± 15.60
Height, cm 0.433 c

Mean ± SD 164.08 ± 7.67 165.57 ± 6.82
Weight, kg 0.053 b

Mean ± SD 67.79 ± 11.29 62.27 ± 8.15
a Chi-squared test was used. b Student t-test was used. c Mann–Whitney test was used.

Table 2. Comparison of NRS score and ODI score before and after PPDD.

Variable Before After Difference † p-Value

NRS
Group I 7.56 ± 1.63 3.18 ± 1.76 4.38 ± 20.9 <0.001 a

Group N 6.43 ± 1.16 4.71 ± 1.27 1.70 ± 1.19 <0.001 b

‡ p-Value 0.005 d 0.001 d <0.001 d

ODI
Group I 39.44 ± 11.43 25.38 ± 11.43 14.05 ± 14.12 <0.001 b

Group N 40.71 ± 12.10 32.62 ± 13.84 8.10 ± 7.66 <0.001 a

‡ p-Value 0.692 d 0.059 c 0.368 d

a Paired samples t-test was used. b Wilcoxon signed-rank test was used. c Independent samples t-test was used.
d Wilcoxon rank sum test. † p-Value, difference in each groups. ‡ p-Value, difference between the two groups.
PPDD, percutaneous plasma disc decompression; NRS, Numerical Rating Scale score; ODI, Oswestry Disability
Index score; Group I, Improvement Group; Group N, Non-Improvement Group.

Table 3. Comparison of success rate between Group I and Group N.

Group I Group N p-Value

Success rate 29/39 (74.36%) 3/21 (14.29%) <0.001 a

a Chi-square test was used.
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4. Discussion

In this study, we found that PPDD is effective in reducing pain and improving func-
tional capacity in patients who have chronic discogenic low back pain and herniated lumbar
disc-related symptoms, regardless of the groups. Our results were similar to those of previ-
ous studies [7]. Although there were no significant differences in improvement of functional
capacity between the two groups, the pain reduction and success rate were significantly
higher in the epidurographic improvement group (Group I) than in the epidurographic
non-improvement (Group N). Based on the results of this study, intra-procedure epidurog-
raphy is a useful real-time assessment method for predicting successful PPDD outcomes,
as well as a reliable determinant of the endpoint of the procedure.

PPDD mechanisms on the intervertebral discs have been well established [18]. PPDD
shows its effect by down-regulating local inflammatory mediators, reducing disc size,
and initiating the repair process. Ren et al. [19] found that PPDD effectively degraded
phospholipase A2 (PLA2) activity. PLA2 activity is closely associated with intervertebral
disc degeneration, intervertebral disc herniation, radicular pain, and lumbar discogenic
pain. It is considered the rate-limiting enzyme in the inflammatory cascade reaction. They
suggest that when intervertebral disc degeneration occurs, PLA2 is activated by various
proinflammatory mediators, such as interleukin-1, tumor necrosis factor-α, and interleukin-
6, which are secreted by the degenerative intervertebral disc. Interleukin-1, especially, is an
important pathophysiologic factor in painful disc disorders [20].

The disc volume reduction effect of PPDD has been demonstrated in several studies [8,21].
Chen et al. [21] in a human cadaveric study showed that PPDD reduced intradiscal pres-
sures significantly, especially in younger, healthy discs as compared to degenerative discs.
Consequently, PPDD can alleviate nerve root compression and discogenic low back pain.
Kasch et al. [22] evaluated this effect using 7.1 Tesla ultrahigh-field MRI in porcine discs.
They showed volume reductions of 0.114 (SD: 0.054) mL, or 14.72% (thoracic) and 0.093
(SD: 0.081) mL, or 11.61% (thoracolumbar) compared with the placebo group.

Numerous studies have found favorable results with PPDD in the treatment of
discogenic low back pain and herniated lumbar disc, especially contained disc protru-
sion [6,7,10,12,18,23–31]. The success rate of substantial pain relief post-PPDD varies from
6.3% to 84% [5,24,32,33]. Most studies have reported a success rate of >50%. Sharps and
Isaac [11] showed the efficacy of PPDD. Overall 79% of 49 patients had a minimum of
2-points reduction on a VAS. Liliang et al. [9] reported that 21 patients (21/31, 67.7%)
experienced substantial pain relief for an average period of 10 months (4–17 months).
Furthermore, they reported that positive discography results prior to PPDD could improve
and predict the success rate of the procedure, among other variables, such as age, sex,
body mass index, hyper-intensity zone, Modic change, and spinal instability. In a systemic
review and meta-analysis study, PPDD reduced VAS scores in the long term (24 months)
and improved ODI scores. In addition, the review suggested that PPDD is a more effective,
low-complication, and minimally invasive procedure compared to other treatments [7]. In
two long-term follow-up studies conducted in China, PPDD was shown to be effective
for pain relief and function improvement for 2–3 years. However, there is no significant
difference between the 3- and 5-year postoperative VAS and ODI scores, and excellent or
good patient satisfaction was 87.9% at 1 week, 72.4% at 1 year, 67.7% at 3 years, and 63.4%
at 5 years [19,34].

The safety and efficacy of the PPDD procedure using Coblation® technology have
been analyzed. PPDD achieved a volumetric reduction of the disc tissues without overt
thermal or structural damage to adjacent tissues [35]. Lee et al. [36] showed that PPDD
does not rely on heat for tissue removal, and, therefore, does not introduce excessive heat
that causes tissue damage in the disc. The temperature during PPDD is typically 40 ◦C
to 70 ◦C, and the total reduction of thermal influence was 5 mm from the tip [35,37]. In
a porcine model, the coblation channel had a clear coagulation boundary of the nucleus
pulposus. In addition, there was no evidence of direct mechanical or thermal damage to
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the annulus and endplate, and neural elements of the spinal cord and nerve roots at the
level of the procedure were observed in the histologic examination [38].

In addition to the pain and functional scores, there are various methods to verify the
success of PPDD. Radiological imaging studies, including plain radiography, CT, and MRI
have been used [8,22], and there are also studies that have evaluated the PPDD outcome by
thermography [39,40]. The thermal difference and pain scores were improved after PPDD,
but there was no significant correlation [40]. However, these methods do not provide
detailed information and are expensive. Moreover, they are not available for real-time
assessment in the procedure room; thus, a simple and quick intra-procedure morphological
assessment of the adequacy of decompression is still required.

Traditionally, epidurography during epidural steroid injections provided safe and
accurate therapeutic injection [41–43]. It is a simple, quick, real-time, less expensive, and
relatively safe method. In addition, epidurography is used to determine the degree of
epidural adhesion. Although advanced technology, including CT and MRI, have made
significant advances in the diagnosis of epidural fibrosis, it is believed that epidural adhe-
sions are best diagnosed by epidurography [44]. Notably, epidurography correlated with
the success of the percutaneous epidural neuroplasty, severity of pain, relief of pain, and
patient satisfaction [13,45]. Moreover, it is used to assess the adequacy of decompression
during spinal surgery, which is very similar to this study [14].

In this study, we applied the advantages of epidurography to the decompression effect
of a disc by PPDD. Before PPDD, we observed that the contrast media did not extend above
the involved disc level. After PPDD, when the disc was decompressed, we observed that the
contrast media extended above the involved disc level. Moreover, the wire-type epidural
catheter, which had not been passed before, was passed in some cases. We assumed that
the partial removal of the nucleus pulposus by radiofrequency energy ensured the epidural
space. Similar to other studies’ results on the efficacy of epidurography mentioned above,
our study showed that the high success rate of PPDD is correlated with an improvement
in epidurography. Based on our results, intra-procedure epidurography may be a reliable
method for ensuring adequate decompression of the disc. Therefore, it is expected that the
patient’s outcomes can be improved by using intra-procedure epidurography in addition
to the existing manufacturer guidelines during PPDD.

Our findings need to be interpreted within the limitations of the study. First, this
study was retrospective and had a relatively small sample size. Second, we could not
analyze the difference in disc volume change by MRI before and after PPDD because of the
cost implications. Third, the different proportions of type and severity of disc herniation
between the two groups, which may affect the success rate of the procedure, were not
evaluated on MRI. Fourth, epidural adhesion was not evaluated. A herniated disc may
cause inflammation within the epidural space, and it can also make epidural adhesion that
affects contrast media spreading. Fifth, the observation periods were relatively short. A
randomized, controlled, double-blind, long-term follow-up study should be conducted to
support the finding of this study.

This study’s results showed that PPDD is an effective treatment method for patients
with chronic discogenic low back pain and herniated lumbar disc-related symptoms. We
also suggested that intra-procedure epidurography may be a potential PPDD outcome
predictor for ensuring successful outcomes and determining the endpoint of the procedure.
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Abstract: Several measures describing the transformation of trabecular bone to cortical bone on
the basis of analysis of intraoral radiographs are known (including bone index or corticalization
index, CI). At the same time, it has been noted that after functional loading of dental implants such
transformations occur in the bone directly adjacent to the fixture. Intuitively, it seems that this
is a process conducive to the long-term maintenance of dental implants and certainly necessary
when immediate loading is applied. The authors examined the relationship of implant design
features to marginal bone loss (MBL) and the intensity of corticalization over a 10-year period of
functional loading. This study is a general description of the phenomenon of peri-implant bone
corticalization and an attempt to interpret this phenomenon to achieve success of implant treatment
in the long term. Corticalization significantly increased over the first 5-year functional loading (CI
from 200 ± 146 initially to 282 ± 182, p < 0.001) and maintained a high level (CI = 261 ± 168) in the
10-year study relative to the reference bone (149 ± 178). MBL significantly increased throughout
the follow-up period—5 years: 0.83 ± 1.26 mm (p < 0.001), 10 years: 1.48 ± 2.01 mm (p < 0.001).
MBL and radiographic bone structure (CI) were evaluated in relation to intraosseous implant design
features and prosthetic work performed. In the scope of the study, it can be concluded that the
phenomenon of peri-implant jawbone corticalization seems an unfavorable condition for the future
fate of bone-anchored implants, but it requires further research to fully explain the significance of
this phenomenon.

Keywords: dental implants; long-term results; long-term success; marginal bone loss; functional
loading; intra-oral radiographs; radiomics; texture analysis; corticalization; bone remodeling

1. Introduction

The use of dental implants is the primary method of replacing missing teeth. Nowa-
days, it is very widely modified [1–3] and applied from simple oral surgery [4] to very
advanced craniomaxillofacial procedures [5–8]. This implant treatment has good long-term
results, but still some implants are lost.

It has long been noted that bone apposition and remodeling processes occur around
dental implants. Direct evidence of these phenomena is provided by dental implants
removed after many years of their functional load [9]. Retrieval and histological analysis of
dental implants for fracture or other reasons (such as orthodontic, psychological, esthetic,
and hygienic reasons) [10] is able to explain the corticalization phenomenon induced by
implants. Most of the present histological studies on human specimens find compact,
lamellar bone with many Haversian systems and osteons near the implant surface with
increased bone-implant contact (BIC) up to 60–90% in 7–8 years mean duration of functional
loading [11–31]. It is also worth summarizing two well-known truths on the basis of these
studies. First, loaded implants presented an average of 10% higher BIC when compared
with unloaded ones. Second, approx. 10–12% higher BIC is reported for immediately
loaded dental implants [32–35]. In loaded implants, transverse collagen fibers of the bone
are more abundant, while in unloaded implants, these collagen fibers in bone tended to
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run in a more longitudinal way. Peri-implant bone is particularly thickened around the top
of the threads [36]. Rougher surfaces have approx. a 10% higher area of bone apposition
than machined surfaces. However, the Scandinavians, having introduced implants with
a machined surface in the 1970s, still believe that these implants have superiority over
implants with a moderately rough surface [37]. Multiple remodeled regions representing
many remodeling cycles over the years are found in peri-implant bone. Ongoing apposition
and resorption phenomena were present inside the threads. The osteocyte number is higher
near loaded versus unloaded implants [10].

Moreover, it was already reported [38] that loading was able to stimulate bone re-
modeling at the interface, that a higher percentage of lamellar bone was found in loaded
implants and more osteoblasts and osteoclasts were found in those loaded implants. The
implant loading seemed to determine differences in the distribution of the bone collagen
fibers too [14,39,40]. The transverse collagen fibers were mainly located at the lower flank
of the threads, where compressive loads exerted their effects. Transverse collagen fibers
have been described as the fibers most able to resist compressive loads, and this fact can
explain their higher quantity in loaded than unloaded implants. A lower mineral density
was present in the peri-implant bone around unloaded implants [41]. The loading forces
direction could have determined a higher mineralization of the osseous tissue located in
the coronal side of the threads when compared to that in an apical location [42].

The above-mentioned observations are probably so pronounced in the jaws because
the bone appositional index here is one of the highest in the human body [43]. It is higher
than in the iliac bone, femur or vertebrae. This process leads to the osseointegration of
the dental implants firstly but later probably is responsible for the corticalization. The
remodeling and the superimposition of new osteons on the older ones is found too [44].

Knowing that crestal bone is the basis for dental implants to function as intended [45,46],
it seems that other factors such as gingival pocket, biotype, width of keratinized gingival
zone, color and translucency of soft tissues [47–49] are secondary. In recent years, there
seems to be a growing interest in the phenomenon of corticalization [50–52]. It has been
hypothesized that almost no bone loss can be expected after bone remodeling over the
implant neck [53]. It will be interesting to see whether the corticalization phenomenon
affects the height of the bone supporting the implant. The question arises as to how this
process is related to vertical bone loss and how it relates to the long-term success of implant
treatment. For this, analysis of the microstructure of the bone surrounding the implant is
needed [54], and the key place is the bone adjacent to the implant neck [55,56].

Fine bone morphology can be registered using microcomputed tomography as well as
even using 3-tesla magnetic-resonance imaging (MRI) [57]. Magnetic resonance tomogra-
phy instruments that trigger a field of 7 tesla have also been available for several years and
are being used to analyze bone microstructure [58]. However, a series of limitations of these
advanced technologies should be highlighted. In daily clinical practice, it is standard prac-
tice to use intraoral radiographs [59–64] or pantomographic radiographs [65–68] to analyze
the condition of the peri-implant jawbone. Cone-beam tomographs [69] are used much less
frequently. The cost of a 7-tesla scanner is not inconsiderable. There is little availability
of this newly developed technology. There are no developed sequences for peri-implant
jawbone imaging. Metal components such dental implants and parts of prosthetic work
can create artifacts in MRI images and interfere with the diagnostic process, not to mention
advanced studies of the bone structure at the implant wall [70], and most importantly, MRI
is used to study the cancellous bone, not the structure of the cortical bone [71–75]. This is
still a matter of the future [76], and for now, one can rely on imaging studies with the use
of intraoral, periapical radiographs [77,78] for the reasons cited above.

The suspected long-term disadvantage of corticalization [79] is based on bone index
(BI) analysis. There are some doubts about the specificity of this measure in detecting
corticalization [80]. It seems that this measure does not discriminate very strongly between
homogeneous dark areas (crestal bone loss) and homogeneous bright areas (corticalization
of trabecular bone). Another inconvenience is the need to use the inverse of the bone index,
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i.e., 1/BI. Next, it is known that 1/BI is highest in bone loss regions, significantly lower in
cortical bone and lowest significantly at the site of trabecular bone [80].

The aim of this study was to determine whether corticalization (basing on the corticaliza-
tion index) in long-term follow-up is a negative phenomenon for the fate of dental implants.

2. Materials and Methods

The collected material is the result of prospective acquisition of radiological data
during the clinical course of oral implantological treatment of patients with missing teeth
in the maxillary and mandibular region. Inclusion criteria: at least 18 years of age, bleeding
on gingival probing < 20%, probing depth ≤ 3 mm, good oral hygiene, regular follow-ups,
following doctor’s orders. Exclusion criteria: uncontrolled internal co-morbidity (diabetes
mellitus, thyroid dishormonoses, rheumatoid disease and other immunodeficiencies),
a history of oral radiation therapy, past or current use of cytostatic drugs, soft tissue
augmentation, low quality or lack of follow-up radiographs. General health was confirmed
via anamnesis and evaluation of body mass index (BMI) using a serum test of thyrotropin,
calcium and triglycerides (the way to describe their general condition, i.e., emanation of the
health status on entry to the study). Finally, clinical and radiological data of 911 persons
were included in this study.

The dental implants were inserted by one dentist (M.K.) according to the protocols
recommended by the manufacturers. A total of 22 types of dental implant were used in
this study: AB Dental Devices I5 (www.ab-dent.com (accessed on 21 July 2022), Ashdod,
Israel) 102 pieces, ADIN Dental Implants Touareg (www.adin-implants.com (accessed on
21 July 2022), Afula, Israel) 89 pieces, Alpha Bio ARRP (www.alpha-bio.net (accessed on
21 July 2022), Petah-Tikva, Israel) 14 pieces, Alpha Bio ATI (www.alpha-bio.net (accessed on
21 July 2022), Petah-Tikva, Israel) 139 pieces, Alpha Bio DFI (www.alpha-bio.netv (accessed
on 21 July 2022), Petah-Tikva, Israel) 43 pieces, Alpha Bio OCI (www.alpha-bio.net (accessed
on 21 July 2022), Petah-Tikva, Israel) 28 pieces, Alpha Bio SFB (www.alpha-bio.net (accessed
on 21 July 2022), Petah-Tikva, Israel) 62 pieces, Alpha Bio SPI (www.alpha-bio.net (accessed
on 21 July 2022), Petah-Tikva, Israel) 448 pieces, Argon K3pro Rapid (www.argon-dental.de
(accessed on 21 July 2022), Bingen am Rhein, Germany) 182 pieces, Bego Semados RI
(www.bego-implantology.com (accessed on 21 July 2022), Bremen, Germany) 12 pieces, Den-
tium Super Line (www.dentium.com (accessed on 21 July 2022), Gyeonggi-do, South Korea)
38 pieces, Friadent Ankylos C/X (www.dentsplysirona.com (accessed on 21 July 2022),
Warszawa, Poland) 14 pieces, Implant Direct InterActive (www.implantdirect.com (ac-
cessed on 21 July 2022), Thousand Oaks, United States of America) 139 pieces, Implant
Direct Legacy 3 (www.implantdirect.com (accessed on 21 July 2022), Thousand Oaks,
United States of America) 48 pieces, MIS BioCom M4 (www.mis-implants.com (accessed
on 21 July 2022), Bar-Lev Industrial Park, Israel) 8 pieces, MIS C1 (www.mis-implants.com
(accessed on 21 July 2022), Bar-Lev Industrial Park, Israel) 307 pieces, MIS Seven (www.
mis-implants.com (accessed on 21 July 2022), Bar-Lev Industrial Park, Israel) 921 pieces,
MIS UNO One Piece (www.mis-implants.com (accessed on 21 July 2022), Bar-Lev Industrial
Park, Israel) 40 pieces, Osstem Implant Company GS III (www.en.osstem.com (accessed
on 21 July 2022), Seoul, South Korea) 15 pieces, SGS Dental P7N (www.sgs-dental.com
(accessed on 21 July 2022), Schaan, Liechtenstein) 12 pieces, TBR Implanté (www.tbr.dental
(accessed on 21 July 2022), Toulouse, France) 6 pieces, and Wolf Dental Conical Screw-Type
(www.wolf-dental.com (accessed on 21 July 2022), Osnabrück, Germany) 31 pieces. The
total number of introduced dental implants was 2700 pieces. The appearance of the tested
implants is shown in Figure 1.

All implants were loaded late, i.e., min. 3 months after the implants were placed in the
bone. Standardized intraoral radiographs [81] were taken immediately before prosthetic
restoration (initial radiograph), 5 and 10 years later. Focus X-ray apparatus (Instrumental
Dental, Tuusula, Finland) was set to the constant technical parameters: exposure time
0.1 s, voltage in the lamp 70 kV and current 7 mA. An intraoral parallel technique was
used. To ensure an identical relative position of the implant, an X-ray tube and radiation
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detector and a set of RINN XCP rings and holders were utilized (Dentsply International
Inc., Cheung Sha Wan, Hong Kong, China) with a silicone bite index. The video part of
the system was a recording plate with a photosensitive storage surface (Digora Optime
digital radiography system—Soredex, Tuusula, Finland [61]). Immediately after the X-ray
exposure, the storage phosphor plate was placed in a scanner that reads radiographic
information (the image size was 476 × 620 pixels; the pixel size was 70 μm × 70 μm). A
computer coupled with the scanner processed, presented and archived acquired images.
Patients included in the study were followed by a single dentist during the entire period.
The average marginal bone loss (MBL) of the alveolar crest after osseointegration (initial) at
5 and 10 years of functional loading was measured. In addition, the bone texture features
at these time periods were calculated. The influence of factors related to implant design
(Table 1) was evaluated.

     
(a) (b) (c) (d) (e) (f) 

     

(g) (h) (i) (j) (k) (l) 

      
(m) (n) (o) (p) (q) (r) 

    

  

(s) (t) (u) (v)   

Figure 1. The appearance of the dental implants compared in this study, in alphabetical order: (a) AB
Dental Devices I5; (b) ADIN Dental Implants Touareg; (c) Alpha Bio ARRP; (d) Alpha Bio ATI; (e) Alpha
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Bio DFI; (f) Alpha Bio OCI; (g) Alpha Bio SFB; (h) Alpha Bio SPI; (i) Argon Medical Productions
K3pro Rapid; (j) Bego Semados RI; (k) Dentium Super Line; (l) Friadent Ankylos C/X; (m) Implant
Direct InterActive; (n) Implant Direct Legacy 3; (o) MIS BioCom M4; (p) MIS C1; (q) MIS Seven;
(r) MIS UNO One Piece; (s) Osstem Implant Company GS III; (t) SGS Dental P7N; (u) TBR Implanté;
(v) Wolf Dental Conical Screw-Type.

Table 1. Design features of dental implant used in this study (www.spotimplant.com/en/ (access on
21 July 2022)). Alphabetical order of the implant names.

Manufacturer
Implant Type

Titanium
Alloy Level

Connection
Type

Connection
Shape

Neck
Shape

Neck
Micro-
threads

Body
Shape

Body
Threads

Apex
Shape

Apex
Hole

Apex
Groove

AB Dental
Devices

I5
Grade 5 Bone

Level Internal Hexagon Straight No Tapered Square Flat No
Hole Yes

ADIN Dental
Implants
Touareg

Grade 5 Bone
Level Internal Hexagon Straight Yes Tapered Square Flat No

Hole Yes

Alpha Bio
ARRP Grade 5 Tissue

Level Custom One Piece
Abutment Straight No Tapered Reverse

Buttress Cone No
Hole No

Alpha Bio
ATI Grade 5 Bone

Level Internal Hexagon Straight Yes Straight Square Flat No
Hole Yes

Alpha Bio
DFI Grade 5 Bone

Level Internal Hexagon Straight Yes Tapered Square Flat No
Hole Yes

Alpha Bio
OCI Grade 5 Bone

Level Internal Hexagon Straight No Straight No
Threads Dome Round No

Alpha Bio
SFB Grade 5 Bone

Level Internal Hexagon Straight No Tapered V
Shaped Flat No

Hole Yes

Alpha Bio
SPI Grade 5 Bone

Level Internal Hexagon Straight Yes Tapered Square Flat No
Hole Yes

Argon
Medical Prod.
K3pro Rapid

Grade 4 Subcrestal Internal Conical Straight Yes Tapered V
Shaped Dome No

Hole Yes

Bego Semados
RI Grade 4 Bone

Level Internal Hexagon Straight Yes Tapered Reverse
Buttress Cone No

Hole Yes

Dentium
Super Line Grade 5 Bone

Level Internal Conical Straight No Tapered Buttress Dome No
Hole Yes

Friadent
Ankylos C/X Grade 4 Subcrestal Internal Conical Straight No Tapered V

Shaped Dome No
Hole Yes

Implant Direct
InterActive Grade 5 Bone

Level Internal Conical Straight Yes Tapered Reverse
Buttress Dome No

Hole Yes

Implant Direct
Legacy 3 Grade 5 Bone

Level Internal Hexagon Straight Yes Tapered Reverse
Buttress Dome No

Hole Yes

MIS
BioCom M4 Grade 5 Bone

Level Internal Hexagon Straight No Straight V
Shaped Flat No

Hole Yes

MIS
C1 Grade 5 Bone

Level Internal Conical Straight Yes Tapered Reverse
Buttress Dome No

Hole Yes

MIS
Seven Grade 5 Bone

Level Internal Hexagon Straight Yes Tapered Reverse
Buttress Dome No

Hole Yes

MIS
UNO One

Piece
Grade 5 Tissue

Level Custom One Piece
Abutment Straight No Tapered Square Dome No

Hole Yes

Osstem
Implant

Company
GS III

Grade 5 Bone
Level Internal Conical Straight Yes Tapered V

Shaped Dome No
Hole Yes

SGS Dental
P7N Grade 5 Bone

Level Internal Hexagon Straight Yes Tapered V
Shaped Flat No

Hole Yes

TBR
Implanté Grade 5 Bone

Level Internal Octagon Straight No Straight No
Threads Flat Round Yes

Wolf Dental
Conical

Screw-Type
Grade 4 Bone

Level Internal Hexagon Straight No Tapered V
Shaped Cone No

Hole Yes
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In the radiographs obtained in this way, a region of interest (ROI) was established in
the area of bone near the implant neck (Figure 2, green). The second ROI was established
in an image of intact bone distant from the dental implant (it was referent bone, yellow).
The surface area of each ROI was 1500 pixels squared.

 

Figure 2. Image data acquisition method for texture analysis in intraoral radiographs. ROIs highlighted
in yellow are sites in the alveolar crest distant from the dental implants (reference). ROIs marked in
green are sites examined along the neck portion of the implants and represent, respectively: radiographs
taken immediately prior to prosthetic work—initial ROI; radiographs taken after five years of functional
loading—5 years ROI; radiographs taken after ten years of functional loading—10 years ROI. The data
extracted from these ROIs were later analyzed in freeware MaZda 4.6 [79,80,82] and used to calculate
the corticalization index.

Radiologically recorded peri-implant bone structure was studied via digital texture
analysis using the corticalization index previously proposed [80] as version 1 (CI). It consists
of the product of a measure that evaluates the number of long series of pixels of similar
optical density with the mean optical density of the studied site (in the numerator) and the
magnitude of the chaotic arrangement of the texture pattern, i.e., differential entropy (in
the denominator).

The texture of X-ray images was analyzed in MaZda 4.6 freeware invented by the
University of Technology in Lodz [82] to test measures of corticalization in the per-implant
environment of trabecular bone (representing original bone before implant-dependent
alterations) and soft tissue (representing product of marginal bone loss). MaZda provides
both first-order (mean optical density) and second-order (differential entropy: DifEntr,
long-run emphasis moment: LngREmph) data. Due to the fact that the second-order data
are given for four directions in the image and in the present study the authors do not
wish to search for directional features, the arithmetic mean of these four primary data was
included for further analysis. The regions of interest (ROIs) were normalized (μ ± 3σ)
to share the same mean (μ) and standard deviation (σ) of optical density within the ROI.
To eliminate noise [83] further, worked on data were reduced to 6 bits. For analysis in a
co-occurrences matrix, a spacing of 5 pixels was chosen. In the formulas that follow, p(i) is a
normalized histogram vector (i.e., histogram whose entries are divided by the total number
of pixels in ROI), i = 1,2, . . . , Ng, and Ng denotes the number of optical density levels. The
mean optical density feature (only a first order feature) was calculated as below:
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Mean Optical Density = ∑Ng
i=1 ip(i) (1)

Second order features:

DifEntr = −∑Ng
i=1 px−y(i)log

(
px−y(i)

)
(2)

where Σ is the sum, Ng is the number of levels of optical density in the radiograph, i and j
are the optical density of pixels 5 pixels distant one from another, p is the probability and log
is the common logarithm [54]. The differential entropy calculated in this way is a measure
of the overall scatter of bone structure elements in a radiograph. Its high values are typical
for cancellous bone [64,84–86]. Next, the last primary texture feature was calculated:

LngREmph =
∑

Ng
i=1 ∑Nr

k=1 k2 p(i, k)

∑
Ng
i=1 ∑Nr

k=1 p(i, k)
(3)

where Σ is the sum, Nr is the number of series of pixels with density level i and length
k, Ng is the number of levels for image optical density, Nr is the number of pixel in the
series and p is the probability [87,88]. This texture feature describes thick, uniformly dense,
radio-opaque bone structures in intra-oral radiograph images [84,86].

The equations for mean optical density, DifEntr and LngREmph were subsequently
used for the corticalization index (CI) construction [80]:

LngREmph =
∑

Ng
i=1 ∑Nr

k=1 k2 p(i, k)

∑
Ng
i=1 ∑Nr

k=1 p(i, k)
(4)

Statistical analysis includes feature distribution evaluation, mean (t-test) or median
(W-test) comparison, analysis of regression and one-way analysis of variance or the Kruskal-
Wallis test as no-normal distribution or between-group variance indicated significant
differences in investigated groups. Detected differences or relationships were assumed to
be statistically significant when p < 0.05. Statgraphics Centurion version 18.1.12 (StatPoint
Technologies, Warrenton, VA, USA) was used for statistical analyses.

3. Results

In the implantological material collected, it was found at baseline (initial) that 86.7% of
the implants were not affected by marginal bone loss at all and 13.3% of the implants had
some degree of bone loss (in this subgroup the MBL was 1.93 ± 1.85 mm). After 5 years,
bone loss was not present in 54.4% of the implants, and bone loss was noted in 43.6% of the
implants (in this subgroup the MBL was 1.91 ± 1.26 mm). At the final point of the study,
i.e., after 10 years of functional loading, there was zero bone loss in 44.4% of implants,
while 55.6% were affected to some degree by marginal bone loss (in this subgroup the MBL
was 2.67 ± 2.04 mm).

A sequential, significant increase in the CI in peri-implant bone was observed from
the initial study (i.e., just after functional loading) to five years (p < 0.001). Subsequently, a
slight decrease in the CI was noted at the ten-year study (p < 0.05), but the CI is significantly
higher than on the day functional loading began. When analyzing MBL, it was found to
progress statistically significantly throughout the study with high significance (p < 0.001).
When examining the relationship between CI and MBL, it was noticed that the two variables
were associated with each other from five years after the functional loading of the dental
implants, i.e., at the fifth year: CC = 0.11, R2 = 1.2%, p < 0.001, and at the tenth year:
CC = 0.12, R2 = 1.4%, p < 0.01. MBL was directly proportionally related with an increase in
the CI (Table 2 and Figure 3).
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Table 2. The progressive increase in the difference in bone structure of implant-loaded versus
reference cancellous bone and the observed relationship with marginal bone loss.

Region of Interest/Period Corticalization Index Marginal Bone Loss [mm] Simple Regression

Reference Cancellous Bone 149 ± 178 0.00 ± 0.00 n.a.
Initial Peri-Implant Observation 200 ± 146 0.25 ± 0.94 n.s.

5 Years Peri-Implant Observation 282 ± 182 0.83 ± 1.26 CC = 0.11; R2 = 1.2%; p < 0.001
10 Years Peri-Implant Observation 261 ± 168 1.48 ± 2.01 CC = 0.12; R2 = 1,4%; p < 0.01

Abbreviations: n.a.—not applicable; n.s.—no statistical significance; CC—correlation coefficient: R2—coefficient
of determination.

Figure 3. The results of peri-implant bone corticalization assessment (corticalization index, blue line,
data without a unit) and marginal bone loss (red line, data in millimeters). There was a statistically
significant increase in the values of both variables at each stage of the study. Moreover, it was
noted that there was a directly proportional relationship of marginal bone loss with the progression
of corticalization at 5 years and 10 years of functional loading of the implants. Abbreviations:
n.r.—no relationship.

It is important to evaluate corticalization in relation to basic epidemiological data.
Hence, the relationship with gender, smoking, location, etc. is shown below (Table 3).

Sex, pre-prosthetic surgical augmentation procedures and surgical technique for aug-
mentation are not a differentiating factor for the study population at any stage of the survey.
In contrast, the opposite is true of localization. For smokers with implants put in the
mandible or posterior part of the dental arch, corticalization is higher than in the smoker
group (excluding 5-year observation) with implants in the maxilla or posterior dental arch,
throughout the study period. The association of increasing weight, height and BMI (as
well as serum calcium levels) in patients with a decreasing corticalization index can be
seen. On the other hand, increasing age (but no relation found in 10-year investigation) and
thyrotropin levels in the patients studied are accompanied by an increasing corticalization
index (Figure 4).

The results obtained for the different types of implants that remained under long-term
follow-up are shown below (Figure 5). They are arranged in all four graphs from the
implant type with the lowest peri-implant bone corticalization to the highest corticalization
(for both CI and MBL). It is noticeable that MBL does not correspond directly to CI values
for individual implants. Therefore, further analyses were performed in groups organized
differently, i.e., according to the features of the implant designs (Table 4) and the prosthetic
restoration used (Table 5).
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Table 3. Presentation of included population. Assessment of the impact of baseline epidemiological
data on the corticalization index observed in peri-implant bone.

Clinical Feature Option/Value of the Feature
Corticalization Index

Initial 5 Years 10 Years

Sex
Female 205 ± 169 279 ± 176 263 ± 151
Male 194 ± 114 285 ± 190 260 ± 190

Tobacco Smoking Non-Smoker 200 ± 152 L 283 ± 185 257 ± 166 L

Smoker 203 ± 91 H 272 ±155 301 ± 184 H

Jaw
Maxilla 175 ± 108 L 239 ± 151 L 223 ± 148 L

Mandible 190 ± 179 H 336 ± 203 H 302 ± 179 H

Localization in Dental Arch
Anterior 166 ± 92 L 247 ± 163 L 226 ± 162 L

Posterior 212 ± 174 H 295 ± 188 H 273 ± 169 H

Jawbone Status
Augmented 220 ± 210 267 ± 164 263 ± 142

Intact 193 ± 116 286 ± 188 261 ± 176

Augmentation Technique
Implant Neck Bone Chips 236 ± 269 292 ± 187 271 ± 133

Implant Neck Bone Substitute 183 ± 107 210 ± 138 280 ± 211
Bone Substitute Sinus Lift 210 ± 143 248 ± 138 252 ± 135

Age 47 ± 13 years Direct Relation * Direct Relation * No Relation

Patient Height 1.70 ± 0.09 m No Relation No Relation Inverse Relation *

Patient Weight 75 ± 19 Kg No Relation Inverse Relation * Inverse Relation *

Body Mass Index 26 ± 4 No Relation Inverse Relation * Inverse Relation *

Serum Thyrotropin 1.73 ± 1.07 mU/L Direct Relation * Direct Relation * Direct Relation *

Total Serum Calcium 2.39 ± 0.61 mmol/dL Inverse Relation * Inverse Relation * Inverse Relation *

Serum Triglycerides 1.24 ± 0.57 mmol/L Direct Relation * No Relation No Relation
H value higher than in other implant design options within observation period (p < 0.05); L value lower than
in other implant design options within observation period (p < 0.05); * means significant relationship (p < 0.05)
between corticalization index and the clinical quantitative (i.e., numerical) feature.

 

Figure 4. An example of the relationship found between patients’ general condition (TSH: thyrotropin
serum level in mU/L) and the corticalization index. Both relationships are statistically significant
(p < 0.05).
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Figure 5. The results obtained for the types of dental implants studied. The charts on the left show the
results of the corticalization evaluation (five and ten years). The results here are arranged from lowest
mean (top) to highest mean (bottom). On the right are the results of marginal bone loss arranged in
the same order as for corticalization—it can be seen that bone loss does not absolutely correspond
to corticalization.

Table 4. Peri-implant bone feature observed among examined implant designs groups.

Design Parameter Option Feature Initial 5 Years 10 Years

Titanium Alloy
n = 2196

Grade 4
MBL 0.00 L 0.00 L 0.00

CI 184 H 179 L 189

Grade 5
MBL 0.00 H 0.00 H 0.91

CI 163 L 225 H 209

Immersion Level
n = 2196

Subcrestal
MBL 0.00 L 0.00 L 0.00 L

CI 198 H 181 201 L

Bone Level
MBL 0.00 0.00 0.97 H

CI 163 L 224 205 L

Tissue Level
MBL 0.00 H 1.24 H 0.00

CI 154 222 439 H

Connection Type
n = 2196

Internal
MBL 0.00 L 0.00 L 0.91

CI 167 221 205 L

Custom
MBL 0.00 H 1.24 H 0.00

CI 154 222 439 H
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Table 4. Cont.

Design Parameter Option Feature Initial 5 Years 10 Years

Connection Shape
n = 2196

Conical
MBL 0.00 0.00 0.00

CI 202 H 225 200 L

Internal Hexagon
MBL 0.00 0.00 0.97

CI 151 L 220 205 L

Internal Octagon
MBL 0.00 0.67 2.91

CI 205 168 268

One Piece Abutm
MBL 0.00 1.24 0.00

CI 154 222 439 H

Head
Microthreads

n = 2196

Yes
MBL 0.00 0.00 L 0.73 L

CI 170 H 221 201

No
MBL 0.00 0.61 H 1.15 H

CI 158 L 222 227

Body Shape
n = 2196

Tapered
MBL 0.00 0.00 L 0.85

CI 167 226 H 206

Straight
MBL 0.00 1.33 H 1.15

CI 172 147 L 206

Body Threads
n = 1760

Butteress
MBL 0.00 2.15 H n.a.

CI 190 383 H n.a

Reverse Butteress
MBL 0.00 L 0.00 L 0.79 L

CI 171 H 239 H 213

V Shape
MBL 0.00 L 0.00 L 0.00 L

CI 174 H 197 L 184

Square
MBL 0.00 L 0.00 L 0.91 L

CI 150 L 201 L 211

No Threads
MBL 0.30 H 1.54 H 2.57 H

CI 190 164 L 232

Apex Shape
n = 2196

Cone
MBL 0.00 0.00 0.00

CI 122 L 199 193

Dome
MBL 0.00 0.00 0.79

CI 174 H 230 H 213

Flat
MBL 0.00 0.45 H 1.21

CI 148 103 L 201

Apex Hole
n = 1447

Round
MBL 0.00 L 1.54 H 2.57 H

CI 190 164 L 232

No or other
MBL 0.30 H 0.00 L 0.79 L

CI 167 221 H 206

Apex Groove
n = 2196

Yes
MBL 0.00 L 0.00 L 0.79 L

CI 167 220 105

No
MBL 0.00 H 1.66 H 2.00 H

CI 154 297 258
H value higher than in other implant design options within observation period (p < 0.05); L value lower than
in other implant design options within observation period (p < 0.05); n—number of evaluated dental implants;
MBL—marginal bone loss is given as median due to non-normal distribution in mm; CI—corticalization index is
given as median due to non-normal distribution.

In the group of implants made of grade 5 titanium alloy, lower corticalization was
noted in the initial period, which increased significantly at 5 years. A higher MBL occurred
in the later observation periods. Throughout the observation period, implants inserted
subcrestally have the lowest MBL. However, surprisingly, during the initial period, the
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lowest bone loss is accompanied by the highest level of corticalization. These differences
disappear at the five-year follow-up period, and then at the ten-year follow-up period
the relationships reverse—the lowest corticalization is with subcrestally inserted implants
as also the MBL is the lowest. One-piece implants (i.e., of the “Custom” connection type
contrary to internal connection) were characterized by higher MBL up to and including the
fifth year of observation. This is not followed by the CI value. Evaluating the connection
shape, it could be seen that corticalization is greatest with one-piece implants (i.e., without
a socket for the abutment), but this does not go hand in hand with the MBL value at five
and ten years. When the implants do not have a haed microthread, higher MBL values are
recorded with them. CI values are also elevated, but statistically insignificant. The shape of
the implant body has no effect on corticalization and marginal loss at either the initial or
the 10-year follow-up period. It was only noted that in the fifth year of functional loading
there was less corticalization and more bone loss with tapered implants. The lowest MBL
and highest CI were noted in implants with a V shape and reverse butteress thread. The
lowest bone loss supported by an increased CI occurred with flat apex implants. Only
increasing bone loss over time was observed in implants with apex groove. This was not
followed by increasing CI values.

Table 5. The prosthetic works examined in this study.

Prosthetic n Feature Initial 5 Years 10 Years

Single Crown 734
MBL 0.00 H 0.00 0.91

CI 153 L 196 L 186 L

Splinted Crowns 794
MBL 0.00 0.00 1.20 H

CI 198 224 227 H

Bridge 576
MBL 0.00 L 0.00 L 0.00 L

CI 172 H 251 H 215

Overdenture 160
MBL 0.00 0.49 H 0.00 L

CI 185 H 392 H 239 H

Platform Switching 509
MBL 0.00 0.00 1.06

CI 155 L 197 L 200
H value higher than in other prosthetic solutions (p < 0.05); L value lower than in other prosthetic solutions
(p < 0.05); n—number of evaluated dental implants; MBL—marginal bone loss is given as median due to non-
normal distribution in mm; CI—corticalization index is given as median due to non-normal distribution.

Platform switching induces less corticalization of peri-implant bone, as do single-
crown restorations. Such restorations have low MBLs, but the lowest MBLs are found
in cases of bridges. Implant-supported bridges initially have a high CI, but at 10-year
follow-up, corticalization is already lower than in splinted crowns and overdentures.

4. Discussion

The healing process and osseointegration in dental implants is a dynamic phenomenon.
When an implant is installed, the next surgical procedure causes some marginal bone
loss [89]. Within the initial healing phase, the recruitment and migration of osteoprogenitor
cells to the surface of the implant occurs. During the secondary healing phase, new bone is
apposited. Next, the peri-implant bone is reabsorbed and replaced with a new viable bone,
i.e., remodeling is featured [32–35,44,89]. In cases of successful treatment, this reaction
reaches a balance with the patient’s body, and only in disequilibrium does the MBL increase,
thereby damaging peri-implant bone [90]. Pinpointing what underlies this dysfunction is
crucial for current dental implantology.

In a long-term study [91], assessment of corticalization in peri-implant bone was
performed only visually (Figure 2 in Buser’s study) and described in the 10-year data as
“well-corticalized”. In the current state of development of image analysis methods, a much
more precise description can be obtained [82,92]. However, this is a high-quality study,
and the authors collected results depicting the corticalization phenomenon. This can be
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seen in the radiological figures, e.g., Figure 9 in Ref. [91], where MBL is preceded in the
bone by a pronounced disappearance of trabeculation and an increase in bone density.
However, the authors did not point out the corticalization. Similarly, this is seen in Figure 5
in Albrektsson’s publication [93]. Today, the phenomenon of bone density increase can be
analyzed qualitatively and, of course, in relation to the MBL [44,45]. Similar interesting
illustrative material can be found in another 10-year follow-up study [37] where there are
clear features of severe peri-implant bone corticalization in their Figure 1b. Unfortunately,
the corticalization term is not used at all by the authors. This is probably due to the purpose
of the paper and the lack of publications analyzing bone texture at dental implants in detail.
One can also find a publication based on radiographic material, which does not include
a single X-ray in the text [94]. In this case, it is impossible to determine what the authors
faced in their study. The second issue is the use of simple quantitative measures (they do
not describe the internal state of the bone), e.g., the percentage of implant surface remaining
in contact with the jawbone (bone-to-implant contact, BIC) or the amount of marginal bone
loss from the alveolar crest (MBL). Intuitively, it seems that bone quality (structure testing)
is important in the long-term maintenance of dental implants [95].

Corticalization (and associated marginal bone loss) related with the type of implant
used is not easy to interpret but is definitely the result of the aforementioned balance and
bone remodeling. It probably depends on the type of implant, but implant selection is
not random. It depends on the bone conditions and the possibility of using prosthetic
solutions in a given implantological system, which correspond to a given dento-gnathic
status. Finally, certainly, it depends on the dentist’s preferences for using a particular
implant system. The results presented here are derived from these many influencing
factors, but this is a typical situation in everyday clinical work and hence worth considering
and trying to understand.

It is now known from everyday clinical work that implant treatment is very long
term or even over a lifetime [96]. It seems that the changes in peri-implant bone structure
observed at this time are not a simple projection of the occlusal load in the bone [40],
but a complex modulation of osteoimmunological activity [97–99]. Recently, it has been
noticed that mechanotransduction may promote the alteration of bone marrow monocyte
activation. Thus, occlusal force may modulate the osteoimmunity in peri-implant bone [100].
In addition, there is a synergy between mechanical loading and the signaling pathway
for macrophage function, which is related to the αM integrin controlling the activity
of the mechanosensitive ion channel Piezo1 [101] and the genetically determined bone
reaction [102]. Further confirmation of an osteoimmodulatory mechanism, rather than a
simple loading reaction, in peri-implant bone remodeling is the positive role of topically
applied bisphosphonates in reducing MBL [103–105]. In the near future, a biological
analysis approach combining genomic with clinical data including bone structure will be
able to explain the mechanism of corticalization [102].

The arrangement of implant types from causing the least peri-implant bone cortical-
ization at 5 and 10 years to the implant causing the most corticalization does not reflect
the same arrangement of implant types relative to marginal bone loss (Figure 5). Thus, the
relationship is not a simple one of the type given implant = defined bone loss, and yet,
this would be supported by the corticalization index value. However, when considering
all 2700 implants, the association of corticalization with marginal bone loss is statistically
highly significant (p < 0.001). Therefore, the study material here was divided differently
(see Table 4). The names of the implants were discarded, and the design features were
taken, and thus, the implants were combined into groups with common design features.

It is interesting to note that one-piece implants are not associated with the smallest
MBLs, despite not having a micro-gap or the possibility of bacterial contamination in the
gingival sulcus and junctional epithelium [106]. Perhaps this is due to the fact that these
implants are narrower than two-part implants and can be used in a narrower alveolar crest.
Probably, the smaller volume of the bone base is prone to atrophy due to limited bone
vascularization and mechanical reasons even though there is no contamination from the

141



J. Clin. Med. 2022, 11, 7189

microgap. On the other hand, it is not surprising that implants inserted subcrestally have
low MBL and low corticalization values [107]. Considering the 10-year follow-up period,
these 2 characteristics indicate a good prognosis for subcrestal implants. Prosthetic work
placed on such implants leaves adequate biological space for good marginal periodontal
function [108], and there is certainly more bone around them from the start than if one-
piece implants are used. This ensures permanent maintenance of the peri-implant bone
level [109]. When considering the significance of the micro-thread implant neck, it should
be noted that the MBL observed in this study is slightly lower than in studies known from
the literature [110,111]. At the same time, these studies here confirmed the effectiveness of
micro-thread use in minimizing MBL over a 10-year period of functional loading. However,
there was no significant change in the peri-implant jawbone cortication of micro-thread
implants. The interaction of thread parameters has a significant influence on the peak
compressive and tensile strains at the cancellous as well cortical bone. Body-related
parameters are more effective on the peak compressive strain at the cortical interface
only [112]. The results of this work here seem to confirm these results from the numerical
analysis. CI and MBL proceed independently of the implant body, or in other words,
alternative further features determine corticalization and marginal bone loss (general
health, osteopenia, sarcopenia, dietary supplements taken, drug or behavioral weight loss,
details of prosthetic work, occlusion, parafunctions, history of prosthetic repairs, additional
dental treatment, saliva composition and active protein content, overactive tongue, etc.).
The high MBL (and disparate CI results) observed with rounded apex hole implants seems
to be more related to the fact that they are cylindrical implants without threads and with
no modifications in the neck area rather than to the effect of the apex hole on the condition
of the neck peri-implant bone.

Single crowns do not cause bone structure changes around the implants on which
they are set. At the same time, they characterize low marginal bone loss. In cases loaded
with bridges, lower measures of corticalization and lower MBL were noted at 5 years
than in overdentures and compared to splinted crowns at 10 years. In the case of works
using switching platforms, it was noted that corticalization values are always lower than
in works without prosthetic platform switching. No differences were noted in terms of
MBL. Among the multitude of implant design features and series of prosthetic solutions
considered, it should be noted that the lowest long-term bone loss was observed in cases
of implant loading with bridges. In contrast, the highest MBL was recorded in cases of
splinted crowns. These changes were accompanied by corresponding CI values (higher
in high MBL and lower in low MBL). Surprisingly, platform switching was not noted to
affect MBL, but there was a significantly lower CI with such implants. However, MBL in
the platform-switched prosthetic was lower than total MBL at the 10-year follow-up.

Marginal bone loss has been postulated to have a multi-factorial etiology [113] and can
be considered to occur early or late in the lifetime of an implant. It is certain that within the
first year after placement, MBL observed is a consequence of bone remodeling subsequent
to surgical and prosthetic work [56] as well early loading challenges undertaken by an
implant and its associated prosthesis [113,114]. It has been known for a long time that
smoking as well as previous history of periodontitis are associated with peri-implantitis
and may represent risk factors for this disease [115]. Given the role of adaptive bone
remodeling, corticalization may be influenced by infection as a barrier for oral microflora
invasion. Over the longer term, the cumulative effect of chronic etiological factors that
are immunological, environmental, patient-related factors such as motivation, smoking,
para- or disfunctions, infection and inflammation, as well the influence of the surgeon
or prosthodontist can affect the increase of corticalization and bone loss in long-term
observation [113,114,116,117]. Due to the poorly studied phenomenon of corticalization
in dental implantology, the authors speculate that the phenomenon of increased bone
structure density itself may be heterogeneous. They would not be surprised if it turns out
that some specific form of corticalization or the degree of its severity may be prognostically
favorable, while another form may be unfavorable, as appears to be the case after this study.
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Corticalization index increasing with age (although observed in 5-year follow-up),
rising TSH levels and decreasing serum calcium levels seem to support the negative sig-
nificance of the peri-implant bone corticalization phenomenon. These selected markers
similarly behave with the progression of the aging process [118,119]. In this regard, the
matter of interpreting the observed phenomenon in bone is not clear. Only a narrow frag-
ment of possible systemic effects on bone has been examined. However, it is a contribution
to further interesting research.

The conclusions of this work cannot be radical. The suspicion of corticalization as
an unfavorable predictor for the development of marginal bone loss is based on several
hundred implants observed over a 10-year period. This, unfortunately, confirms previous
suspicions [79]. Undoubtedly, to establish more certain relationships [120–122], studies
should be conducted on a larger number of implants. This kind of research is prompted by
the relationship noted here between low MBL and surprisingly high CI with V shape and
reverse butteress threaded implants. Multicenter studies are also needed. Different surgical
and prosthetic protocols are worth testing. Both authors of this study believe that other
(easier and widely available) techniques for assessing the corticalization phenomenon in
peri-implant bone should also be tried.

5. Conclusions

In the scope of the study, it can be concluded that the phenomenon of peri-implant
jawbone corticalization clearly seems to be a condition that is unfavorable for the future
fate of bone-anchored implants.
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69. Moshfeghi, M.; Safi, Y.; Różyło-Kalinowska, I.; Gandomi, S. Does the size of an object containing dental implant affect the
expression of artifacts in cone beam computed tomography imaging? Head Face Med. 2022, 18, 20. [CrossRef]

70. Bohner, L.; Hanisch, M.; Sesma, N.; Blanck-Lubarsch, M.; Kleinheinz, J. Artifacts in magnetic resonance imaging caused by dental
materials: A systematic review. Dentomaxillofacial Radiol. 2022, 51, 20210450. [CrossRef]

71. Chang, G.; Honig, S.; Liu, Y.; Chen, C.; Chu, K.K.; Rajapakse, C.S.; Egol, K.; Xia, D.; Saha, P.K.; Regatte, R.R. 7 Tesla MRI of bone
microarchitecture discriminates between women without and with fragility fractures who do not differ by bone mineral density.
J. Bone Miner. Metab. 2015, 33, 285–293. [CrossRef]

72. Guenoun, D.; Pithioux, M.; Souplet, J.-C.; Guis, S.; Le Corroller, T.; Fouré, A.; Pauly, V.; Mattei, J.-P.; Bernard, M.; Guye, M.; et al.
Assessment of proximal femur microarchitecture using ultra-high field MRI at 7 Tesla. Diagn. Interv. Imaging 2020, 101, 45–53.
[CrossRef] [PubMed]

73. Krug, R.; Carballido-Gamio, J.; Banerjee, S.; Burghardt, A.J.; Link, T.M.; Majumdar, S. In vivo ultra-high-field magnetic resonance
imaging of trabecular bone microarchitecture at 7 T. J. Magn. Reson. Imaging 2008, 27, 854–859. [CrossRef] [PubMed]

74. Rajapakse, C.S.; Magland, J.; Zhang, X.H.; Liu, X.S.; Wehrli, S.L.; Guo, X.E.; Wehrli, F.W. Implications of noise and resolution on
mechanical properties of trabecular bone estimated by image-based finite-element analysis. J. Orthop. Res. 2009, 27, 1263–1271.
[CrossRef] [PubMed]

146



J. Clin. Med. 2022, 11, 7189

75. Rajapakse, C.S.; Kobe, E.; Batzdorf, A.S.; Hast, M.W.; Wehrli, F.W. Accuracy of MRI-based finite element assessment of distal tibia
compared to mechanical testing. Bone 2018, 108, 71–78. [CrossRef]

76. Seifert, A.C.; Wehrli, F.W. Solid-State Quantitative 1H and 31P MRI of Cortical Bone in Humans. Curr. Osteoporos. Rep. 2016, 14,
77–86. [CrossRef]
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Abstract: The primary aim of this study was to identify kinematic differences at initial contact
between female futsal players with and without previous knee injury, using a functional motor
pattern test. The secondary aim was to determine kinematic differences between the dominant and
non-dominant limb in the whole group, using the same test. A cross-sectional study was performed
in 16 female futsal players allocated into two groups: eight females with a previous knee injury, i.e.,
affected by the valgus collapse mechanism without surgical intervention, and eight with no previous
injury. The evaluation protocol included the change-of-direction and acceleration test (CODAT).
One registration was made for each lower limb, i.e., the dominant (the preferred kicking limb) and
non-dominant limb. A 3D motion capture system (Qualisys AB, Göteborg, Sweden) was used to
analyze the kinematics. The Cohen’s d effect sizes between the groups demonstrated a strong effect
size towards more physiological positions in the non-injured group in the following kinematics in
the dominant limb: hip adduction (Cohen’s d = 0.82), hip internal rotation (Cohen’s d = 0.88), and
ipsilateral pelvis rotation (Cohen’s d = 1.06). The t-test for the dominant and non-dominant limb in the
whole group showed the following differences in knee valgus: dominant limb (9.02 ± 7.31 degrees)
and non-dominant limb (1.27 ± 9.05 degrees) (p = 0.049). Conclusions: The players with no previous
history of knee injury had a more physiological position for avoiding the valgus collapse mechanism
in the hip adduction and internal rotation, and in the pelvis rotation in the dominant limb. All the
players showed more knee valgus in the dominant limb, which is the limb at greater risk of injury.

Keywords: knee injury; kinematics; soccer; sports; anterior cruciate ligament; prevention;
physiotherapy; CODAT

1. Introduction

Knee injury incidence is one of the most frequent in soccer, reaching values of 0.7 in-
juries per 1000 h of exposure [1]. With respect to knee ligament injuries, the anterior cruciate
ligament (ACL) is the most common injury, reaching an incidence of 0.45 per 1000 h of
exposure, and is also the most common reason for players requiring medical leave of more
than 120 days [1,2]. Previous studies have reported that female soccer players have a risk
of sustaining ACL injuries that is two or three times higher than the equivalent risk in
males [3–5], and is usually caused by a non-contact mechanism [6,7], while in men the
cause is a direct impact of external force [3,8].
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Non-contact mechanisms causing ACL injury are due to a failure in biomechanical
patterns, which include a lack of control in proprioceptive and neuromuscular activation [9].
Moreover, it is conditioned by non-modifiable risk factors, such as anatomical [10,11]
and hormonal factors [12]. Prospective studies have found that most ACL injuries were
caused during dynamic high-intensity stabilization situations such as landings and changes
of direction or decelerations, activities that are very common in the defensive roles of
pressing/tracking actions in sports [13,14]. In addition, the pressing pattern is one of the
most frequent, due to the unexpected stimulus of the opponent and the match context
situations [13].

A recent study by DiPaolo et al. [15] showed a compilation of the main biomechanical
risk factor thresholds from prospective video analysis studies, which explain the “perfect
loading storm” that defines ACL injury mechanisms [6,15,16], valgus collapse being the
main biomechanical risk factor related to ACL injury. Arundale et al. [17] explained “valgus
collapse” as the combination of hip adduction and internal rotation, and knee abduction.
Valgus collapse causes a medial pivoting of the femur on the tibia plateau and compression
on the lateral side of the knee. Therefore, an increase in medial yawing of the joint puts the
ACL fibres at maximal tension [11,18].

In addition, before the ACL injury appears, on average 48 milliseconds after the initial
contact, other kinematics faults have been observed [6,19]. During change-of-direction
tasks, at the initial contact phase, the female players who sustained ACL injury showed
less trunk, hip, and knee flexion [5,6]. Consequently, this could be related to higher vertical
ground reaction forces during impact stabilization. An extended position avoids the load
damping of limb joints, which causes an increase in anterior tibial shear forces, potentially
resulting in higher strain in the ACL [20]. Zebis et al. [5] indicated a risk reduction of
44% per each increase in 10◦ of hip flexion at this phase [5]. In addition, studies have
considered greater hip and knee rotation movement during change-of-direction tasks as
risks of ACL injury [5,21]. Research shows that knee internal rotation at initial contact is
significantly related with ACL injury risk, with a 13% increased risk per 1◦ increase in
knee internal rotation. Knee internal rotation was related to higher hip internal rotation
during a change-of-direction task, which was considered as a risky movement in terms of
non-contact mechanisms causing ACL injury [16,21,22]. Internal hip rotation promotes a
displacement of the ground reaction force vector, which is focused medial and posterior on
the tibial plateau during the impact. Increased ACL load is caused by the resultant relative
anterior and lateral shear of the tibia [16,23,24].

Latest research has studied the incidence ratio based on limb dominance, related to the
fact that in futsal the ball determinates the biomechanical pattern [25]. Studies explain that
the dominant limb (DL) usually has a higher injury incidence ratio than the non-dominant
limb (NDL) [2,25]. During kicking, each limb plays a different role: the DL usually impacts
the ball, while the NDL performs a stabilization function to provide a foundation for the
kicking task [25]. These different activity profiles influence the load on each limb during
kicking, a task that takes place many times during each training session or match [13,26].
This imbalance in loading between the two limbs influences the kinematic response of the
limbs to the rest of the tasks in the match, especially in tasks such as changes of direction.
Changes of directions have been identified as task related to a high risk of ACL injury.

Most previous studies have analysed the implications of the biomechanical risks factors
between two groups, injured and non-injured players [5,27], the former category including
injured players who have suffered an ACL injury. Thus, in this group, surgery could have
modified the biomechanical patterns. Currently no studies have used as a sample injured
players who have already suffered a knee injury based on the valgus collapse mechanism,
causing damage to the ACL or another joint structure with the same injury mechanism,
which has been treated without surgical intervention. We hypothesized that female futsal
players with previous knee injury based on the valgus collapse mechanism, without surgical
intervention, had kinematic patterns similar to those identified as risk patterns for ACL
injury, in a change-of-direction task. Therefore, this study aimed to identify kinematic
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differences at initial contact between female futsal players with and without previous knee
injury, in a motor pattern test including change of direction, stabilization, and acceleration.
A secondary aim was to determine the kinematic differences between the DL and NDL for
the whole group, in the same tasks.

2. Materials and Methods

2.1. Study Design

This study has a cross-sectional design. The allocation ratio was [1:1] between two
groups. Allocation depended on clinical history: previous knee injury (KI) involving
the valgus collapse mechanism without surgical intervention (injury group), or no injury
(control group). The Research Ethics Committee of Community of Aragón approved this
study (code PI20/127), which observed the ethical principles of the Declaration of Helsinki
(64th WMA General Assembly, Fortaleza, Brazil, October 2013) [28].

2.2. Sample Size

The sample size was calculated based on the outcomes of previous studies [19,29]. The
main variable used for sample size calculation was dynamic knee valgus at the first contact.
The sample size was calculated with the GRANMO 7.12 calculator (Institut Municipal
d’Investigació Mèdica, Barcelona, Spain) (https://www.imim.es/ofertadeserveis/software-
public/granmo/, accessed on 1 November 2021), with an alpha risk of 0.05, a beta risk of
0.20, and the two-side test. We used a common standard deviation of 5.1 degrees [29] and a
minimum expected difference of 8.4 degrees [19], estimating a follow-up loss of 20%. A
total sample of 16 subjects (8 per group) was obtained.

2.3. Participants

The president of the Real Federación de Fútbol de Ceuta was contacted regarding
participation in the study. He contacted all the national female futsal players registered in
the federation, of whom 16 volunteered to participate in the study. The average age was
23.4 + 5.03 years and the average height was 1.62 ± 0.06 m. They had an active national
futsal licence, and they had attended futsal training for more than 4 h per week for at
least 4 months. Players were excluded if they had had an injury incompatible with regular
training in the past 4 months. All the players gave written informed consent prior to their
participation in the study.

2.4. Procedure

The first part of the evaluation was a survey to collect the individual clinical history
of each participant. The data from the clinical history were used to allocate the subjects
into the KI or control group. All players who had suffered a knee injury involving the
valgus collapse non-contact mechanism, without surgical intervention, were included in
the KI group [16,17,30]. The recorded information included age, height, weight, knee injury
history, lower limb dominance, injury mechanism, medical diagnosis, pain region, time to
recovery, treatment received, possible relapse, and futsal level league at the time the injury
occurred. Eight players were allocated to each group.

The data collection was conducted in one session. Before the test procedure, a short
mobility and warm-up activity was carried out.

The evaluation protocol included the functional change-of-direction and acceleration
test (CODAT) [31,32]. This was conducted for each lower limb dominant (DL) and non-
dominant (NDL). Limb dominance criteria was defined as the preferred kicking limb [25].
A 3D motion capture system (Qualisys AB, Göteborg, Sweden) was used to analyze the
kinematics of change of direction with a full body model marker set without head and
upper extremities. Twenty-six reflective markers were placed with adhesive tape on the
players’ skin on both sides of the lower limbs and trunk. The palpation of the reflective
markers was carried out following anatomical references. A force plate (Optima HPS464508-
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2000, AMTI, Watertown, MA, USA) was used to record the maximal torque of the ground
reaction force during the initial contact phase.

The 26 markers were placed to make a static picture. The locations were at the first
and fifth metatarsal head, second metatarsophalangeal, medial and lateral malleolus, large
posterior surface of calcaneus, lateral and medial femoral epicondyle, anterior and posterior
superior iliac spine, acromioclavicular joints, inferior scapula angle, and thoracic spinous
process of T3 and T12. In addition, a cluster with four markers was placed in the lateral
of the shank and thigh of both limbs. Finally, another cluster with three markers was
fixed to the lateral part of the pelvic girdle on both sides. After calibration in order for
the computer to recognize precisely the situation of the cameras and all the markers to
create a static record for the CODAT test performance, the malleolus, epicondyles, posterior
superior iliac spine, and acromioclavicular joint markers were removed from the player
to avoid interference with the maximal speed task. The set-up of the markers was in line
with the recommendations of Codamotion system protocols (Charnwood Dynamics Ltd.,
Leicestershire, UK).

The reflective marker locations were registered through 12 infrared high-speed cam-
eras at a rate of 250 Hz. The calibration of the space was conducted with a wand (with a
length of 751.1 mm) before each data collection and the standard deviations of the wand’s
length measurements were below 0.5 mm. Visual3D software (C-Motion Inc., Germantown,
MD, USA) was used to analyze the change-of-direction task (Figure 1).

   
(a) (b) (c) 

Figure 1. Capture moment of kinematic data during CODAT test: (a) Capture moment from a 2D
camera that shows the player’s task; (b) Signal from 12 infrared high-speed cameras being processed
with Visual3D software; (c) Final avatar processed by Virtual 3D software.

Players carried out the CODAT test (Figure 2). This is a specific test that combines a
sprint mechanism with the stabilization and acceleration needed for a change of direction.
It involves placing a high load onto the knee in a similar way to tasks performed during
training or a match [31–33]. Moreover, most injuries involving non-contact mechanisms
occur in defensive roles, so we performed the CODAT test without a ball to recreate the
defensive role during the match [13]. The CODAT test integrates a four-diagonal change-of-
direction task, two of 45◦ and the other two of 90◦, mixed with 3-m sprints and followed by
a 10-m sprint. All the tests were performed at maximal speed. Prior research has observed
that the average time of each sprint in soccer is 2 s and that the average distance is 10 m,
which agrees with the maximal distance in the CODAT test [31]. Moreover, a 3-m sprint
allows for a complete gait cycle before the change-of-direction task.
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Figure 2. CODAT test diagram. The initial point of the test is drawn with a green ball. The green
square shows the location of the force plate. The red cross identifies the change-of-direction task that
was recorded with the 3D motion capture system.

2.5. Outcome Variables

Since the risk of ACL injury is highest during the initial contact phase, only the
moment of the maximal ground reaction torque forces at the initial contact phase in the 90◦
change of direction was analysed [34] (Figure 2).

Mean and standard deviation (in degrees) of the flexion/extension, adduction/abduction
and internal/external rotation of the trunk, pelvis, hip, and knee were computed for the
DL and NDL. For the variables in the sagittal plane projection angle (x-axis), positive
values (>0) refer to flexion, and negative values (<0) refer to extension. In the frontal
plane projection angle (y-axis), positive values (>0) refer to trunk inclination towards the
non-supporting limb side (contralateral), contralateral pelvic tilt, hip abduction, and knee
varus; and negative values (<0) refer to the trunk inclination towards the supporting limb
side (ipsilateral), ipsilateral pelvic tilt, hip adduction, and knee valgus. In the transversal
plane projection angle (z-axis), positive values (>0) refer to the non-supporting limb side,
contralateral trunk rotation, contralateral pelvis rotation, and hip and knee internal rotation;
and negative values (<0) refer to ipsilateral trunk displacement, ipsilateral pelvis rotation,
and hip and knee external rotation.

2.6. Data Analysis

Data were analysed with SPSS software v.25 (SPSS Inc., Chicago, IL, USA). Normality
was determined by the Kolmogorov–Smirnov test. To determine the differences in the kine-
matic angles between the KI and control groups, independent t-tests were used to compare
the means. Furthermore, to determinate the differences in the kinematic angles between the
DL and NDL, independent t-tests analysis was developed without distinguishing between
players with and without injury. The level of statistical significance was set at p < 0.05. The
effect size of the kinematic angles between the groups and limbs was determined using
Cohen’s d. The following values were used to distinguish the levels of the effect size: 1 to
0.8 (strong effect size); 0.8 to 0.5 (moderate effect size); and 0.5 to 0.0 (less or no effect size).

3. Results

Eight players were allocated to each of the two groups, KI and control. The KI players
had suffered a previous knee injury involving the valgus collapse mechanism, treated
without surgical intervention, four of them in their DL and the rest in their NDL.

The independent t-test revealed that there were no significant differences between the
groups in any kinematic parameters. However, strong Cohen’s d effect sizes, above 0.8,
between the groups were found in the hip adduction, hip rotation, and pelvis rotation
in the dominant limb (Table 1). The KI group had higher hip adduction than the con-
trol group (14.15 ± 4.64 degrees versus 10.69 ± 4.92 degrees in the control group) (Cohen’s
d = 0.82). The KI group presented a hip internal rotation of 1.26 ± 14.68 degrees, versus
11.55 ± 14.29 degrees of hip external rotation in the control group (Cohen’s d = 0.88). The KI
group showed a contralateral pelvis rotation of 6.11 ± 8.21 degrees, versus 1.35 ± 5.67 degrees
of ipsilateral pelvis rotation in the control group (Cohen’s d = 1.06) (Table 1).

The analysis based on limb dominance taking both groups together was significant
only for the knee valgus variable. Knee valgus was higher in the DL (9.02 ± 7.31 degrees
versus 1.27 ± 9.05 degrees in the NDL) (p < 0.05), with a strong effect size (Cohen’s d = 0.94)
(Table 2). All the other variables showed similar values between the DL and NDL.
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4. Discussion

The main purpose of this study was to investigate kinematic differences at initial
contact between female futsal players with and without previous knee injury, in a motor-
pattern test including change of direction, stabilization, and acceleration. None of the
variables showed significant differences between female futsal players with and without
previous knee injury. However, a strong effect size between groups was obtained in
some kinematics in the DL. With respect to the secondary aim of this study, to determine
kinematic differences between the DL and NDL for the whole group, only knee valgus was
significantly higher in the DL.

Knee valgus was significantly higher in the DL (9.02 ± 7.31 degrees) than in the NDL
(1.27 ± 9.05 degrees) (p = 0.049) in the whole group. As other studies have explained,
the ACL usually breaks at an average of 13 degrees of knee valgus at initial contact and
22 degrees of knee valgus at the moment of injury, 48 milliseconds after the initial contact [6].
In our findings, the KI and control players were near to these values at initial contact in the
DL, without significant differences between them (KI: 10.58 ± 5.64 degrees; control group:
8.87 ± 8.45). However, in the NDL, the values were much lower (KI: 0.15 ± 10.99 degrees;
control group: 2.87 ± 8.01). Knee valgus is one of most relevant risk factors in ACL non-
contact injury mechanisms, and 88% to 100% of the knee injuries in female soccer are
induced by non-contact mechanisms [6,7]. As observed in the pivot shift test, during a
valgus knee movement, the femur moves medially relative to the tibia, which causes the
lateral condyle to slide into the medial side. These movements cause medial yawing of the
knee that increases the ACL load. If the load on the ACL is too high, it might break and
cause subluxation of the tibia, usually at around 30 degrees of knee flexion that reduces in
deeper flexion [24,35]. Recently, Di Paolo et al. [36] and Collings et al. [37] have verified
that higher knee valgus values in different tasks were associated with future noncontact
ACL injury in elite female soccer players. Our results showed a higher ACL injury risk
position in the DL than in the NDL. DeLang et al. [25], in their meta-analysis, explain that
soccer players are more likely to suffer injuries in their DL regardless of their playing level
or gender. This is due to two main reasons. Firstly, there is neuromuscular fatigue in the
DL as a result of the maximal effort involved in the kicking activity and the high-intensity
stabilization actions. In futsal, the DL also accumulates more burden than the NDL. Futsal
is a sport with changes of intensity and direction each 3.3 s on average. Therefore, 26% of
the match is played at high intensity [26]. This fact produces fatigue in both limbs, but the
dominant one is also the kicking leg. Studies explain that players receive the ball twice a
minute on average, and 84% of this is with the DL [25,38]. In this way, the DL accumulates
fatigue relative to the intensity of the game with additional fatigue due to the maximal
effort of kicking. Secondly, there are intrinsic (capability, comfortability, or awareness) and
extrinsic factors (opponent position or game situation) that make it necessary to use the DL
as the stabilization limb, and it may not be used to these actions [25]. Furthermore, most
ACL injuries occur in defensive “pressing/tackling” or offensive duel “tackling” situations.
These are high-speed actions and are driven by the match conditions, in which player does
not have enough time to decide on the use of the DL or NDL. These forced actions are the
most likely to result in injury. In contrast, both groups presented better knee valgus values
in the NDL; this might be due to better neuromuscular control in this limb, since it is more
used to the stabilization task.

“Valgus collapse” has been defined as the combination of hip adduction, hip internal
rotation, and knee abduction. In the current study, in the DL, the limb which had a level of
knee valgus near to the injury risk threshold, the KI players had more hip adduction than
the control players in the change-of-direction task (Cohen’s d: 0.82). This was explained
by the fact that when the KI players carried out a task that promoted high knee valgus
values, their stabilization pattern was pathological, as explained by what is described in
the literature as the “perfect storm” of ACL injury mechanism [15,16,19]. These results
agree with previous research, such as the study by Dix et al. [39], who verified that players
who suffered ACL injury had a higher “valgus collapse”, a combination of knee valgus,
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hip adduction, and internal hip rotation, during preseason testing, before ACL injury. The
authors noted significant differences between injured and non-injured players only in the
hip adduction variable. This study developed prospective data collection in national female
soccer players, comparing initial kinematic values in a change-of-direction task of 90◦
between groups. Therefore, the hypothesis of our KI group performing a kinematic pattern
similar to the ACL injury pattern is confirmed.

Hip and knee internal rotation are involved in knee valgus definition, as explained
in video analysis research [6,14,40]. In the current study, both groups had knee internal
rotation at the evaluation moment, but the KI players had hip internal rotation in contrast
to control players who developed hip external rotation (Cohen’s d: 0.88). Hip internal
rotation, combined with hip adduction and knee abduction, increases structural stress on
the ACL due to its anatomical situation from the front internal tibial surface to the back
external femur condyle [11,39,41]. Therefore, if the hip internal rotation range of movement
is increased, the strain fibres are at maximum stress and are broken easily. At the same
time, increases in knee abduction and hip adduction cause medial displacement of the
center of mass [24,39,41], and the joining of both conditions facilitates ACL risk injury. As
is explained by Lucarno et al. [6] in their systematic video analysis, 80% of the non-contact
ACL injuries that occurred during matches in female players in six of the top leagues in
the Federation International of Football Association (FIFA) Women’s World Ranking were
associated with hip internal rotation movement. Koga et al. show the same result in female
players of other sports, such as basketball or handball. Our results showed that the KI
players had a greater hip internal rotation range of motion than the control players, in
agreement with previous research. Furthermore, hip internal rotation might be the result
of weakness in the hip external rotation muscles., especially the gluteus maximus, which
becomes weak due to accumulated fatigue. Fatigue could be the result of carrying out many
functions at the same time. As strong external rotation is an important factor in avoiding
knee valgus, we can say that it is a protective factor of ACL injury involving non-contact
mechanisms. In fact, our control players showed hip external rotation in the DL during the
change-of-direction task.

All the players in our study, in both the KI and control groups, had a contralateral
trunk rotation from the supporting limb. Many authors have demonstrated that if the
contralateral trunk rotation increases, the knee valgus increases too, raising the risk of ACL
injury [6,14,16,42]. As Della Villa et al. [14] shows in their research, 53% of the players with
ACL injuries had contralateral trunk rotation at the moment of injury, especially during
pressing and landing tasks. As Lloyd et al. [16] explain in their “perfect storm” definition
of ACL injury mechanisms, contralateral rotation causes a medial displacement of the
center of mass, which increases the loading on the medial knee compartment. However,
no prior authors have studied the influence of pelvic rotation. In our study, the KI players
performed a contralateral pelvic rotation following the trunk motion direction. On the
contrary, members the control group in whom contralateral trunk rotation existed realized
an ipsilateral pelvic rotation to the DL (Cohen’s d: 1.06). This might be a balance mechanism
to counteract the opposite trunk rotation, and to decelerate the medial velocities suffered by
the knee as a result of the trunk rotation movement [43]. It would be interesting to develop
studies to explore this hypothesis in the future.

Limitations

This study is limited by the relatively small sample size and by the cross-sectional
design conducted in a single geographic location; thus, any causality can be referred to the
relationship in the relevant results. Due to the study design, it was not possible to state
whether the worst kinematic patterns observed in the KI group were present before the
knee injury, making the injury more likely to occur, or whether they existed as a result
of the disfunctions induced by the injury. A future larger cohort and prospective studies
might support our findings and develop new analysis in pelvic kinematics. However, the
current findings may be relevant for the development of specific preventive training in
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female soccer players. The preventive training should be based on intensive neuromuscular
training to avoid fatigue of the muscles, especially of the DL, and in the reinforcement of
the hip external rotation muscles.

5. Conclusions

The current study found kinematic differences at initial contact between female futsal
players with and without previous knee injury, in a motor pattern test. The players with
no previous history of knee injury had a more physiological position to avoid the valgus
collapse mechanism in hip adduction and internal rotation, and in the pelvis rotation, in the
dominant limb. The players with previous injury had a kinematic pattern closer to those
related to LCA injury, which might have existed before the injury, making it more likely
to occur, or as a result of the disfunctions induced by the injury. All the players showed
more knee valgus in their dominant limb, which is the limb with a greater risk of injury,
revealing the clinical relevance of neuromuscular stabilization training for this limb.
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Abstract: Based on the pressure distributions in the head, neck, and upper body and the spine
support values, this study aims to recommend the most suitable pillow for those with forward
head posture (FHP) according to different sleeping positions. This descriptive cross-sectional study
recruited thirty healthy 18- to 55-year-old men and women with body mass indexes of less than
30 kg/m2. Participants tried five different pillows (viscose, fiber, cotton, goose feather, and wool)
on a medium-firm hybrid mattress at room temperature with a humidity of 45–55%. Participants
tried the pillows first in the supine position, then side-lying, and finally in the prone position. A
pressure-mapping system was utilized to measure the pressure distributions of the head and shoulder
areas in millimeters of mercury (mmHg) and the amount of support provided by the pillow to these
regions in square centimeters (cm2). When the comfort and support parameters of different pillow
materials were compared among all participants, for the supine position, Pillow B and Pillow E
provided higher head comfort (p < 0.001), while Pillow A and Pillow E provided higher shoulder
support (p = 0.044). In the side-lying position, Pillow B provided higher head comfort (p < 0.001)
and Pillow C (p = 0.003) higher shoulder comfort. In the prone position, Pillow B and Pillow E
provided higher head comfort (p < 0.001), while Pillow E also provided higher shoulder support
(p = 0.002). This study showed pillow materials affect the spine comfort and support of the partici-
pants, and these values may vary according to different spinal alignments, such as FHP. According
to the preferred sleeping position, the pillow material that supports the spine and its comfort and
support values may also change.

Keywords: ergonomic assessment; head-down tilt; household equipment; sleeping habit; sleep quality

1. Introduction

People can perform their duties in a sitting position at a desk, standing, or walking,
depending on their occupation. Today, 75 percent of workers do their jobs sitting down [1].
This rate can go up to 90 percent for software developers, 80.7 percent for accountants, and
80.3 percent for insurance sales representatives [2]. In modern working life, the behavior of
employees working in a static position and long-term inactivity may cause them to adopt
distorted body postures and thus cause musculoskeletal disorders. Many factors, such as
sleeping with the head elevated too high, using the computer for a long time, and weakness
in the back muscles, also cause this. Postural disorders and spinal diseases may accompany
these changes [3]. A pillow can provide enough head and neck support to help people
maintain normal neck and thoracic curvature. A comfy sleeping pillow has been shown in
studies to assist with relaxing the neck muscles, enabling sleep, and effectively relieving
pain in the neck, shoulders, back, and head [4].

Research on the support and comfort of human contact surfaces has addressed differ-
ent points. Yu-Chi et al. concluded that choosing the right combination of mattress pad
thickness and firmness is important for achieving optimum sleep posture and improving
physiological measures during sleep [5]. Another study suggests the mattress material
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plays a crucial role in reducing pressure during sleep, and memory foam and latex foam
mattresses may be more suitable for people who want to relieve pressure points during
sleep, especially in the supine and prone positions [6]. A different study examining mat-
tress pressure values indicated the pressure distribution across the interface of the body
and support surface is a significant factor in determining sleep quality. The study found
uneven pressure distribution could cause poor sleep quality, characterized by reduced deep
sleep and increased sleep fragmentation. Consequently, mattresses with even pressure
distribution might be more effective in promoting better sleep quality for those seeking
to improve their sleeping experience [7]. In addition to studies examining the pressure
distribution of mattresses, studies on pillows have also been carried out. Lei et al. suggested
many factors should be considered, including the person’s height, BMI, sleeping position,
and the distance between the neck and the mattress, to determine the appropriate pillow
height for optimum ergonomic support during sleep. Therefore, personalized pillow height
recommendations based on these factors may be more effective in promoting healthy sleep
and preventing neck pain and other musculoskeletal disorders [8]. Based on the findings
of another study, it can be concluded that the use of a body pillow during sleep can have
several benefits, such as improving sleeping posture, reducing the number of positional
shifts, and increasing the amount of deep sleep. Since deep sleep is essential for physical
and mental health, body pillows can be considered a useful tool for individuals who expe-
rience discomfort while sleeping or desire to enhance the quality of their sleep [9]. While
previous studies have provided valuable insights, it is hypothesized that the material type
of the pillow may also impact the level of support, leading equally to improved pressure
distribution and improve proprioception.

In current research on pillows, assessments can be made subjectively or objectively.
Subjective evaluations are made by completing an evaluation form based on the person’s
self-report after the sleep test. In this evaluation form, the amount of comfort and support
the person receives from the pillow is questioned. Although this method directly reveals
one’s own thoughts, it has poor reproducibility, the results can be easily manipulated, it
takes a long time to be done, and it is not suitable for complex experiments [10]. Objective
assessments can be made by analyzing body pressure distributions [11], EMG signals [12],
and anthropometric characteristics [13]. According to the results of the studies, the evalua-
tion method performed with body pressure distributions is the most effective method [3,14].
This may be because body pressure distribution can respond quickly to materials used,
support arrangements, human weight, or lying positions.

Long-term high pressure applied to specific portions of the human body has been
demonstrated in studies to have an effect on the human central nervous, blood circulation,
and endocrine systems [15–17]. Furthermore, due to variances in subcutaneous tissue and
tissue architecture, certain areas of the human body are extremely sensitive to pressure. In
terms of ergonomics, the human body’s pressure perception can be separated into dull and
sensitive sections. Dull portions can handle higher pressures, but sensitive parts can only
feel comfortable at low pressures. As a result, one of the primary goals in choosing a pillow
should be to reduce pressure on sensitive points [18,19].

Although it has been claimed that the pillow’s primary function is to optimize head
and neck posture, there has been little research on its effectiveness in terms of head and neck
posture [20]. A third of our lives are spent sleeping, during which the spine is out of our
cognitive control. Pillows, as a result, serve a crucial function in maintaining proper head
and neck posture and can alter muscle activity [21]. The position of the head and neck has
a significant impact on sleep quality. It has been noted that while sleeping, cervical control
decreases, putting undue strain on spinal tissues. During this time, symptoms, such as neck
and shoulder pain, tension headaches, and muscle stiffness, diminish sleep quality [22]. As a
result, there is an urgent need to research how alternative pillow materials might properly
support the cervical spine, hence reducing neck pain and improving sleep quality [23].

Forward head posture (FHP) is the anterior cervical spine alignment; it is also known
as “text neck,” “scholar’s neck,” “wearies neck,” and “reading neck.” One of the most
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frequent postural issues is FHP, which is a bad habitual cervical posture. FHP is significantly
linked to a variety of musculoskeletal diseases, including neck pain, suboccipital trigger
points, headache, restricted neck movement, and functional impairment of the neck and
thorax. A lack of established back muscle strength as well as nutritional deficiencies, such
as calcium deficiency, all contribute to this postural condition. Age is associated with
decreased cervical ROM, thoracic kyphosis with greater cervical flexion, and forward head
posture with larger deficits in cervical rotation and flexion ROM [24]. This sagittal plane
cervical spine dislocation is distinguished by the position of the head anterior to the vertical
line running through the lateral malleolus. This postural aberration is distinguished by
an increase in upper cervical extension and lower cervical flexion, which might result
in compensatory responses, such as thoracic kyphosis and rounded shoulders. These
structural changes result in muscular tension imbalances, altered muscle strength and
morphology, diminished cervical spine and thorax mobility and function, and altered
muscle recruitment around the neck and back. These biomechanical changes could affect
the stresses on the neck and back musculoskeletal structure during functional activity and
various resting positions, including sleeping postures [25].

Scientific evidence suggests head postural changes affect the development and per-
sistence of neck pain [26]. Kiatkulanusorn et al. argued pillows or mattresses specifically
designed for people with FHP could reduce muscle fatigue and potential musculoskeletal
pain in patients with FHP [25]; therefore, it should be one of the main factors in choosing
an ergonomically correct pillow. In addition, the cervical muscles play an important role in
the control of neck posture. During sleep, the ideal pillow should support and maintain
good spinal alignment while minimizing biological stress on the musculoskeletal system.
Consequently, maintaining horizontal alignment of the spine in the side position while
utilizing the most suitable pillow is essential. In addition, a good support cushion should
reduce the activity of the neck and back muscles, encourage symmetrical activation of
the bilateral muscles, and provide a pleasant feeling of relaxation [27,28]. The reduced
ability of these muscles to maintain the upright posture of the cervical spine may indicate
their endurance is impaired, and they are unable to maintain cervical lordosis. Because
various studies frequently report a significant association between weak neck muscles,
poor posture, and the experience of neck pain and because a pillow can reduce pain and
disability, individuals with a forward head posture may have different pillow needs [29,30].

Pillow comfort research is relatively new, and the factors affecting the selection of
the right pillow are still unclear. For example, it is not correct to accept the head and
neck regions as a whole and accept comfort and support demands as similar. Because the
position of the head in relation to the height varies in normal head posture, the comfort or
support properties of the pillow may be affected. Due to differences in head posture, the
comfort and support demands of the head and neck areas in contact with the pillow will also
vary [31]. There is consensus among researchers that supporting the natural lordotic curve
of the cervical spine is necessary to achieve longer periods of deep sleep [27]. In addition, a
pillow can improve sleep quality by cooling the head, lowering body temperature, reducing
sweating, or slowing the heart rate during sleep. However, the evidence to support these
claims is currently limited. It has been claimed by pillow manufacturers that many design-
related pillow parameters are effective in improving sleep quality and reducing neck pain.
However, most of these recommendations are based on personal experience [22,32].

There is no consensus on the most effective pillow, despite several prior studies
focused on developing and evaluating neck support pillows with the goals of minimizing
awakening symptoms, offering relaxation, and guaranteeing a proper resting position.
Available on the market are numerous pillows with various shapes, fillings, and materials.
To choose the best pillow, it is necessary to consider a number of criteria, including pillow
designs (such as shapes and height) and the material used. A cushion should provide a
proper alignment position angle and the least amount of muscular activation to prevent
unneeded physiological stress [33,34]. The void in the literature must be filled by an
objective presentation of these cushion measures. Based on the pressure distribution in the
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head, neck, and upper body and the spine support values, this study aims to recommend
the most suitable pillow for those with forward head positions according to different
sleeping positions. Two factors were used to evaluate the recommended pillows: comfort
and support.

2. Materials and Methods

2.1. Participants

This descriptive cross-sectional study recruited healthy 18- to 55-years-old men and
women with a body mass index (BMI) of less than 30 kg/m2. Exclusion criteria included
a history of neck pain, carpal tunnel syndrome, a shoulder joint lesion in the past three
months, cervical spine trauma, inflammatory or viral illnesses of the spine, spinal surgery,
or congenital spinal deformities. All experimental procedures in this study were ap-
proved by the Human Ethics Committee of Çankırı Karatekin University (approval number:
19/01/2023-30). Study protocol was registered with the United States National Library
Trial Registry (ClinicalTrials.gov Identifer: NCT05707715) There is FHP if the imaginary line
between the tragus of the ear and the middle of the shoulder is not on the same line when
viewed from the side. Additionally, the horizontal distance between those two vertical lines
indicates the severity of FHP (Figure 1). The level of FHP is classified as mild or severe
based on the horizontal length. To analyze at least 15 participants and thus obtain a good
estimate of the mean effect, the participants were divided into two groups according to their
median values. This value was close to the 2.5 cm value accepted in another study [35]. The
slight FHP is accepted to be lower than 2.8 cm, and the severe FHP is greater than 2.8 cm.
Thirty participants (15 with mild and 15 with severe FHP) were included in the study. The
following is some basic information about the subjects: age 25 ± 2, height 172.1 ± 4.3 cm,
and weight 60.2 ± 4.2 kg for men; for women, age 25 ± 2 years, height 161.1 ± 3.1 cm, and
weight 51.4 ± 2.8 kg. The Pittsburgh Sleep Quality Index was used to measure the current
sleep quality of the participants [36], and the International Physical Activity Questionnaire
was used to measure the level of physical activity, which is one of the possible factors that
can change their sleep habits [37]. Sleeping pillows with five different materials (cotton,
fiber, wool, viscose, and goose feather), which are the most preferred on the market, were
chosen as examples. Analyses were carried out between November and December 2022 at
the ASO Technopark Campus in Ankara. The shapes and basic parameters of the pillows
are shown in Table 1 and Figure 2.

 

Figure 1. Forward head posture measurement.
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Table 1. Structural features of pillow designs.

Pillow Designs Fabric Type Pillow Stuffing Weight Size (cm)

Pillow A (Viscose) 35% Viscose, 65% Polyester 50 DNS Polyurethane Viscose 800 gr. 57 × 37 × 10

Pillow B (Fiber) 100% Cotton 100% Microgel 1000 gr. 50 × 70 × 19

Pillow C (Cotton) 100% Cotton 100% Cotton 1000 gr. 50 × 70 × 16

Pillow D (Wool) 100% Cotton 100% Wool 900 gr. 50 × 70 × 15

Pillow E (Goose
feather) 100% Cotton 70% Goose jowl feather, 30%

Goose back feather 1150 gr. 50 × 70 × 16

Figure 2. Mattress and pillows used in the research. (A). Viscose pillow, (B). Fiber pillow, (C). Cotton
pillow, (D). Wool pillow, (E). Goose feather pillow).

2.2. Determination of Forward Head Posture

The postures of the participants were evaluated with the PostureScreen mobile appli-
cation. According to the results of the lateral posture analysis obtained from the application,
a tilt above 2.8 cm was accepted as severe forward head posture. To assess forward head
posture, participants were asked to stand at a distance of 3.5 m with their feet 30 cm
apart. The participants’ postures were analyzed using a high-resolution camera positioned
1.5 meters away. Relevant reference points were determined manually based on the image
obtained with the tablet camera. The measurements were made automatically by the Pos-
tureScreen mobile application after the reference points were placed, and the vertical lines
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of the 13 parameters as well as the means of deviation from the middle and middle part
were displayed. Next, the analysis results were obtained in PDF file format [38]. Overall,
the stance was analyzed from the region above to the region below. The app was able to
detect changes in selected variables, including sagittal and coronal plane translations and
angulations, with intraclass correlation coefficients (ICCs) reaching 0.84 [39].

2.3. Comfort and Support Assessment

A pressure mapping system (X3 SENSOR PX 100:64.160.02, X-Sensor®, Calgary, AB,
Canada) was utilized to measure the pressure distributions of the head and shoulder areas
in millimeters of mercury (mmHg) and the amount of support provided by the pillow to
these regions in square centimeters (cm2). The pressure-mapping system used has a sensing
area of 81.3 × 203.2 cm (32′′ × 80′′) and provides high-resolution sensing (1.27 cm or 0.5′′)
using 10,240 sensing points with an accuracy of ±2 mmHg. It is calibrated to measure values
between 5 and 200 mmHg. For the purpose of our study, the pressure-mapping system was
positioned under the pillow, and the patients were asked to lie on the mapping system once
in supine, side-lying, and prone positions. Pressure distribution was recorded for 1 minute
for each lying position. The purpose of these measurements was to describe the pressure
distribution created by the participants in the pillow and the supported areas as well as to
find the differences that may occur between the pillows. A lower average pressure measured
by the device was defined as indicating “higher comfort”, while greater contact between the
head area and the pillow was considered to indicate “better support” (Figure 3).

Figure 3. Pressure-mapping blanket (upper panel) and pressure distribution map (lower panel).
Upper panel: The X3 R&D Mattress System is a full body pressure mapping blanket used to accurately
test mattresses and mattress components. This blanket consists of 10,240 sensing points. The
ComfortMap image shows how well a mattress conforms to a patient’s body, and the curve illustrates
pressure distribution. For analyzing the pressure distribution, pressure was measured in mmHg and
recorded from each sensing point for each participant in each group.
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2.4. Experimental Procedure

Participants tried five different pillows on a medium-firm hybrid mattress at room
temperature with a humidity of 45–55%. Participants tried the pillows first in the supine
position, then side-lying, and finally in the prone position. While trying the pillows, the
researchers instructed the participants to relax and then take deep breaths with their eyes
closed. Evaluation of body pressure distribution was initiated after participants had inhaled
and exhaled at least five times. The participants were advised to retain their arms on both
sides of their bodies while lying supine. The participants were allowed to bend their knees
while lying on their right side in the side-lying position. Data on the distribution of body
pressure in the head and neck were gathered. To decrease tiredness, a two-minute rest
interval was provided during the position transfer. To reduce the impact of continuous
testing on subjective evaluation, subjects were allowed to get up and move around for
5 min between pillow tests.

2.5. Sample Size

“We used G*Power 3.0.1 (Franz Faul, University of Kiel, Kiel, Germany) to determine
the required sample size. With an alpha of 0.05, power of 0.80, effect size of 0.86, and
two tails, the software predicted a sample size of 28 (14 per group) based on the means and
standard deviations from the pilot study. To account for a 10% dropout rate, we expanded
the sample size to 32.”

2.6. Statistical Analysis

For continuous variables, mean and standard deviations were computed, and for
categorical variables, percentage frequency distributions were computed. The mean and
standard deviation were utilized in the descriptive analysis. The Shapiro–Wilk test was
performed to determine the normality of the quantitative data. Based on these findings, the
Friedman test and various post-hoc comparisons (Bonferroni adjustments) were utilized
to compare the five different pillow variables as needed. The “chi-square” test and the
“Student’s t test” were used to compare the mild and severe FHP groups. p values less than
0.05 were considered statistically significant. SPSS 28.0 (IBM SPSS Inc., Armonk, NY, USA)
was used for all statistical analyses.

3. Results

Between January and February 2023, 112 participants were screened, and 34 met the
eligibility criteria, entered the study, and were allocated to the mild (17) and severe (17)
FHP groups. Four of the participants were excluded because they could not complete the
pillow assessment for sensor device or time-related reasons. As a result, the data from these
four participants were not included in the analysis. Table 2 shows the distribution of the
participants based on the severity of FHP and the similarity between the groups regarding
the baseline demographic and clinical characteristics.

In the supine position, Pillow D (p = 0.011) provided better head comfort in participants
with mild FHP, while Pillow C (p = 0.045) and Pillow E (p = 0.046) provided better head
support. There was no difference between the groups in the rest of the support and comfort
parameters of the head and shoulder region (p > 0.05). In the side-lying position, the
support and comfort values provided by the pillows did not differ between the groups
separated according to the FHP degree (p > 0.05). In the prone position, the support
values provided to the shoulder-upper back region were higher for the A (p = 0.040) and
D (p = 0.022) pillows for individuals with a mild FHP group. There was no difference
between the groups in the rest of the support and comfort parameters of the head and
shoulder region (p > 0.05) (Table 3).
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Table 2. Demographic, physical, and psychosocial characteristics of individuals with FHP.

Features FHP< 2.8 cm (n = 15) FHP ≥ 2.8cm (n = 15) p

Gender (n(%))
Female
Male

11
4

8
7 0.450 a

Age 30.00 ± 7.72 30.60 ± 8.26 0.867 b

BMI 23.99 ± 3.12 22.84 ± 3.08 0.714 b

Physical Activity Level (IPAQ) 1491 ± 1007 1626 ± 675 0.279 b

Pittsburg Sleep Quality Index 5.67 ± 2.80 5.62 ± 2.10 0.959 b

Head Anterior Tilt (cm) 1.70 ± 0.77 4.01 ± 0.70 >0.00 b

a Chi square test, b Student’s t test. FHP: forward head posture, BMI: body mass index, IPAQ: International
Physical Activity Questionnaire, cm: centimeter.

When the comfort and support parameters of pillow materials were compared among
all participants, Pillow B and Pillow E provided higher head comfort (p < 0.001), while
Pillow E also provided higher shoulder support (p = 0.044) in the supine position. In
other parameters, there was no difference between the pillows (p > 0.05). In the side-lying
position, Pillow B provided higher head comfort (p < 0.001) and Pillow A (p = 0.003) higher
head support. There was no difference between the pillows in other parameters (p > 0.05).
In the prone position, Pillow B and Pillow E provided higher head comfort (p < 0.001),
while Pillow E also provided higher shoulder support (p = 0.002). There was no difference
between the pillows in other parameters (p > 0.05) (Table 4). Pairwise comparisons of
pillows with the help of post-hoc tests are also shown in Figure 4.
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Figure 4. Graphical representation of the comfort and support values provided to individuals with
FHP by different pillow designs.
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4. Discussion

The higher comfort and better support of the pillow are often used to reduce stress
on the body while sleeping. An efficient pillow eliminates unwanted muscle activation,
improves spinal support, enhances proprioception, and reduces segmental pressure. Un-
fortunately, the effects of various pillow materials on the neck and upper back regions of
individuals with FHP is still unknown. Our study revealed five main findings. First, in the
supine position, Pillow D, made of wool material, provided more head comfort in mild
FHP, while Pillow C made of cotton material, and Pillow E made of goose down material,
provided more head support in mild FHP. Second, in the prone position, Pillow A, made of
viscose material, and Pillow D, made of wool material, provided more upper back support
in mild FHP. Thirdly, in the supine position, Pillow B, made of fiber material, and Pillow
E, made of goose down material, provided higher levels of head comfort, while Pillow E,
made of goose feathers, provided better upper back support. Fourth, in the side-lying posi-
tion, Pillow B, made of fiber material, provides a higher level of head comfort, while Pillow
A, made of cotton material, had better head support. Finally, in the prone position, Pillow
B and Pillow E made of fiber and goose down, respectively, provided higher levels of head
comfort, while Pillow E, made of goose down, provided better back support. According to
our study findings, the comfort and support values provided by different pillow materials
may differ according to the posture of the head. In addition, the pillows made of goose
down in the supine position provided higher head comfort and better back support than
other pillows, the fiber pillow in the side-lying position increased the head comfort, the
cotton pillow increased the head support, and the goose down pillows provided higher
comfort and better support in the prone position.

Four of the pillows (Pillow B, C, D, and E) we investigated in the studies on comfort
and support levels of pillows were classified as “traditional”, “standard”, or “regular”
pillows, while the pillow made of viscose material (Pillow A) was classified as contour-
type, ergonomic, or orthopedic. Our first and second findings were related to the fact that
the comfort and support levels provided by pillows may vary with the severity of FHP.
Previous studies examining the relationship of pillow materials to the cervical spine have
generally investigated muscle activations in this region. Fazli et al. showed the ergonomic
latex pillow changed the craniovertebral angle and increased the endurance of the neck
extensor muscles, unlike traditional pillows [30]. In another study, it was shown all the
different pillow designs cause unwanted superficial muscle activation and are not suitable for
individuals with FHP [25,40]. Even though these studies that look at how the pillow affects
the spine have objective data, there are still indirect ways to measure the health of the spine.
Regarding sleep quality and symptoms, pillow shape was the primary cause of the three
major sleeping symptoms (head tiredness, neck fatigue, and shoulder pain) that affected
sleep quality [41]. Therefore, it can be stated the design of a pillow’s shape for each body
part (head, neck, and shoulders) is the most significant component for best comfort. Radwan
et al. showed moderate evidence that a contoured pillow design containing memory foam or
latex material can improve sleep quality and spinal alignment and reduce sleep-related neck
pain. In our study, the support and comfort levels provided to the spine by Pillow A, which
is contour designed and produced from viscose material, remained not extremely higher
than those provided by conventional pillows. This result may have occurred because the
spinal alignments in individuals with FHP are different from normal posture [32]. As a result,
Pillow A, produced from contour designed viscose material, is insufficient in terms of head
comfort and back support for individuals with FHP. Among the traditional pillow materials,
we can say Pillow E, produced from goose feather material, is the most suitable pillow for
sleeping on the back and in the prone position, while Pillow B, produced from fiber material,
is the most suitable pillow for the side-lying position.

According to the other results of our study, effective pillow materials may differ
according to sleeping position. There are many pillow parameters that affect sleep comfort
and quality. Pillow height influences spinal alignment, activation of cervical muscles,
subjective comfort, and overall pressures in the cervical and cranial regions. This variable
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was standardized by choosing pillows of almost the same height in our study [42,43]. The
shape of a pillow is a very important element in pillow design as it contributes to the
amount of neck support and the overall comfort level of the wearer. The sleeping position
can also determine the most suitable pillow shape for each user. In studies examining
the effect of contour pillow design on sleep quality, Gordon et al. analyzed five different
pillows similar to our study and found contour pillows, such as Pillow A, provided higher
sleep quality and pillow comfort than other traditional feather pillows [44]. Cai and Chen
similarly examined an experimentally designed “U-shaped” contour pillow to measure
various items related to sleep quality and showed this pillow was effective in increasing
rapid eye movement (REM) sleep duration and sleep quality score. These findings suggest
contour pillows provide deeper and better-quality sleep [45]. Our study results showed
that contrary to the studies mentioned, the support and comfort data provided by the
viscose pillow to the spine were lower than those provided by the traditional pillows.
Another important element of the pillow is the material. It was concluded that sleep
quality, neck comfort, and waking symptoms varied greatly depending on which pillow
was used [44]. The effect of pillow materials on the human body has been investigated
before. Fazli et al. demonstrated the ergonomic latex pillow increases functional capacity
in patients with cervical spondylosis using self-reported subjective methods, such as the
Neck Disability Index and the Numerical Pain Rating Scale [46]. Gordon et al. reported
the use of latex pillows for 28 days will lead to an increase in quality of life and cervical
spine joint opening compared to the use of traditional pillows in patients who wake up at
night due to cervical pain. This study was also supported subjectively by the self-report
method or by objective measures, such as range of motion, which could not measure the
comfort and support value provided by the pillow [47]. Vanti et al. showed that when
individuals with nonspecific neck pain regularly used a spring pillow for four weeks, their
head and neck pain were significantly reduced. Similarly, these measurements were carried
out with indirect outcome measures, such as the Neck Disability Index [48]. Since the
objective measurement method used in our study was measured with pressure sensors,
independent of the participant’s feedback, there was no need for an average evaluation
period of four weeks, such as other studies. The comfort and support values investigated
in previous studies were subjectively obtained from the participants by the self-reporting
method [39]. We used the Visual Analog Scale to measure pillow comfort subjectively. In a
prior study, orthopedic pillows were found to be more comfortable than traditional pillows
when evaluated with the VAS [49]. However, our study is unique in that we utilized
objective measures to evaluate the comfort and support properties of pillow materials
and their association with cervical spine disorders. Our study is the first to use objective
outcome measures for comfort and support values of pillow materials and to examine their
relationship with cervical spine disorders.

Our study is the first to use objective measures to look at how comfortable and
supportive different pillow materials are and how they relate to problems with the neck
and spine. Similar to our study, other studies were conducted to measure the support and
comfort values of pillows with the help of pressure sensors; however, these studies did
not evaluate the pillow material. Kim et al. investigated the comfort values provided by
different pillow shapes with the help of a pressure mat and showed the contour designed
pillow reduced the pressure values in the occipital region [50]. Ren et al. investigated the
pressure values provided by four different pillows, whose heights vary between 11 and
17 cm, with the help of a pressure mat and stated the height of the pillow with the least
pressure on the head is 11 cm [28].

Study Limitations

Firstly, the study’s sample size could have been larger, which is the first limitation.
Participants were evaluated in a state of completely relaxed rest, rather than during actual
sleep, limiting the clinical application of these findings to asymptomatic adults. Addition-
ally, only a medium-firm hybrid mattress was used, and while conventional pillows were
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of similar height, the viscose pillow’s height differed due to production standards, which is
another limitation. Sleep health includes both subjective and objective parameters, and al-
though the study objectively demonstrated spine-related comfort and support parameters,
these data alone cannot explain sleep quality and comfort levels. Future studies should
include subjective outcome measurements taken from individuals using the self-report
method to support the results. Despite having clear exclusion criteria, we did not ask the
participants about ear diseases or breathing problems, which could affect their posture and
sleep, indicating another limitation of the study.

5. Conclusions

This study showed pillow materials affect the spine comfort and support of the
participants, and these values may vary according to different spinal alignments, such
as FHP. According to the preferred sleeping position, the pillow material that supports
the spine and increases its comfort will also change. This study revealed the pillows that
support the spine of the individual and provide comfort objectively. These results can be
blended with the preferences and feedback of the people about the pillow in future studies
and may help in choosing a personalized pillow.
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Abstract: Purpose: To evaluate the usefulness of CT temporal subtraction (TS) images for detecting
emerging or growing ectopic bone lesions in fibrodysplasia ossificans progressiva (FOP). Materials
and Methods: Four patients with FOP were retrospectively included in this study. TS images were
produced by subtracting previously registered CT images from the current images. Two residents and
two board-certified radiologists independently interpreted a pair of current and previous CT images
for each subject with or without TS images. Changes in the visibility of the lesion, the usefulness of
TS images for lesions with TS images, and the interpreter’s confidence level in their interpretation of
each scan were assessed on a semiquantitative 5-point scale (0–4). The Wilcoxon signed-rank test
was used to compare the evaluated scores between datasets with and without TS images. Results:
The number of growing lesions tended to be larger than that of the emerging lesions in all cases.
A higher sensitivity was found in residents and radiologists using TS compared to those not using
TS. For all residents and radiologists, the dataset with TS tended to have more false-positive scans
than the dataset without TS. All the interpreters recognized TS as useful, and confidence levels when
using TS tended to be lower or the same as when not using TS for two residents and one radiologist.
Conclusions: TS improved the sensitivity of all interpreters in detecting emerging or growing ectopic
bone lesions in patients with FOP. TS could be applied further, including the areas of systematic
bone disease.

Keywords: fibrodysplasia ossificans progressive; bone; computed tomography; image processing;
computer-assisted

1. Introduction

Fibrodysplasia ossificans progressiva (FOP) is a very rare genetic disorder that causes
systemic and progressive ossification in various fibrous tissues such as muscles, tendons,
and ligaments throughout the body, often preceded by an episode of painful soft tissue
swellings called flare-ups. This leads to a reduced range of motion and ankylosis of limb
joints, and reduced mobility and deformity of the trunk [1]. Over the course of their lives,
patients develop a second skeleton, resulting in the growing risk of immobility and early
death arising from infectious diseases, thoracic insufficiency, and traumatic falls [2].

Plain X-rays, ultrasound, MRI, and CT scans are used at different stages of FOP, and CT
is most frequently used for monitoring patients with FOP [3]. MRI is superior to ultrasound
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for evaluating edema in the early stages of an FOP flare-up, and the early detection of
perosseous lesions can also be assessed using MRI [4].

Although the analog method for radiographic assessment of ectopic bone in FOP has
been proposed and the strong correlation of ectopic bone lesions with ectopic bone volumes
has been demonstrated [5], the evaluation of ectopic bone lesions from radiographs at
various anatomic locations cannot be easily performed, which restricts the applicability of
this approach in clinical practice.

CT images are more effective than plain radiographs for evaluating ectopic bone
lesions of FOP [4], and the sensitivity of whole-body computed tomography (WBCT) is
higher than dual-energy X-ray absorptiometry (DXA) for evaluating disease progression
in patients with FOP [6]. However, as FOP lesions can arise in any part of the body,
evaluating all of the individual lesions in detail takes more time and effort as the number
of lesions increases.

Thus, there is a need for a new method that can easily capture image findings and will
be useful for the evaluation of disease progression and treatment response in FOP [4].

A temporal subtraction (TS) technique has been developed to subtract a previous
image from the current scan using medical images taken at two different points in a time
series [7–14]. TS images obtained using an advanced nonrigid image registration algorithm,
termed large deformation diffeomorphic metric mapping (LDDMM), have been found
useful for detecting various lesions such as lung nodules [9], bone metastases [12,14], and
cerebral infarctions [13]. The TS image technique is considered beneficial for analyzing focal
temporal changes, especially in ectopic ossification diseases such as FOP, which require
a detailed evaluation of lesions occurring in any part of the whole body. Thus, the purpose
of this study was to evaluate the usefulness of TS images in the detection of emerging or
growing ectopic bone lesions in patients with FOP.

2. Materials and Methods

2.1. Study Population

This retrospective study was approved by our institutional review board and included
four patients (16, 18, 25, and 55 years old, three male and one female) diagnosed with FOP.
CT scans were performed between 1 March 2016 and 31 December 2019. One patient’s
images were selected for interpreters to practice evaluating TS images and were thus not
included in the analysis. Out of the remaining three patients, two were scanned three
times and one was scanned four times using CT (Aquilion PRIME, Aquilion ONE Vision
Edition, Canon Medical Systems, Otawara, Japan). The CT images were reconstructed with
a slice thickness of 1 mm using a soft-tissue kernel (FC13). The interval of the scans was
201 ± 59 days (mean and standard deviation).

2.2. Generation of TS Images

The TS images were generated using a dedicated workstation: Vitrea SURE Subtraction
Time Lapse Ortho (Canon Medical Systems, Otawara, Japan). In brief, following the
nonrigid registration of the previous and current CT images using LDDMM, TS images
were produced by subtracting the previously registered CT images from the current CT
images in each interval. Thus, seven datasets of TS images (two patients for 2 intervals and
one patient for 3 intervals) were generated and evaluated by interpreters (Table 1).

The detailed process for obtaining TS images is described in a previous report [14].

2.3. Searching Ectopic Bone Lesions

Two residents (M.K. and E.N.) with 1–2 months’ experience interpreting CT images
and two board-certified radiologists (M.I. and T.K.) with more than ten years of experience
independently interpreted a pair of current and previous CT images for each subject with
and without TS images in the axial orientation. All interpreters were familiarized with TS
images by reading two datasets of TS images from one patient prior to the study evaluation;
the practice readings were not included in the analysis. The interpreters were allowed to
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change the window level and window width. They were informed of the patient’s age and
sex and that the patient had FOP, and they were blinded to all other clinical data.

Image interpretation was conducted twice for each image dataset, with and without
TS images. The order of the datasets was randomized. One resident and one radiologist
interpreted first without TS images and then with TS images, and vice versa for the other
resident and radiologist. An interval of more than 30 days was set between the two reading
sessions to minimize the memory effect.

They were asked to identify newly emerging or growing ectopic bone lesions in
each interval. Ectopic bone lesions were defined as hyper intense lesions (over 200 H.U.,
approximately) outside or adjacent to normal skeletal bone, such as in the subcutaneous
regions, muscles, and skeletal joints; the evaluation range was from the first thoracic spine
level to that of ischial tuberosity. Emerging lesions were those that did not exist in the
previous image, but appeared in the current image; growing lesions were those that existed
in the previous image and were enlarged in the current image.

The other board-certified radiologist (R.S.), with more than ten years of experience,
reviewed the CT images to evaluate the emerging or growing ectopic bone lesions between
the two serial scans, and these evaluations were defined as the reference standards. R.S.
then judged all of the lesions detected by the interpreters as identical or not identical to the
reference standards.

2.4. Evaluation of TS Images

The following three surveys were conducted, and evaluation items were scored on
a 5-point scale:

• Survey 1: The visibility of lesion changes on a per-lesion basis (0, difficult to see; 1,
slightly difficult to see; 2, neither hard nor easy to see; 3, slightly easy to see; 4, easy
to see).

• Survey 2: The usefulness of TS images to identify lesions on a per-lesion basis (0,
useless; 1, not very useful; 2, somewhat useful; 3, very useful; 4, extremely useful).

• Survey 3: The confidence level of the interpreter in their interpretation of each scan (0,
very low; 1, low; 2, moderate; 3, high; 4, very high).

The reading time of each session was also recorded.

2.5. Statistical Analysis

Lesion-based sensitivity and false-positive rates per scan were estimated.
The Wilcoxon signed-rank test was used to assess differences in the scores of survey 1

and survey 3 between the datasets with and without TS images. The statistical analysis
was performed using MedCalc version 20.211 (MedCalc, Mariakerke, Belgium).

3. Results

The number of emerging and growing lesions as the reference standard is described in
Table 1. The number of growing lesions tended to be greater than the number of emerging
lesions in all cases.

Table 1. The number of emerging and growing lesions for each case and their intervals.

Interval 1 Interval 2 Interval 3
Emerging Growing Emerging Growing Emerging Growing

Case A 0 6 0 5 n/a n/a
Case B 0 2 0 3 n/a n/a
Case C 4 4 4 6 4 5
Total 4 12 4 14 4 5 43

Cases A and B had two scans each, and Case C had three scans at follow-up.

TS images were successfully generated in all cases. The processing time used in this
study was approximately 30 min per case.
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The diagnostic performance in detecting newly ectopic bone lesions is shown in Table 2.
The detection sensitivity of both residents and radiologists tended to be greater when using
TS compared to when not using TS. The false-positive rates per scan tended to increase
when using TS for both residents and radiologists.

Table 2. The diagnostic performance in detecting newly ectopic bone lesions without and with TS.

Resident A Resident B Radiologist A Radiologist B

Sensitivity (%) Without TS 25.6 14.0 16.3 20.9
With TS 51.2 30.2 41.9 46.5

Number of false-positive cases Without TS 0 0 2 0
With TS 7 3 1 1

Table 3 shows the scores for the visibility of new lesions (survey 1), the usefulness of
TS images for identifying lesions (survey 2), the confidence levels of the interpreters in their
interpretation for each scan (survey 3), and the reading time for each interpreter. The scores
of survey 1 were comparable for all interpreters. In survey 2, all interpreters recognized
TS as useful, and the radiologists tended to find TS more useful than the residents. The
confidence levels for most interpreters tended to be the same or decreased when using TS
compared to when not using TS, except for the confidence level of radiologist A, which
was significantly higher when using TS.

Table 3. The scores for each survey and the reading times.

Resident A Resident B Radiologist A Radiologist B

Survey 1 Without TS 2 (0–4) 2 (0–3) 2 (0–4) 4 (0–4)
With TS 1.5 (0–4) 2 (1–3) 2 (1–4) 4 (3–4)

Survey 2 3 (0–4) 3 (1–4) 4 (0–4) 4 (1–4)

Survey 3 Without TS 3 (1–3) 0 (0–2) 2 (1–3) 4 (4–4)
With TS 2 (2–4) 0 (0–2) 3 (3–4) * 3 (1–4)

Reading time Without TS 718 ± 266 1543 ± 477 814 ± 162 429 ± 160
With TS 1920 ± 876 891 ± 258 780 ± 211 437 ± 161

Survey 1: Visibility of new lesions (0, difficult to see; 1, slightly difficult to see; 2, neither hard nor easy to see;
3, slightly easy to see; 4, easy to see). Survey 2: Usefulness of TS images for identifying lesions (0, useless; 1, not
very useful; 2, somewhat useful; 3, very useful; 4, extremely useful). Survey 3: Confidence level of the interpreter
in their interpretation of each scan (0, very low; 1, low; 2, moderate; 3, high; 4, very high) on a 5-point scale.
Median values with ranges are shown for each survey. Reading times are demonstrated as means with standard
deviations. * Significant difference (p = 0.02).

The reading times decreased when using TS compared to when not using TS for all
interpreters, except for resident A (Table 3).

Representative Cases

Representative cases are shown in Figures 1 and 2. Both cases showed better de-
tectability of emerging or growing ossifications when using TS compared to when not
using TS.

182



Tomography 2023, 9

   
(a) (b) (c) 

Figure 1. Example of an emerging lesion. CT images of a 25-year-old FOP patient: (a) previous
CT image, (b) current CT image, and (c) TS (subtraction) image. The emerging lesion adjacent to
the thoracic spine (arrow) is difficult to detect on the current CT image, but is clearly visible in the
TS image.

   
(a) (b) (c) 

Figure 2. Example of a growing lesion. CT images of a 16-year-old FOP patient: (a) previous CT
image, (b) current CT image, and (c) TS (subtraction) image. The growing lesion near the ilium
(arrow) is difficult to detect in the current CT image, but is clearly visible in the TS image. The dorsal
rib of this lesion (arrowhead) is shown due to misregistration.

4. Discussion

This study investigated the utility of TS imaging by evaluating observers’ performance
in detecting emerging or growing ectopic bone lesions in FOP patients. The accurate
detection of new ectopic bone lesions during the follow-up of FOP patients is considered
important in routine diagnostic imaging, which requires professional and substantial efforts
by radiologists during routine CT scans, and would be challenging for orthopedists or
pediatricians who consult with FOP patients in clinical practice.

Sensitivity when using CT images with TS in detecting emerging or growing ectopic
bone lesions was found to be higher than when using CT images without TS, which was in
agreement with the previous study investigating the TS detectability of bone metastases [15].
These results indicate the usefulness of TS in the detection of emerging or growing ectopic
bone lesions, which is sometimes challenging with conventional CT images, as these
lesions can develop in any part of the skeleton [16] and are uncommon for radiologists as
well as residents. In addition, there is no additional acquisition time or radiation exposure
necessary for generating TS images, as TS images are calculated from CT images acquired in
routine clinical practice. The processing time was comparable to that reported in a previous
study [14,15], and drastically shortened compared to the initial investigation [12] due to
the improvements in the TS processing software. We expect that, with a shorter processing
time, TS can be made more readily available in clinical settings.

Sensitivity when using TS to detect new ectopic lesions was 30.2–51.2%, which was
inferior to the results reported for a previous investigation (54%) that evaluated the diag-
nostic performance value of TS in detecting bone metastases. Sensitivity was also variable,
perhaps due to the rarity of FOP patients and thus the lack of experience in reading such
images. However, a slightly inferior sensitivity in the detection of bone lesions in FOP
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patients compared to bone metastasis in cancer patients would still be of value for both
patients and radiologists, providing more effective and efficient detection of issues that are
challenging to detect due to the nonspecific location of potential lesions and the rarity of
the disease.

In addition to the improvement in sensitivity, the number of false positives per case
when using TS tended to be higher than when not using TS for three out of the four
interpreters. This was partially due to the misregistrations of TS in some cases (Figure 2
and [12]). It is well known that the image quality of TS images significantly affect diagnostic
performance [17], and a further improvement in the image registration algorithm would be
desirable for more accurate diagnosis.

All the interpreters found the TS images useful for detecting new bone lesions
(3–4 scores); however, the visibility of FOP lesions showed no significant difference, whether
using TS or not. Once the interpreters had detected the new bone lesions, there seems to
have been little value added by TS in their visibility, as they were calcified lesions with
high contrast in CT images.

The level of confidence in their interpretation of each scan was variable among inter-
preters, except for the significantly higher confidence level of radiologist A when using
TS compared to when not using TS. Ectopic bone lesions, unlike bone metastases, often
occur adjacent to normal bones [3,18], such as continuous sclerosis protruding from the
bone or isolated periosteal sclerosis, as opposed to a lesion within the normal bone. As
the error signals arising from misregistration in TS appear at the edge of bones [12], three
interpreters might have had difficulty in distinguishing true ectopic bone lesions from
misregistration errors when reading TS.

The reading time was significantly shortened when using TS for each interpreter
except for resident A, which indicates the ability of TS to provide an efficient diagnostic
enhancement in the detection of new bone lesions. The significantly longer TS image
reading time for one resident might have been due to the complexity of the evaluation task.

Our study suggests that bone TS images have the potential to be applied in other
areas, including the detection of systemic bone diseases, such as osteomalacia, ankylosing
spondylitis, or diffuse idiopathic skeletal hyperostosis. As comparison of images at two
time points is fundamental to evaluating lesion progression, the TS technique is expected
to be used in a wide range of diseases.

There are several limitations in this study. First, this was a retrospective single-center
study with a small number of patients, because FOP is a rare disease.

A study with a larger population and longer duration will need to be conducted in the
near future to validate these results. Moreover, the prediction of ectopic bone emergence
could be investigated, as CT analysis has been found to be useful for the prediction of bone
lesions’ emergence, such as metastasis. Changes in bone mineral density obtained from CT
images might also be potentially sensitive to fracture-related bone changes [11].

Second, there was a small number of interpreters, as this was a preliminary study
to investigate whether TS images can be applied to follow-up evaluation of FOP lesions.
Third, only pairs of thin-slice (1 mm) CT images were evaluated, whereas pairs of thin-slice
CT images are not always available in clinical settings. Fourth, the generation of TS images
requires both current and previous images. This method might not be useful for the initial
evaluation, however, it is worth considering in the follow-up of lesions in the long term.

In conclusion, this evaluation of the use of TS in detecting emerging or growing ectopic
bone lesions in FOP patients showed a higher sensitivity among residents and radiologists.
However, there were more false-positive scans in datasets evaluated using TS compared
to those without TS. TS might provide better diagnostic performance in follow-ups of
FOP patients.
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Abstract: Currently, bone age is assessed by X-rays. It enables the evaluation of the child’s develop-
ment and is an important diagnostic factor. However, it is not sufficient to diagnose a specific disease
because the diagnoses and prognoses may arise depending on how much the given case differs from
the norms of bone age. Background: The use of magnetic resonance images (MRI) to assess the age
of the patient would extend diagnostic possibilities. The bone age test could then become a routine
screening test. Changing the method of determining the bone age would also prevent the patient from
taking a dose of ionizing radiation, making the test less invasive. Methods: The regions of interest
containing the wrist area and the epiphyses of the radius are marked on the magnetic resonance
imaging of the non-dominant hand of boys aged 9 to 17 years. Textural features are computed for
these regions, as it is assumed that the texture of the wrist image contains information about bone
age. Results: The regression analysis revealed that there is a high correlation between the bone age of
a patient and the MRI-derived textural features derived from MRI. For DICOM T1-weighted data,
the best scores reached 0.94 R2, 0.46 RMSE, 0.21 MSE, and 0.33 MAE. Conclusions: The experiments
performed have shown that using the MRI images gives reliable results in the assessment of bone age
while not exposing the patient to ionizing radiation.

Keywords: bone age; image texture; bone MRI; pediatric radiology; regression analysis

1. Introduction

Age is an imprinted parameter both from a medical and legal point of view [1,2].
There are many surgical and non-surgical procedures where precise estimation is very
important [3]. In addition to medical issues, there are a wide range of non-medical subjects,
e.g., legal problems and qualifications in competitive sports, where a precise age estimation
is mandatory [4,5]. Legal issues become more important due to migration, especially in
countries where birth records can be lost [6,7].

In the past century, it has emerged that the most accurate biological indicator of bone
age is skeletal maturity. Bone age reflects the biological age of the patient, including hor-
monal and socioeconomic factors that are modulators of the growth and maturation of the
child [8–10]. Therefore, this may be different from chronological age, especially in cases
where factors that affect development are pushed to extremes, such as stress, malnutri-
tion, or endocrine disorders [11]. With the development of radiological techniques, it has
emerged that methods used for bone scanning could also be used for age determination.
Therefore, X-ray-based techniques have emerged, exclusively in upper- and middle-class
Caucasian populations [12,13], which nowadays gain criticism for their applicability due
to racial and social differences [14–18]. With the advent of modern diagnostic techniques,
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there are attempts to use them in scanning for the estimation of the age of patients. Ad-
ditionally, as a consequence, ultrasound, magnetic resonance (MR), and even computed
tomography (CT) were employed [19–23]. The MR approach is of great interest because it
is radiation-free and provides a detailed representation of tissues, including growth plates
and nuclei [24–26]. The texture of such an image reflects the bone structure that is visualized
in MR images. Textures represent complex patterns that are coded in the data and are built
from points of different brightness and distribution. The distribution of the pixels and their
characteristics can be analyzed by many textural features [27,28], such as phase frequency,
coarseness, and regularity of randomness direction, to name a few [1]. Careful analysis of
the initial textural pattern provides standardized feature extraction, which goes beyond the
recognizable abilities of the human eye [29–31], allowing quantitative analysis of various
medical images [32,33]. Changes in the growth zone and bone marrow composition reflect
the maturation of the long bone as the site of dynamic morphological changes [34–38].

Since a bone age assessment is of great importance, this topic has been addressed in
order to support physicians with an automated analysis of the data, making this task less
labor intensive. In the literature, there are many approaches to address this problem, when
analyzing X-ray images of hands [39–45], the chest [40,46], or whole-body images [47,48]. In
the case of a fully automated deep learning approach, first the hand region was determined
in the image using the U-Net network for semantic segmentation of the hand region, then
the image registration was applied to allow for an easy determination of hand regions
corresponding to each other between various images. Here, a deep learning approach for
key point selection was also adopted. Finally, another network was used to solve the regres-
sion task and predict age. A similar pipeline was introduced in previous studies [40,44,45],
yet the authors underlined the importance of transfer learning when preparing regression
models. There were also approaches that used one network for the evaluation of bone age,
as presented in the research in which whole-body scans were analyzed using well-known
deep architectures, such as VGGNet, GoogLeNet, and ResNet, to find the best solution [47],
or the hand X-ray image was analyzed with the attention-Xception network [43]. In [46]
not only was the age determined from the chest radiograph images, but also, they analyzed
the activation maps to find the most characteristic regions that influence the patient’s age.
Instead of using regression models, generative adversarial networks (GANs) were exploited
to decide bone age [42]. It was also possible to estimate the age from the bone mineral
density at Ward’s triangle and the trabecular volume measured in the iliac crest [49,50].
We should not resign from more traditional approaches based on histogram thresholding,
which allowed a precise determination of the chondorous part of the growth plate [51–53].

Most bone age assessment techniques implement X-ray-based imaging modalities that
are invasive to some extent for patients. In this work, we would like to test whether other,
non-invasive imaging techniques enable an accurate age estimation from acquired images
that contain bone tissue. The aim of the present study was to explore whether the long
bone textural analysis of the growth region on MRI images reflects changes in the age of
the child and can possibly be applied for the determination of the bone age. To perform
that examination, a dedicated database of MRI scans of adolescent hands was prepared.
The descriptive region in the scan was marked manually, and then the textural features
were extracted and the regression analysis was applied.

2. Materials and Methods

To verify whether it is possible to determine bone age from MRI images, a suitable
dataset had to be prepared. The data acquisition is described in detail. The dataset
gathered is briefly described. Next, the proposed textural features are presented, and details
concerning the experiment quality measurements are given, followed by a description of
experiment methodology.
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2.1. Data Acquisition

This study was carried out according to the guidelines of good medical practice. The
images were taken from a group of male volunteers, and the acquisition was approved by
the Ethics Committee of Jagiellonian University (permission no. 1072.6120.16.2017) and
complied with the Declaration of Helsinki. Written informed consent for participants was
obtained from their legal guardians. The left hand of 30 healthy boys was examined by
a 1.5 T system (GE Optima 360, Chicago, IL, USA) with a dedicated four-channel wrist
coil. The acquisition was performed in a prone ‘superman’, e.g., with a hand erected in the
overhead position.

Table 1 presents the parameters used to create T1-weighted and T2-weighted images.
During the acquisition, 286 × 286 matrix size was used for the study. The scanning time of
one sequence was in the range of 87–124 s. Radius growth plates were analyzed in coronal
scans. Images were archived using the SIEMENS PACS (SYNGO, Siemens Healthineers,
Erlangen, Germany). Anonymized studies were subsequently retrieved for image post-
processing. The qMaZda software [54] was used for the computation of texture feature
maps. Images with non-correctable motion artifacts were rejected. Small corrections
of movement artifacts were performed with the use of pixel-by-pixel positioning of the
overlaid images, and masks were developed that could compensate for the horizontal and
vertical movements by a given number of pixels in case of minor movements.

Table 1. Parameters used for acquisition of T1- and T2-weighted images.

Parameter T1-Weighted T2-Weighted

Slice thickness 3 mm 3 mm
Repetition Time 435 ms 2749 ms

Echo Time 16 ms 106 ms
Number of averages 2 2

Spacing 3.5 mm 3.5 mm
Echo train length 23 23

Bandwidth 81 MHz 97 MHz

2.2. Dataset Description

The dataset consists of images that show the bone structure of the non-dominant
hand (left in all cases analyzed). The subject’s ages ranged from 9 to 17, with an average
age of 12.43 and a median age of 12. The detailed distribution of age within the dataset
is presented in Figure 1. There were accessible original DICOM (Digital Imaging and
Communications in Medicine) images, and the visual information was stored in 12 bits.
Furthermore, these images were normalized to the 0–255 range and stored as an 8-bit PNG
image. In both cases, the image resolution is 512 × 512 pixels. Figure 2 presents an example
of such a scan. In total, there are 55 images recorded with T1-weighted MRI and the same
number of scans are collected with T2-weighted MRI. In image acquisition, we used a
coronal plane of 3 mm thick, where a maximum of 10 layers were used in the plane with
radius. From these data, up to three images per patient were considered usable considering
their quality and visibility of the region of interest. In the case of the bone analysis, we
used all 55 images; however, for radius growth region, only 30 images were used. The pixel
spacing of the recorded data varies from 0.2539 to 0.3516 pixels, where the largest group of
images was obtained for a 0.293 pixel spacing.
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Figure 1. Distribution of the age of the patient within the dataset.

 

Figure 2. Exemplary magnetic resonance imaging. The red rectangle shows the growth region in the
image on the right and bone region on the left scan.

2.3. Data Analysis Methods and Methodology

The starting point of the data analysis was to select a descriptive region of interest
(ROI), which well characterizes bone structure and allows for calculating the textural
features, which become the mathematical description of the data. Since the pixel spacing of
the data differs, we have decided to test two approaches. Firstly, a constant ROI size was
selected in the MRI of the forearm. Second, the ROI size differed assuring the same metric
units. These regions were applied to the DICOM and PNG versions of the data. Moreover,
two regions with different medical meanings were considered: the bone and the growth
region; please refer to Figure 2 for visualization.

For each region, the textural features were calculated using the qMaZda software.
The software supports rich functionality, from which we have chosen several options. At
the beginning, ±3σ normalization of the input region I(x,y) was applied. It is beneficial
when the image histogram is close to the Gaussian, and it was also proved that better
results are obtained for MR data. For an image, the mean μ and standard deviation σ of
illuminance were calculated. Then, the image was scaled by recalculating minnorm = μ − 3σ
and maxnorm = μ + 3σ, and finally, thresholded, according to Equations (1) and (2):

N(x, y) =
I(x, y)− min

norm

max
norm

− min
norm

′ (1)

Inorm(x, y) =

⎧⎨
⎩

255 N(x, y) > 255
N(x, y) 0 ≤ N(x, y) ≤ 255

0 N(x, y) < 0
(2)
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Then, for the region, the textural features were calculated. Starting from the first-order
features that describe illumination distribution within the histogram, by 9 parameters:
mean, variance, skewness, kurtosis, and percentiles 1, 10, 50, 90, and 99. The spatial
relations between pixels were also exploited to derive features from the gray-level co-
occurrence matrix (GLCM) [27], run-length matrix (RLM) [55], gradient matrix [27], first-
order autoregressive model (AR) [56], Haar wavelet transform (HW) [57], Gabor transforms,
and histogram of oriented gradients (HOG) [58]. There are 11 parameters calculated from
the GLCM matrix in four spatial directions: horizontal, vertical, and two diagonals. This
method is additionally parametrized with a distance between pixels treated as neighbors.
In our research, this distance was set in a range from 1 to 5 pixels. Taking into account
all those combinations (11 × 4 × 5), 220 features were obtained. From the RLM method,
20 additional parameters were calculated. This method gives five features, and they were
calculated using the same four directions as in the GLCM method. There were five gradient
matrices built with a high-pass filter using a 3 × 3 pixel mask. There were five features
derived from the AR method. Their idea is based on the finding that brightness depends
on the weighted sum of the neighboring pixels. The HW transform brings 16 parameters,
which result from four down-sampled sub-images representing the energy of the data after
conversion to the wavelet transform. In the case of the Gabor filter, the transformation was
calculated in four directions (as for GLCM) using six Gaussian envelopes of the following
sizes: 4, 6, 8, 12, 16, and 24. That gives 24 parameters. Finally, an eight-bin histogram of
occurrences of gradient orientation in the image was calculated as a feature of the HOG
method. After all, those transformations’ 307 features were obtained. The details on how to
calculate each of these features are given in Appendix A.

Since the number of calculated features was large compared to the number of training
samples, the reduction in feature space was necessary to remove redundancies and highly
correlated data and improve the model’s possibility to derive patterns from the data.
This was achieved by using principal component analysis (PCA). Finally, the bilayered
perceptron neural network implemented in the Matlab Regression Learner toolbox was
applied to perform the analysis. Since the datasets are small, the leave-one-out (LOO)
cross-validation schema was used to validate the neural network. This means that the
network was trained for all data samples except one. The remaining sample was used for
validation. This process was repeated for all samples in the dataset, so that each sample was
validated separately. In the LOO approach, the bias associated with the random selection
of data for folds (as in the case of cross-validation) or with the selection of the test set (as in
the case of train-test split) is reduced. Furthermore, the performance of the model can be
assessed for each sample. The LOO method is recommended and is quite commonly used
in the case of small datasets (from a dozen to several dozen samples) [59–63].

The quality regression model was evaluated by mean square error (MSE), root mean
square error (RMSE), mean absolute error (MAE), and coefficient of determination (R2).

2.4. Experiment Setup

In the experiments performed, images of bone and growth regions have been analyzed.
In the case of bones, all 55 images were used. However, for the growth region analysis,
each patient was represented by only one image, which reduced the number of samples
to 30. In this research, we have focused on the metric version of the annotation. Since
the textural features depend strongly on the pixel relations, varying sizes of pixels might
influence the outcomes, whereas when we had each time data with similar pixel spacing,
this problem and its influence on results could be neglected. We performed a regression
analysis regarding the patient’s full age. However, we noticed that the correlation improved
when comparing texture features with the age given in months. Although that was an
interesting finding, because of the small number of samples, it was abandoned for further
investigation. The image preprocessing with the qMaZda software generated many texture
features (307) to describe each sample. Using so many features can decrease regressor
capabilities when most of them may not be correlated with the patient’s age. Therefore,
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a Spearman correlation between textural features and outcomes was calculated, which
helped us choose 15 highly correlated, representative features. This procedure was applied
to the training data separately for each model. Furthermore, as proven by previous research,
these indicated the best textural features [64]. For this set of data, PCA was applied to
derive the most discriminative parameters and remove any existing correlation between
them. For bone and growth region analysis, the first 3 PCA eigenvectors were selected.
The assumed number of PCA features used in regression analysis reflected the number of
samples analyzed (55 in the case of bone image experiments and 30 when the growth region
was evaluated). Experiments were performed for all four datasets: DICOM T1-weighted,
DICOM T2-weighted, PNG T1-weighted, and PNG T2-weighted images. Furthermore, two
tasks were evaluated: (1) finding the relation between the textural features of the bone
region and the age of the patient; and (2) evaluating the dependence of the textural features
in the growth region on the age of the patient.

3. Results

Tables 2 and 3 collect the best results obtained after applying a two-layer neural
network from the Matlab Regression Learner toolbox. The visualization of the results is
depicted in Figures 3 and 4. The results presented in Tables 2 and 3 are the average values
of the regression errors obtained for each of the samples. The plots summarize the results
of all the LOO trials. From the results presented, we can see that the regression analysis
in all cases allowed the prediction of the age of a patient based on the textural features
analysis of the MRI data. The gathered results suggest that, considering the bone region,
we achieved more stable results with fewer errors. However, due to the limited amount
of data, these discrepancies between the analyzed regions could be due to decreasing the
number of samples from 55 (for the bone) to 30 (for the growth region). The dispersion
coefficient is very high, yet significantly better results were obtained when a T1-weighted
image using the original 12-bit DICOM data was considered. We achieved the best score,
which was R2 equal to 0.94 for the original 12-bit representation (DICOM) when the bone
region was evaluated. In this scenario, second place was taken by the T2-weighted image
with a reduced number of bits to eight (R2 equals 0.87). When analyzing the results
obtained for the growth region (see Table 3), again, the T1-weighted image in 12-bit format
returns the best outcomes, yet other results deteriorate significantly. This finding was
also reflected in the other error metrics showing the smallest error in the case of DICOM
T1-weighted datasets (see bold font in Tables 2 and 3). The slight difference in the quality
of age prediction by the chosen regressors was also noticeable in the plots presented in
Figures 3 and 4. Here, the predictions go through all observations in the case of analyzing
textural features from bone DICOM T1-weighted images (see Figure 3a) and are very
close to this line when the growth region DICOM T1-weighted images are considered (see
Figure 4a). Since the true age was rounded to an integer value, the small discrepancies
should not be surprising, as in reality, patients had a different number of months. As we
noticed previously, the data reflected better when a shorter period was considered.

Table 2. Quantitative regression parameters for different types of data and bone images (metric).
Results for 3 features derived from 15 by applying principal component analysis.

Data R2 RMSE MSE MAE

DICOM T1-weighted 0.9383 0.4584 0.2101 0.3300
DICOM T2-weighted 0.7510 0.8365 0.6997 0.6229

PNG T1-weighted 0.7283 0.9344 0.8732 0.6922
PNG T2-weighted 0.8711 0.5731 0.3284 0.4429
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Table 3. Quantitative regression parameters for different types of data and growth region images
(metric). Results for 3 features derived from 15 by applying principal component analysis.

Data R2 RMSE MSE MAE

DICOM T1-weighted 0.8041 0.8194 0.6714 0.6142
DICOM T2-weighted 0.6621 1.4104 1.9892 1.0969

PNG T1-weighted 0.6743 1.0550 1.1130 0.8740
PNG T2-weighted 0.5216 1.1058 1.2228 0.9228

  
(a) (b) 

  
(c) (d) 

Figure 3. The result of regression algorithms for all cases examined for data describing bone images
(metric). The real age is presented by blue circles and estimated age with a regression algorithm is
depicted by orange dots. The samples are ordered on the y axis with increasing age. (a) DICOM
T1-weighted, (b) DICOM T2-weighted, (c) PNG T1-weighted, and (d) PNG T2-weighted.
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(a) (b) 

  
(c) (d) 

Figure 4. The result of regression algorithms for all examined cases for data describing growth region
images (metric). The real age is given as a blue circle and age estimated with a regression algorithm
is depicted as orange dot. The samples are ordered on the y axis with increasing age. (a) DICOM
T1-weighted, (b) DICOM T2-weighted, (c) PNG T1-weighted, and (d) PNG T2-weighted.

4. Discussion

Radiographic techniques are well-established methods that are used for the deter-
mination of bone age [12,13]. There are techniques that are based not only on the wrist
estimation but also on other parts of the skeleton, including the clavicle [65], elbow [66],
pelvis [67,68], humerus [69], or calcaneus [70,71]. Dental studies become a focus as body
parts are used for age estimation [72–74].

Moreover, with the development of computer hardware, different techniques were
proposed to obtain information from the image, allowing for the creation of efficient age
evaluation systems, for example, Shorthand and BoneXpert to name a few [75,76]. There are
many modern techniques that are based on shape extraction algorithms with comparative
techniques, including those based on artificial intelligence [77–80]. However, many of these
methods are still based on an X-ray analysis, where X-ray dose issues cannot be omitted.

Age determination based on a single radiograph is associated with low doses [81].
However, a cumulative dose in cases where multiple X-rays must be performed might not
be acceptable. Ultrasonography, however, which is free from radiation and easy to use, is
known as an operator-dependent method, which is a serious drawback of this otherwise
useful technique [82].
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MR was proposed as a method free of radiation exposure, but it is also repetitive, and
in this regard, according to the results, it is stable. Table 4 provided a comparison of the
MAE metric for our solution and other approaches working on X-ray data. As we can
see, it outperformed other methods markedly. A certain drawback of MRIs is the time
needed for the exam, which forces cooperation with young patients. Regarding the success
of the MR examination, parental assistance is very important [24]. Child safety and comfort
was assured in this study. That was very important as unintentional movement caused by
inconvenient body alignment disturbs image creation. This is especially important in a
proposed method where a small region of interest in the growth plate is used; therefore, a
perfect image is key to the success of the proposed solution. Child cooperation is mandatory.
However as described by Terada et al. [23] and Dvorak et al [22], short exam time was
sufficient condition to ensure the creation of proper images. In our study, in contradiction
to the protocol proposed by Dvorak et al. [22], Hojreh et al. [26], Stern et al. [83], and
Quasim et al. [84], in addition to the T1-weighted spin echo and the gradient echo sequence
(as applied in [23,24]), a T2-weighted spin echo was used. The choice of a T2-weighted
sequence was dictated by the need to discriminate the number of watery progenitor cells
because the amount of signals from these watery compounds was used as an indicator
of the immaturity of the growth zone. The dependence of the growth zone composition
on age with possible detection with the MR technique was described in experimental and
clinical studies by Ecklund et al. [85], who described the dependence of the signal of the
growth region composition. This agrees with histological studies proposed by Ballock
et al. [86] and Breur et al. [87], who precisely described the basis of the known fact that the
pattern of ongoing calcification of the growth region reflects maturation with age, which is
at the core of the signal changes that are analyzed in our study as one of the discriminators
of long bone maturation. In a study by Yun et al. [88], the dependence between the MR
growth plate signal assessed in MR and skeletal maturation was not presented; however,
the authors performed a study in the younger children group. One must remember that the
proposed analysis of the growth plate is based on the narrow tissue element of progenitor
cells, which is less than 3 mm and is a niche compared to the surrounding bone [89,90].

Table 4. Results of performance of the presented method and other solutions for the estimation of
bone age based on hand.

References MAE (Months)

Liu et al. [42] 6.01
Iglovikov et al. [39] 6.10

Salim and Hamza [40] 6.38
Zulkifley et al. [43] 7.70

MAE (years)

Nguyen et al. [47] 4.856
Our method 0.330 (T1 DICOM), 0.692 (T1 PNG)

Despite the relatively low volume of the growth region in the composition of highly
watery cells, it is highly detectable by high MR sequences, which in the image analysis,
were reflected by a high correlation with histogram parameters (a sensitive indicator of
brightness distribution but not necessarily structure) and supported by the presented
regression analysis. This is logical because, in the zone of highly watery progenitor cells,
the defined structure is very sparse, but the signal is strong. It can be observed that the
younger the patient (with a wider growth region and more fluid), the brighter the signal.
In older children, the amount of watery progenitor cells was reduced at the expense of the
calcified bone rim, with a subsequent reduction in the influence of the bright area.

In a comparison of the T1-weighted and T2-weighted sequences, regression occurred
more accurately for T1-weighted images than for T2-weighted signals, which is at least in
part due to a high tissue contrast created between less hydrated trabeculae due to hydrox-
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yapatite and therefore, low signal bone elements and high signal bone marrow [37,38]. The
discriminative effect of the T2-weighted image due to the good differentiation between the
unconverted bone marrow and the trabeculae can be partially spoiled by shift artifacts due
to chemical composition, but also by the thickness of the trabeculae [91,92].

A slight influence on the results was observed regarding the type of encoding, the
DICOM format was better with the T1-weighted sequence, which might be due to the
overall contrast in the image where the T1-weighted sequence sensitive to water produces
high signal differentiation in the image that is associated with a significant amount of blood
morphotic elements in the immature marrow. This observation is consistent with clinical
observations where sequences with a high TR time are used to differentiate lesions due
to high visual contrast [93]. It is also worth mentioning that comparing different MRI
sequences is problematic; however, there are works showing that the registration of two
series of MRI data is possible to some extent [94].

Recently, new algorithms for automated bone marrow segmentation from MRI data
have been developed [95,96]. We are going to implement such algorithms in our future
research, especially when a large image database will be collected. The challenge will be to
modify these algorithms in such a way as to select a specific ROI from the segmented, whole
bone marrow. We know that radiomic features are prone to many problems. One of them is
the low repeatability of texture features when multicenter studies are performed. On the
other hand, such studies are essential to ensure the reliable validation of the developed
machine learning models. It was shown in [97] that normalization applied to muscle
tissue images acquired by different MR scanners improved the reproducibility of the
calculated selected texture features. We will further investigate the influence of various
ROI normalization schemes’ texture feature repeatability and reproducibility. Another
factor that affects the calculation of bone marrow radiomic features is the variation of
signal intensity between different scanners [98] as well as its dependence on signal blur
phenomena. It is mostly caused by a chemical shift and magnetic susceptibility artifact,
which belong to a class of tissue-specific artifacts. Other, less important might be also
geometric artifacts that come from tissue tilt. Bone marrow analysis is always challenging
and requires optimal image acquisition and compensation of acquisition artifacts.

There are some limitations to this study. First, the image acquisition was relatively
long. However, the scanning time was successfully overcome by the cooperative and
motivated children. Since it was a pilot study and we only wanted to verify the hypothesis
that it is possible to determine the bone age with high accuracy from the MRI images, a
small group of patients was examined. For further studies, it should be extended. Finally,
the error in the segmentation of the growth plate must be considered, given the small area
of interest and the averaging effect due to the influence of the surrounding tissues.

5. Conclusions

This preliminary study presented the feasibility of implementing MRI bone scans
in the bone age estimation protocols as a novel approach based on an analysis of the
internal bone structure based on tissue texture. This is a different approach in comparison
to shape and volume analyses based on X-ray techniques that are used today. To verify
the hypothesis that it is possible to estimate the patient’s age based on an MRI hand
scan, a database of non-dominant hands of 30 children was acquired. On those scans, the
regions of interest were manually selected, distinguishing the bone and growth regions,
both annotated with a constant pixel spacing. For these regions, textural features were
calculated using the qMaZda software. To select the most representative data, a correlation
analysis was performed followed by the PCA transform. Then, regression analysis was
applied, which revealed a high correlation between the DICOM T1 images and the age of
the patients (for the remaining types of analyzed data, the correlation was moderate). This
is a significant finding, as it supports the claim that the use of the radiation-free technique
can replace the current protocol based on X-ray scans. Moreover, we see that the magnetic
resonance images convey complete information about bone structure and can be used
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interchangeably with X-ray images. The presented approach that implements machine
learning on textures visualized in MRI scans is a novel solution toward the most complete
analysis of bone age information, allowing for an accurate assessment of the biological age
of the patient.
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Appendix A

Here, the following points provide detailed information about the definition of the
texture feature parameters that were used in presented research.

1. First-order features

First-order features are calculated for a gray-scale image using formulae presented
in Table A1. Here, h stands for the normalized histogram function of occurrences at the G
pixel level for image of width W and height H.

Table A1. Formulae to calculate first order features from the gray-scale image.

Feature Name Formulae

Mean μ = 1
W·H ∑W−1

x=0 ∑H−1
y=0 I(x, y) = ∑G−1

i=0 i·h(i) (A1)

Variance σ2 = 1
W·H ∑W−1

x=0 ∑H−1
y=0 (I(x, y)− μ)2 = ∑G−1

i=0 (i − μ)2·h(i) (A2)

Skewness σ−3∑G−1
i=0 (i − μ)3·h(i) (A3)

Kurtosis σ−4∑G−1
i=0 (i − μ)4·h(i)− 3 (A4)

Percentile ∑G−1
i=0 h(i) ≥ percentile (A5)

2. Gray-level co-occurrence matrix [27]

Table A2 presents the features derived from the gray-level co-occurrence matrix p. This
matrix saves the information of the number of existing co-occurrence of pixels of intensities
indexing this cells within an image in cells. It is calculated separately in four directions
(horizontal, vertical, and two diagonals). It is also possible to parametrize the distance d
between pixels considered as adjoining in our research d = 1 . . . 5. The G stands for the
pixel gray-level values.
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Table A2. Formulae to calculate gray level co-occurrence matrix from the gray-scale image.

Feature Name Formulae

Contrast ∑G−1
i=0 ∑G−1

j=0 (i − j)2 p(i, j) (A6)

Correlation
∑G−1

i=0 ∑G−1
j=0

ijp(i,j)−μiμj
δiδj

where μi is average and δi is standard
deviation for pi

(A7)

Homogeneity ∑G−1
i=0 ∑G−1

j=0
p(i,j)

1+(i−j)2 (A8)

Entropy −∑G−1
i=0 ∑G−1

j=0 p(i, j)log2(p(i, j)) (A9)

Angular second moment ∑G−1
i=0 ∑G−1

j=0 p2(i, j) (A10)

Sum average ∑G
m=1 mpsum(m) (A11)

Sum variance ∑G
m=1 (m − sum − avg)2 psum(m) (A12)

Difference variance ∑G
m=1

(
i − μdi f

)2
pdi f (m) (A13)

Difference entropy −∑G
m=1 pdi f (m)log(psum(m)) (A14)

Sum entropy −∑G
m=1 psum(m)log(psum(m)) (A15)

Sum of squares ∑G−1
i=0 ∑G−1

j=0 (i − μ)2 p(i, j) (A16)

3. Run-length matrix [55]

The run-length matrix p stores information about the length of pixel runs having the
same pixel value. Thus, here, each matrix cell is indexed by the pixel gray-level value G,
and the length L. The total number of recorded runs is denoted by nr. Features derived
from the run-length matrix are given in Table A3.

Table A3. Formulae to calculate run-length matrix features from the gray-scale image.

Feature Name Formulae

Short run emphasis 1
nr

∑G−1
i=0 ∑L

j=1
p(i,j)

j2 (A17)

Long run emphasis 1
nr

∑G−1
i=0 ∑L

j=1 p(i, j)·j2 (A18)

Gray-level non-uniformity 1
nr

∑G−1
i=0

(
∑L

j=1 p(i, j)
)

(A19)

Run-length non-uniformity 1
nr

∑L
j=1

(
∑G−1

i=0 p(i, j)
)

(A20)

Run percent nr
W·H (A21)

4. Gradient matrix [27]

The gradient magnitude for image region of interest I is calculated as follows:

|Ɗ| = √
(I(x, y + 1)− I(x, y − 1))2 + (I(x + 1, y)− I(x − 1, y))2 (A22)

and within this region the mean, variance, skewness, and kurtosis are calculated (see
formulas already presented for first-order features in Table A1) and additionally, the non-
zeros parameter is computed as a ratio of |T| > 0 to all pixels in region of interest.

5. First order autoregressive model [56]

The autoregressive model with four θ parameters is given with formulae:

I(x, y) = θ1(I(x − 1, y)− μ)+ θ2(I(x, y − 1)− μ)+ θ3(I(x − 1, y − 1)− μ)+ θ4(I(x + 1, y − 1)− μ)+μ+ e(x, y) (A23)

where

μ =
∑x,y∈ROI I(x, y)

∑x,y∈ROI 1
(A24)

and e stands for error.
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6. Haar wavelet transform [57]

A Haar discrete wavelet transform with its energies and frequencies is applied to four
sub-band images returning the energy and three low-pass (L) and high-pass (H) filters in
horizontal and vertical directions: HH, LH, and HL.

7. Gabor transform

The Gabor transform locally decomposes the image and is calculated separately in
four directions (horizontal, vertical, and both diagonals). The frequency components are
computed by convolution with a kernel:

k(x, y) = e
−(x2+y2)

2δ2 (cos(β) + jsin(β))where β = ω(xcos α + ysin α) (A25)

where the parameters define the frequency �, orientation α, and standard deviation of the
Gaussian envelope δ. The average magnitude is calculated as follows:

Mag =
∑x,y∈ROI′ k(x, y)

∑x,y∈ROI′ 1
(A26)

and the ROI’ is morphologically eroded.

8. Histogram of oriented gradients [58]

Histogram of oriented gradients divides the image into 8 × 8 pixels cells, where the
gradient’s magnitudes and directions are calculated. This information is coded into an
8-bin histogram, where the bins reflect the quantized gradient directions.
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Abstract: Introduction: The aim of this study is to analyze the muscle kinematics of the medial
gastrocnemius (MG) during submaximal isometric contractions and to explore the relationship
between deformation and force generated at plantarflexed (PF), neutral (N) and dorsiflexed (DF) ankle
angles. Method: Strain and Strain Rate (SR) tensors were calculated from velocity-encoded magnetic
resonance phase-contrast images in six young men acquired during 25% and 50% Maximum Voluntary
Contraction (MVC). Strain and SR indices as well as force normalized values were statistically
analyzed using two-way repeated measures ANOVA for differences with force level and ankle angle.
An exploratory analysis of differences between absolute values of longitudinal compressive strain
(Eλ1) and radial expansion strains (Eλ2) and maximum shear strain (Emax) based on paired t-test was
also performed for each ankle angle. Results: Compressive strains/SRs were significantly lower at
25%MVC. Normalized strains/SR were significantly different between %MVC and ankle angles with
lowest values for DF. Absolute values of Eλ2 and Emax were significantly higher than Eλ1 for DF
suggesting higher deformation asymmetry and higher shear strain, respectively. Conclusions: In
addition to the known optimum muscle fiber length, the study identified two potential new causes
of increased force generation at dorsiflexion ankle angle, higher fiber cross-section deformation
asymmetry and higher shear strains.

Keywords: muscle strain mapping; velocity-encoded MRI; fiber deformation asymmetry; shear strain

1. Introduction

Dynamic MRI studies using velocity-encoded phase-contrast imaging have enabled
the extraction of 2D and 3D strain and strain rate tensors which provide information beyond
one-dimensional strain measurements along the fiber [1–4]. The ability to measure both the
compressive and radial expansion strains as well as shear strains enables a more detailed
look at muscle and muscle fiber shape change during different types of contraction [5,6].
Further, principal strains can be extracted without the requirement for identifying the
muscle fiber; this provides a lot of flexibility when muscle fibers are not visualized readily.
Earlier studies on strain and strain rate tensor mapping have identified several features
including, the anisotropy of deformation in the cross-section of the muscle fiber and
deviation of the principal strain direction from the muscle fiber orientation [1,2,7]. There
are several hypotheses and predictions from computational models that are related to some
of these experimentally observed features [8]. For example, computational models have
shown that the force output is increased when constraints to deformation are introduced in
the fiber cross-section, i.e., a larger anisotropy of deformation in the fiber cross-section leads
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to larger forces being generated [8]. Computational models exploring force transmission
from non-spanning fibers have identified that the shear in the endomysium can effectively
transmit the force to the tendon [9]. Regarding anisotropy of deformation and muscle
shape changes, Eng et al. used a physical model based on an array of actuators to show
that when the actuators contract against a load the actuators radially expand in the width
direction but are prevented from expanding in the height direction. These constraints
determine the final shape change of the muscle on contraction [5]. Most studies on shape
changes monitor at the entire muscle level while the shape changes also occur at the muscle
fiber level [6]. In contrast to ultrasound, VE-PC MRI and strain/SR tensor mapping also
provides a convenient way to monitor shape changes in muscle fiber bundles (at the level
of the voxel).

Muscle sarcomere force-length (FL) relationship is well established and describes
the dependence of the steady-state isometric force of a muscle (or fiber, or sarcomere)
as a function of muscle (fiber, sarcomere) length [10,11]. Muscle fiber architecture (fiber
length and pennation angle) will clearly influence force production. Several researchers
have examined the force produced by the Medial Gastrocnemius (MG) during isometric,
concentric, and eccentric plantarflexion contraction for combinations of knee flexion and
ankle positions [12–15]. The initial muscle fiber length and pennation angle of the MG
changes with knee flexion and ankle angle. Earlier studies have used electromyography
(EMG) and ultrasound (US) to study muscle isometric plantarflexion force, activation,
and muscle architecture changes in the MG for combinations of knee flexion and ankle
angles [13–15]. These studies are in general agreement that there is a decrease in force
accompanied by a decrease in the activation of the MG at pronounced knee flexion positions,
i.e., short muscle lengths.

Phase-contrast MR imaging has been successfully implemented to study muscle
kinematics under different contraction paradigms as well as under different muscle condi-
tions [1,3,4]. Strain describes how the tissue is deformed with respect to a reference state
and requires tissue tracking. SR describes the rate of regional deformation and does not
require 3D tracking or a reference state. A positive Strain or SR indicates a local expansion
while a negative strain or SR indicates a local contraction. Strain and strain rate in the
direction closest to the fiber provides information on the fiber contractility, while in the or-
thogonal directions it provides information about the deformation in the fiber cross-section
allowing one to explore radial deformation and asymmetry of radial deformation. Another
relevant index derived from the tensors is the shear strain and shear strain rate; these
two indices may potentially reflect extent of lateral transmission of force [1,9]. The current
paper focuses on analyzing the 2D strain and SR tensor during submaximal isometric con-
traction at two force levels and three ankle positions (dorsiflexed, neutral and plantarflexed)
in order to extract principal (longitudinal compression and radial expansion) strains and
shear strains. The hypothesis of the paper is that the dorsiflexed ankle position (i) will
be the most efficient for force production, i.e., yield the smallest normalized compressive
strain (normalized to force), (ii) have the highest anisotropy of deformation in the fiber
cross-section, and (iii) largest shear strain compared to the longitudinal compressive strains.
These three factors will together lead to a higher force generated at the dorsiflexed ankle
angle compared to the neutral and plantarflexed angle.

2. Materials and Methods

A total of six male subjects (33.2 ± 16.3 yrs, height: 172.5 ± 7.0 cm, mass: 73.3 ± 6.5 kg)
were included in this study; the criterion for inclusion was that subjects should be moder-
ately active (defined as 150 to 300 min per week of moderate intensity activity such as brisk
walking). The cohort included five young subjects (mean age: 26 years) and one old subject
(66 years) so the current study lacked statistical power to look at age related differences;
however, this will be the subject for future studies. Subjects participating in competitive
sports or those with any surgical procedures on the lower leg were excluded. In addition,
subjects were asked not to perform strenuous exercise during the preceding 24 h before
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the imaging session. The study was approved by the Medical Research Ethics Board of
University of California San Diego and conformed to all standards for the use of human
subjects in research as outlined in the Declaration of Helsinki on the use of human subjects
in research. Dynamic MR images were obtained of the subjects’ lower dominant leg with a
1.5 T Signa HD16 MR scanner (General Electric Medical Systems, Milwaukee, WI, USA).
The subjects were placed feet first in the supine position in the scanner and Figure 1 is
a schematic that shows the positioning, visual feedback, force measurement and scan
trigger setup. The dominant leg was placed into the foot pedal with the cardiac flex coil
wrapped around the lower leg (the cardiac rather than a smaller coil was used in order to
accommodate the foot pedal). The foot pedal device allowed for positioning and anchoring
the foot at different ankle angles. In this study, the foot was positioned at three nominal
angles—dorsiflexion (DF) 5◦, neutral (N) −25◦, and plantarflexion (PF) −40◦. A large FOV
image that included the ankle was collected at each foot position using the body coil to
verify/estimate the ankle angle.

Figure 1. Left top panel: Subject setup with dominant leg in the foot pedal device, centered in a
cardiac flex coil (labeled RF coil), with visual feedback projected onto the screen for the subject to
follow. Pressure against the carbon-fiber plate in the foot pedal was detected by the transducer and
converted into voltage and then converted into measurements of force. Left bottom panel: The foot
pedal output was processed to generate a trigger to synchronize with the MR acquisition and also
displayed to the subject on a screen. Right top panel: The force curve averaged over ~53 contractions
(required to acquire the MR images) is shown along with upper and lower boundaries of the force
curve. Right lower panel: Plot of the force curves for one VE-PC acquisition and the green vertical
lines are the triggers. The foot positioning for neutral (N) ankle angle is shown here, dorsiflexed (DF)
and plantarflexed (PF) positions were obtained by adjusting the ankle angle of the foot.

The ball of the foot rested on a carbon-fiber plate onto which an optical pressure
transducer (Luna Innovations, Roanoke, VA, USA) was embedded (Figure 1). Pressure
against the plate was detected by the transducer which was subsequently converted to a
voltage and used to trigger the MR image acquisition. In addition to serving as a trigger for
the MR acquisition, the pressure transducer voltage output was recorded at a sampling
rate of 200 Hz (averaged during analysis to produce curves of mean force) and later
converted into units of force (N) based on a calibration of the system using disc weights.
The Maximum Voluntary Contraction (MVC) was determined for each subject as the best
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of three trials recorded prior to MR imaging. MVC was measured for each ankle position
and sub-maximal contraction levels were set based on the MVC at that ankle position.

Images were acquired under different experimental conditions: during two submax-
imal, isometric contraction of the plantarflexor muscles (at 25% and 50% of the subject’s
MVC) with the foot at three ankle positions: dorsiflexed (DF), neutral (N), plantarflexed
(PF). MR image acquisition required ~53 repeated contractions; thus, it was important to
ensure consistency of motion. The subject was provided with the feedback of the actual
force generated by the subject superposed on the desired force curve to facilitate consistent
contractions.

Imaging Protocol: A large FOV sagittal scout was acquired using the body coil in
order to measure the ankle angle from the images. A set of high-resolution water-saturated
oblique sagittal fast spin echo (FSE) images of the MG (TE: 12.9 ms, TR: 925 ms, NEX: 4,
slice thickness: 3 mm, interslice gap: 0 mm, FOV: 30 cm × 22.5 cm, 512 × 384 matrix)
was initially acquired. This sequence provides high-tissue contrast from the high signal
from fat in fascicles in the background of suppressed muscle water signal and was used to
visualize fascicles. The slice that best depicted the fascicles was selected for the Velocity-
Encoded Phase-Contrast (VE-PC) scan. The VE-PC sequence had three-directional velocity
encoding and a single oblique sagittal slice was acquired (TE: 7.7 ms, TR: 16.4 ms, NEX: 2,
FA: 20◦, slice thickness: 5 mm, FOV: 30 cm × 22.5 cm, partial-phase FOV = 0.55, 256 × 192
matrix, 4 views/segment, 1 slice, 22 phases, 10 cm·s−1 3 direction velocity encoding). This
resulted in 53 repetitions [([192 (phase encode lines) × 0.55 (partial FOV) × 2 (NEX)/4
(views per segment) = 53])] for the image acquisition. In total, twenty-two phases (using
view-sharing) were collected within each contraction–relaxation cycle of ~3 s (isometric
contraction). At each ankle position, diffusion tensor images (DTI) using 30 diffusion
directions at b = 400 s/mm2 with geometric parameters matched to the VE-PC images were
acquired. The study protocol included at each ankle angle: large FOV image, VE-PC at 50%,
followed by the 5-min DTI acquisition and then 25%MVC. The foot was then repositioned
before repeating the imaging protocol. It should be noted that this order of imaging was
implemented to minimize fatigue between the different dynamic acquisitions. The DTI
data are not used in the current study but in a separate analysis to identify fascicles to
derive fiber strains.

Image Analysis: The phase images of the VE-PC data directly quantify velocity in the
direction of the velocity-encoding gradient. Prior to extracting the velocity data, the phase
images were corrected for phase artifacts arising from sources such as B0 inhomogeneities
and chemical shift and not from the velocity-encoding gradient. Velocity images extracted
from the phase-corrected data are inherently noisy. As the calculation of the strain or SR
tensor involves estimation of the spatial gradients of the displacement/velocity images
that introduces additional noise into the image, the velocity images were first denoised
using a 2D anisotropic diffusion filter [16]. The anisotropic diffusion filter reduces noise in
homogenous regions while preserving edges, maintaining the effective resolution of the
original velocity image. The filter was applied iteratively to reduce noise in homogenous
regions, and was defined by the equation:

c(||∇I||) = exp

(
−
( ||∇I||

K

)2
)

(1)

where c is the diffusion coefficient, I is the image to be denoised, and ∇I is the image
gradient. The extent of denoising is controlled by the value of K and the number of
iterations. K was held at a low value of 2 since there are no strong edges in the phase
images. The level of denoising was explored at two values of the number of iterations, N:
10 and 15. The number of iterations at 10 was chosen as an optimum, a trade-off between
noise reduction in the strain indices and excessive blurring. Figure S1 shows the phase
images acquired from velocity encoded in the x-, y- and z-directions, respectively, along
with corresponding noise-filtered images at two values of N (10 and 15). The reduction
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in noise is readily visualized at both iterations while an increase in blurring is seen at
N = 15 iteration.

Strain and SR tensor: Voxels in the entire volume were tracked to obtain (in-plane)
displacements using the velocity information in the phase images. The displacement maps
(in x- and y-directions) as well as the velocity maps were processed as outlined below to
obtain 2D strain and strain rate tensors in the principal frame of reference. For each voxel in
the displacement and velocity maps, the 2D spatial gradient maps, L, of the displacement
and velocity vector were calculated as detailed in [1]:

L =

[
∂u
∂x

∂v
∂x

∂u
∂y

∂v
∂y

]
(2)

where u and v are the x and y components of either the displacement or the velocity vector.
The symmetric form of the spatial gradient of displacement or velocity is generated from:

D = 0.5
(

L + LT
)

(3)

The symmetric tensor D was diagonalized to yield the 2 × 2 strain (E, Eulerian strain)
and SR tensor in the principal frame of reference. The principal components of the strain
or strain rate tensor (eigenvalues arranged in ascending order) were labeled as follows:
Eλ1 and Eλ2 are the normal principal strains while SRλ1 and SRλ2, the normal principal
strain rates (defined as perpendicular to the face of an element and represented by the
diagonal terms of the E or SR tensor). It should be noted that during the compression
part of the cycle, the eigenvector corresponding to Eλ1 and SRλ1 is in a direction close to
the muscle fiber direction while in the relaxation phase the eigenvectors are in a direction
approximately orthogonal to the fiber direction. The reverse is true for Eλ2 and SRλ2.
Two other strain and SR indices are calculated from the tensors: the out-of-plane strain
denoted by Eout-plane and SRout-plane and the maximum shear strain or shear strain rate
denoted by Emax and SRmax, respectively. The out-of-plane strain and strain rate, which
is in the fiber cross-section perpendicular to the imaging plane, was calculated from the
sum of the principal eigenvalues at each voxel based on the assumption that muscle tissue
is incompressible. A local contraction along the muscle will be accompanied by a local
expansion in the plane perpendicular to the fiber. If considered in 3D, the sum of the three
strain rates for an incompressible volume should be zero. However, only the 2D tensor is
calculated here due to the constraints of single slice imaging, so the negative of the sum of
the two eigenvalues (E or SR) yields the magnitude of the third eigenvalue.

Eout-plane = −(
Eλ1 + Eλ2

)
(4a)

SRout-plane = −(
SRλ1 + SRλ2

)
(4b)

Shear strain and strain rate (represented by the off-diagonal terms of the E and SR
tensors) are dependent on the frame of reference; it is zero in the principal frame and is a
maximum when the 2D tensor is rotated from the principal frame by 45◦. In this frame,
the diagonal terms are zero and one can obtain the maximum shear strain or strain rate.
Mathematically, the maximum shear strain or strain rate is also found from:

Emax = 0.5
(
Eλ1 − Eλ2

)
(5a)

SRmax = 0.5
(
SRλ1 − SRλ2

)
(5b)

Shear strains or strain rates are defined as parallel to the face of an element and
represented by off- diagonal terms in the E or SR tensor).
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Strain and SR indices in ROIs positioned at the proximal, middle and distal regions of
the MG muscle (corresponding to a location at approximately 75%, 50% and 25% of the
total length of the MG) were extracted. The ROIs were positioned in the first frame of the
dynamic data and the pixels in the ROI were tracked using the velocity data to ensure that
the measurement is performed on the same pixels even if they have moved to different
locations. The tracked ROIs were also checked manually in a cine loop to confirm that the
entire ROI stayed in the MG. Statistical analysis was performed on the average of values
extracted from the proximal and middle ROIs; the distal ROI was not used as the values
were noisy. An analysis of the spatial variation of the strain and strain rate between the
proximal and middle regions would be interesting. However, the current study lacks the
statistical power to introduce another factor in the analysis; this will be the subject of a
future study. Values of all strain and strain rate indices values were extracted from the
temporal frame corresponding to the peak in SRλ1 for all strain rate indices and at the peak
of Eλ1 for the strain indices.

Strain Deformation in the Fiber Cross-Section: In the following discussion, all strain
values refer to absolute values.

Case 1: Symmetric deformation in fiber cross-section: In this case, the deformation
in the fiber cross-section is symmetric, i.e., the deformation is the same in both directions.
This leads to Eλ2~Eout-plane and by the incompressibility of muscle tissue, these two strains
will be equal to the half of Eλ1. The maximum shear strain will be ~0.75|Eλ1|. This is
illustrated in Figure 2a.

 
Figure 2. Schematic of different deformation patterns in the fiber cross-section, the non-deformed
state is shown as a solid line and the deformed state with a dashed line. (a): Symmetric deformation
in fiber cross-section leads to |Eλ2|~|Eout-plane|~0.5|Eλ1| and |Emax|~0.75|Eλ1|. (b): Asymmetric
deformation in fiber cross-section with little to no deformation in the out-plane direction leads to
|Eλ2|~|Eλ1|, Eout-plane~0 and |Emax|~|Eλ1|. (c): Highly asymmetric deformation in fiber cross-
section with |Eλ2| > |Eλ1| will lead to Eout-plane being negative (compressive strain in the fiber
cross-section) and |Emax| > |Eλ1|.

Case 2: Asymmetric deformation in fiber cross-section: In this case, the deformation
in the fiber cross-section is along one direction, say along Eλ2. Then, deriving from the
incompressibility of muscle tissue, Eout-plane will be close to zero or very low values and
Eλ2 will be equal to Eλ1. The maximum shear strain will be ~Eλ1. This is illustrated in
Figure 2b.

Case 3: Highly asymmetric deformation in the fiber cross-section with Eλ2 greater than
Eλ1. In this case, the deformation in the fiber cross-section is such that the radial expansion
in the in-plane direction exceeds that of the compressive strain in the fiber direction. From
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the incompressibility of the muscle tissue, this will lead to a compressive deformation in the
out-plane direction. The maximum shear strain will be greater than Eλ1. This is illustrated
in Figure 2c.

Statistical analysis: The outcome variables of the analysis are the eigenvalues of the
strain tensor (Eλ1, Eλ2, Eout-plane, Emax) and the strain rate tensor (SRλ1, SRλ2, SRout-plane,
SRmax). Strain is unitless and the SR eigenvalues are in units of s−1. Normality of data was
tested by using both, the Shapiro–Wilke test and visual inspection of Q-Q plots. Principal
strains and strains rates as well the normalized strains and strain rates were normally
distributed. Thus, changes between ankle angles, %MVC as well as potential interaction
effects (ankle angle × %MVC), were assessed using two-way repeated measures ANOVAs
and in case of significant ANOVA results for the factor ‘ankle angles’, Bonferroni-adjusted
post hoc analyses were performed. Data are reported as mean ± SD for the variables
since they were normally distributed. For all tests, the level of significance was set at
α = 0.05. In addition to the above statistical tests, exploratory analysis using paired t-test
was performed at each ankle angle between (i) absolute values of Eλ1 and Eλ2 using data
from both force levels and (ii) absolute values of Eλ1 and Emax using data from both force
levels. The statistical analyses were carried out using SPSS for Mac OSX (SPSS 28.0.1.1,
SPSS Inc., Chicago, IL, USA).

3. Results

3.1. MVC at Different Ankle Angles

Maximum Voluntary Contraction (MVC) was measured for each subject at each an-
kle angle as the best of three trials recorded prior to imaging: MVCDF = 289 ± 9 N,
MVCN = 143 ± 14 N, MVCPF = 65 ± 10 N (average over all 6 subjects). The MVCs were
significantly different between the three ankle angles: MVCDF-N (p = 0.0012), MVCN-PF
(p = 0.0003), and MVCDF-PF (p = 0.0012), where the subscripts are the two ankle angles
compared in paired t-tests.

3.2. Strain and Strain Rate Maps and Temporal Plots of Deformation Indices

Figure 3 shows for one subject, the compressive strain (Eλ1) and strain rate (SRλ1)
maps through select frames of the dynamic cycle of 22 temporal frames for the three ankle
angles at 50%MVC. The values of Eλ1 and SRλ1 are superposed on the magnitude images
of the VE-PC dataset using a colormap. Negative values of strain or strain rate (blue hue)
are seen in the medial gastrocnemius and in the soleus (plantar flexor muscles) around
frame 11 for the strain and around frames 8 and 16 for the strain rate maps. The temporal
variation of strain and strain rate are shown in Figure 4a,b for one subject for a ROI placed
in middle of the MG muscle for the three ankle angles and two %MVCs. Figure S2 shows for
one subject, Eλ2 and SRλ2 maps through select frames of the dynamic cycle of 22 temporal
frames for the three ankle angles at 50%MVC. The values of Eλ2 and SRλ2 are superposed
on the magnitude images of the VE-PC dataset using a colormap. Positive values of strain
or strain rate (red hue) are seen in the medial gastrocnemius and in the soleus (plantar
flexor muscles) around frame 11 for the strain and around frames 8 and 16 for the strain
rate maps.

211



Tomography 2023, 9

 
Figure 3. Maps of the negative strain (Eλ1) (top panel) and negative strain rate (SRλ1) (bottom panel)
projected on magnitude images at the corresponding temporal frame. Images shown here were
acquired at 50%MVC, at each foot position PF, N, DF (order of rows top to bottom). Overlay allows
for better identification of the underlying muscle, aponeuroses, and fascicles. The color maps are
color-coded according to the legend with the figures. Select frames (from the acquired 22 dynamic
frames) where peak strains and strain rates occur are shown here, the frame number is indicated on
the top row. The peak of the strain occurs around frame 10–11 (arrow points to MG) where the blue
shade corresponding to compressive strains in the MG and in the soleus can be seen. The peak of the
strain rate occurs in the contraction (~frame 7–8, arrow to MG) and relaxation (~frame 16) phases
and this is visualized as blue shades in the MG and in the soleus around these frames. The regions of
interest in the MG (seen as red boxes in the first frame of each row) used to extract the deformation
indices are shown in the first frame.
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(a) 

Figure 4. Cont.
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(b) 

Figure 4. (a) Temporal plots for strain indices for one subject for an ROI placed in the middle of
the MG muscle for the three ankle angles (PF, N, DF). Organized in column by foot angle position,
and in row order of: Eλ1, Eλ2, Eλ3 (or out-plane), and Emax. (b) Temporal plots for strain rate indices
for one subject for an ROI placed in the middle of the MG muscle for the three ankle angles (PF, N,
DF). Organized in column by foot angle position, and in row order of: SRλ1, SRλ2, SRλ3 (or out-plane),
and SRmax.

3.3. Region of Interest Values of Deformation Indices at Peak Contraction

Table 1 and Table S1 list the peak strain and strain rate indices, respectively, averaged
over all subjects for the three ankle angles and %MVC (data shown is the average for
proximal and middle ROIs). Compressive strain and strain rate values (Eλ1 and SRλ1)
showed significantly lower absolute values at 25%MVC compared to 50%MVC while
showing no significant changes between ankle angles. Radial strains and strain rates (Eλ2,
SRλ2, Eout-plane, SRout-plane) in the fiber cross-section showed no significant changes with
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%MVC or with ankle angle though Eλ2 was consistently higher at 50%MVC. The absolute
values of Eout-plane and SRout-plane are much smaller than the strains and strain rates in the
other two directions, indicating that deformation is the smallest in this direction. Further,
while Eλ2 and SRλ2 are clearly radial expansion strain and strain rates, respectively, in the
fiber cross-section, Eout-plane and SRout-plane are smaller in magnitude and exhibit negative
signs indicating that these are small radial compressive strain and strain rates, respectively,
in the out-of-plane direction. This indicates that the deformation is close to that shown in
Figure 2, between Case 2 and Case 3. It should be noted that the largest absolute values
of Eout-plane and SRout-plane occur for the dorsiflexed ankle position. The maximum shear
strain showed no significant changes with either %MVC (though larger absolute values
at 50%MVC) or ankle angle. Maximum shear strain rate showed significant changes with
%MVC (higher absolute values at 50%MVC) but no significant change with ankle angle.

Table 1. Strain indices for different ankle angles and %MVC.

Ankle Position %MVC Peak Force (N) Eλ1 * Eλ2 Eout-plane Emax

Plantarflexion 50 32 ± 6.959 −0.141 ± 0.009 0.168 ± 0.03 −0.036 ± 0.031 −0.151 ± 0.019

25 16.72 ± 3.694 −0.102 ± 0.022 0.137 ± 0.031 −0.046 ± 0.019 −0.117 ± 0.026

Neutral 50 74.24 ± 9.655 −0.185 ± 0.015 0.208 ± 0.025 −0.013 ± 0.033 −0.19 ± 0.014

25 37.68 ± 4.883 −0.134 ± 0.024 0.202 ± 0.037 −0.068 ± 0.052 −0.165 ± 0.022

Dorsiflexion 50 141.2 ± 9.246 −0.143 ± 0.019 0.209 ± 0.008 −0.083 ± 0.023 −0.173 ± 0.006

25 73.82 ± 4.26 −0.095 ± 0.027 0.169 ± 0.018 −0.092 ± 0.025 −0.129 ± 0.019

* Significant difference between 25% and 50%MVC.

Table 2 and Table S2 list the peak strain indices normalized to force and peak strain
rate indices normalized to force, respectively, averaged over all subjects for the three ankle
angles and %MVC (data shown are the average for proximal and middle ROIs). Comparing
the absolute values across all %MVC and ankle angles, the lowest normalized strains were
at 50%MVC and the dorsiflexed ankle angle while the highest values were at the 25%MVC
and the plantarflexed ankle angle. Eλ1 normalized to force significantly changed with ankle
angle, pairwise comparison revealed changes between (PF and DF), (PF and N), (N and
DF) but showed no significant change with %MVC. SRλ1 normalized to force significantly
changed with %MVC and also with ankle angle, pairwise comparison revealed changes
between PF and N. Eλ2 normalized to force showed significant change with %MVC as well
as with ankle angles, pairwise comparison revealed changes between (PF and DF) and (N
and DF). SRλ2 normalized to force showed significant change with %MVC as well as with
ankle angles, pairwise comparison revealed changes between (PF and N) and (PF and DF).
Normalized Eout-plane and SRout-plane showed no significant changes with either %MVC or
with ankle angle. Emax and SRmax normalized to force significantly changed with %MVC
and also with ankle angle, pairwise comparison revealed changes between (PF and DF), (N
and DF).

Table 3 lists the absolute value of Eλ1, Eλ2 and Emax for each ankle angle averaged
over all subjects and both force levels. The mean of Eλ2 was greater than Eλ1 for all three
ankle angles and paired t-tests comparing the absolute values of Eλ1 and Eλ2 yielded the
following results: for PF ankle angle, the absolute values of Eλ1 and Eλ2 were significantly
different (p = 0.04), for neutral ankle angle the difference was not significant while for the
dorsiflexed ankle the difference was highly significant (p = 0.002) and the largest difference
in means of the absolute values of Eλ1 and Eλ2 was seen in the DF ankle angle (~59%
compared to ~26% for the other two ankle angles). The mean of Emax was greater than
Eλ1 for all three ankle angles and paired t-tests comparing the absolute values of Eλ1 and
Emax showed significant differences between the two values only for the dorsiflexed ankle
angle (p = 0.004) and the size effect was also largest at the DF ankle angle (~27% compared
to ~10%).
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Table 2. Strain indices normalized to force for different ankle angles and %MVC.

Ankle Position %MVC Peak Force (N) Eλ1
o,!,δ Eλ2

o,!,* Eout-plane Emax
o,!,*

PF 50 32 ± 6.96 −0.0053 ± 0.001 0.0061 ± 0.0012 −0.001 ± 0.0016 −0.0056 ± 0.001
25 16.72 ± 3.69 −0.0069 ± 0.0007 0.01 ± 0.0012 −0.0041 ± 0.0009 −0.0083 ± 0.0009

N 50 74.24 ± 9.65 −0.0027 ± 0.0004 0.0032 ± 0.0004 −0.0003 ± 0.0004 −0.0028 ± 0.0003
25 37.68 ± 4.88 −0.0043 ± 0.0011 0.0058 ± 0.0007 −0.0012 ± 0.0018 −0.005 ± 0.0006

DF 50 141.2 ± 9.25 −0.001 ± 0.0002 0.0015 ± 0.0001 −0.0006 ± 0.0002 −0.0012 ± 0.0001
25 73.82 ± 4.26 −0.0015 ± 0.0005 0.0025 ± 0.0003 −0.0013 ± 0.0004 −0.0019 ± 0.0003

* Significant difference between 25% and 50%MVC; ! Significant difference between PF and DF; δ Significant
difference between PF and N; o Significant difference between N and DF.

Table 3. Comparison of absolute values (std dev) of Eλ1 to Eλ2 and Eλ1 to Emax for PF, N, DF.

Ankle Position Abs (Eλ1) Eλ2 Abs (Emax) %Diff (Eλ1, Eλ2) %Diff (Eλ1, Emax)

Plantarflexion * 0.121(0.044) 0.152(0.073) 0.134(0.056) 25.50% 10.10%

Neutral 0.160(0.054) 0.205(0.073) 0.178(0.044) 28.60% 11.40%

Dorsiflexion *,** 0.119(0.060) 0.189(0.039) 0.151(0.040) 59.40% 27.30%

* Significant difference between absolute values of Eλ1 and Eλ2; ** Significant difference between Eλ1 and Emax.

4. Discussion

The force attained at Maximum Voluntary Contraction (MVC) at the three ankle angles
were significantly different (p < 0.001) with the maximum MVC at the dorsiflexed ankle
position and the minimum MVC at the plantarflexed position. This clearly shows that
the most efficient ankle position for force generation is the dorsiflexed position. This
has also been observed in previous studies [13–15]. Moreover, this finding highlights
the importance of maintaining the ankle angle in the same position for longitudinal or
cross-sectional dynamic cohort studies (e.g., young vs. old subjects).

Strain and strain rate are deformation indices; strain requires a frame of reference while
strain rate is an instantaneous measurement. Strain rate is equal to differential velocities of
the tissue, while strain is equal to differential displacement. Thus, strain rate maps reported
herein are derived from the acquired velocity images, while the strain maps are computed
from displacement maps tracked from the acquired velocity images. While strain and strain
rate are related, SR can be different for tissue regions having the same strain. This is the first
study of principal strains and strain rates during isometric contraction at different ankle
positions. It has the advantage that compared to fiber strains, there is no need to identify
the direction of the muscle fibers. In ultrasound and prior dynamic MR studies, muscle
fibers were identified via fascicle locations [1,13]. This latter process is prone to error (since
fascicles may not entirely run in the plane of the image) and suffers from low contrast
(e.g., the lack of fat tissue in young subjects close to the fascicles prevents visualization of
the fascicles in MRI). Further, the 2D strain/SR tensor analysis used in the current paper
provides measurements of the deformation in the fiber cross-section as well as the shear
strain in addition to the contractile strain. In contrast, 1D strain analysis (either US or MRI)
can only provide information about muscle contractility [13]. In-plane deformation and
shear strain/SR are influenced by the material properties of the extracellular matrix (ECM)
and thus, measurement of the in-plane deformation and shear strain/shear strain rate
with ankle angle could potentially provide information on the effect of the ECM on force
production. Further, the ability to measure or deduce deformations in the fiber cross-section
affords an opportunity to monitor fiber shape changes during isometric contraction at the
different ankle angle positions.

At each ankle position, absolute values of the strain indices increased with submaxi-
mal %MVC, although it was significant only for Eλ1, SRλ1 and SRmax (Table 1). Significant
differences in Eλ1 and SRλ1 with %MVC are anticipated as the higher force at the higher
%MVC requires a larger contraction (strain). Surprisingly, there were no significant dif-
ferences in the strain or SR indices between the different ankle angles despite a highly
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significant difference in force between the different ankle angles. This implies that similar
strains (amount of contraction) at the different ankle angles were capable of producing
significantly different forces. The deduced absolute values of Eout-plane and SRout-plane
are much smaller than the strains and strain rates in the orthogonal direction of the fiber
cross-section indicating a strong anisotropy of deformation; this is true for all ankle angles.
Anisotropy of fiber cross-section deformation has been reported in earlier studies for the
neutral ankle angle [1–4,17]. The results from this study also show that anisotropy holds at
plantarflexed and dorsiflexed ankle angles.

The normalized strain indices (normalized to the force for the ankle position/%MVC)
showed significant differences for both force levels and ankle positions (Table 2). The
absolute value of the normalized strain/SR indices was higher for the lower %MVC than for
the higher %MVC: this implies a lack of linearity between strain and %MVC and that larger
contraction/force (strains) is needed to achieve lower %MVCs. This may also arise from
the MG contributing more to force production at lower %MVCs and the soleus contributing
more at the higher %MVCs. All the normalized strain and strain rate indices were lower
in the dorsiflexed position than in the plantarflexed or neutral ankle positions and most
of these changes were significant (Table 2). The changes in the normalized principal
compressive strain can be understood in terms of the muscle force–length (FL) curve. The
FL relationship describes the dependence of the steady-state isometric force of a muscle
fiber or sarcomere on muscle fiber or sarcomere length and the ‘sliding filament’ theory has
been used to explain the FL curve [10,11]. In this theory, the maximal isometric force of a
sarcomere is determined by the amount of overlap between the contractile filaments, actin,
and myosin [10]. Starting from short muscle lengths, force increases as sarcomere length
increases (ascending slope), reaches a plateau at intermediate lengths (optimal length for
maximum force production), followed by a decrease in force as sarcomere length increases
(descending slope) at long muscle lengths. Lower normalized strain at the DF ankle position
implies that small contractions at this ankle angle are capable of producing large forces
from which it can be deduced that the muscle fiber length in the dorsiflexed position is close
to the optimal length of the force–length curve. Compared to the dorsiflexed position, the
plantarflexed position is inefficient for force production—essentially implying that it is far
from the optimal length for isometric force production. Normalized strains in the neutral
ankle position were intermediate between the plantar and dorsiflexion states. Prior studies
have identified that, in vivo, the plantar flexors work on the ascending limb of the force–
length relationship due to the anatomical constraints of the ankle- and knee-joints [11–13].
The lower force of the plantarflexed angle can thus be attributed to the shorter length of the
muscle fiber at this ankle angle which places it lower on the ascending limb of the FL curve
and consequently, lower force production.

Arampatzis et al. studied MG fiber lengths and electrical activity using US and EMG,
respectively [13]. They reported that active fiber lengths at MVC were not significantly
different between knee flexion/ankle angle positions even though resting fiber lengths were
significantly different between knee flexion/ankle angle positions [13]. Furthermore, EMG
was significantly reduced in the most plantarflexed position despite active fiber lengths
being the same in all the knee flexion/ankle angle positions. Arampatzis et al. identified
that the main mechanism for the decrease in EMG activity is a neural inhibition mecha-
nism [13]. This neural inhibition occurs because the muscle reaches a critical shortened
length and since it is further down in the ascending limb of the force–length relationship,
the torque output cannot be increased even if the muscle is fully activated [18]. Compared
to Arampatzis’ study that reported a reduction in EMG at the plantarflexed position, the
current study did not see a reduction in strain (no significant difference in strain or SR
between the ankle angles) at PF [13]. One source of discrepancy could be that the maximum
force level was at 50%MVC in the current study compared to 100%MVC for the US/EMG
studies. However, it should be noted that the current study, similar to previous studies,
also identified the plantarflexed position as the least efficient in force production.
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The above analysis of the contractile strain/SR attributes the lower force generation at
the plantarflexed ankle angle (compared to the neutral/dorsiflexed ankle angle) entirely
to the critical shortened length and the relative position on the force length curve for the
three ankle angles. While this is likely the biggest contributor to the reduced force and to
the increase in normalized strains at PF (larger strains/force compared to the DF ankle
angle), the current analysis shows there may potentially be other contributors to the loss of
force. Azizi et al. advanced the hypothesis that constraints to radial expansion in the fiber
cross-section could limit the extent of contraction, limiting force generation and verified this
in a physical model and in vivo; the latter by applying external constraints in the muscle
cross-section [19]. An analysis of the absolute values of Eλ1 and Eλ2 for the three ankles
showed that the dorsiflexed ankle position had the largest and most significant difference
(|Eλ2| > |Eλ1|); the deformation is similar to that shown in Figure 2c. On the other hand,
while |Eλ2| > |Eλ1| for both plantarflexor and neutral ankle angles, the differences were
smaller and tentatively, the deformation patterns in these two ankle angles may be between
the schematics shown in Figure 2b,c. One explanation for the PF and N to have smaller in-
plane deformations (smaller Eλ2) compared to the dorsiflexed position may be related to the
initial (at rest) fiber radial size. The plantarflexed position has the largest fiber cross-section
of the three ankle angles and the larger initial radial size may provide a constraint to further
radial expansion. Azizi et. al. showed with a physical model that constraints to radial
expansion limits the contractility and thus, the force generated [19]. Thus, the constraints
to radial expansion in the PF (arising from the larger radius) may also be a contributor to
force reduction in this ankle angle position. Further, computational modeling studies have
predicted that when there is a strongly anisotropic constraint the force output may increase
by a factor of two [8]. This latter computational model showed that maximum force output
was obtained by introducing anisotropy of passive material stiffness along the fiber cross-
sectional axes such that there was very little deformation along one axis (the through-plane
axis) during a muscle length change. In this anisotropic model, the stiffness in one direction
was reinforced such that it was stiffer by a factor of 4 compared to the orthogonal direction
that resulted in a near doubling in force compared to an isotropically stiff material. The
authors postulated that the structural muscle proteins called costameres were a potential
candidate for introducing such an anisotropy in the passive material properties [8]. Highly
asymmetric deformation in the fiber cross-section seen in DF may be facilitated since in
this ankle position, the fiber is longest and consequently, the fiber cross-section area is
the smallest allowing larger radial expansions. A strongly anisotropic constraint, as is
seen in DF, provides another potential mechanism of higher force in DF from the highly
asymmetric deformation at this ankle angle. It should be noted that the strain in the fiber
cross-section (Eλ2) is also highly likely to be determined by the extracellular matrix (e.g., a
stiffer ECM will offer a greater constraint to deformation).

An analysis of the difference in absolute values of Eλ1 and Emax at each ankle angle
also showed that Emax was greater than Eλ1 in all three ankle angles but was significantly
so only for the dorsiflexed ankle angle. In terms of the deformation pattern, this also
indicates that while PF and N ankle angles are potentially between the schematics shown
for asymmetric to highly asymmetric (Figure 2b,c), the dorsiflexion case may potentially
correspond to highly asymmetric. Prior MR studies found a significant positive correlation
of force in a cohort of young and old subjects or force loss due to unloading to the absolute
value of the max shear strain (Emax) [7,20]. Thus, another potential reason for the higher
force generated may arise for higher absolute values of Emax in the dorsiflexed position.

A recent study measured intramuscular pressure (IMP) and EMG during isometric
dorsiflexion (DF) MVC and isometric DF ramp contractions at DF, N, and plantarflexion
(PF) ankle positions [21]. IMP was significantly correlated to the ankle torque during ramp
contractions at each ankle position tested. However, the IMP did not reflect the change in
the ankle torque which changed significantly at different ankle positions. Similar to the
IMP study, the current study also showed that compressive strains at each ankle angle
did not reflect the change in MVC at different ankle angles. However, normalized strains
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(strains normalized to force) were significantly different between the ankle angles with an
inverse correlation (higher force at DF was associated with the lowest normalized strain).
An application of studying skeletal muscle under different ankle angle positions is in the
examination of the EMG-torque slope in chronic stroke survivors [22]. The findings of the
latter study suggest that muscular contraction efficiency is affected by hemispheric stroke,
but in an angle-dependent and non-uniform manner. A future extension of the current
work could be to study MRI-derived strain–force or strain–torque relationships in chronic
stroke survivors to explore whether the patterns are similar to normal subjects or affected
like the EMG-torque relationship [22]. It should also be noted that with the development of
fast diffusion tensor imaging techniques such as the B-matrix spatial distribution method
(BSD-DTI), it becomes more feasible to integrate dynamic strain mapping with diffusion
tensor imaging [23].

There are some limitations to this study: (i) A single slice is acquired, limiting the
strain analysis to a 2D tensor. In reality, the strain is a 3D tensor and volume imaging is
required to capture the full trajectory of 3D tissue motion. However, it has been shown
in earlier studies as well as in this study that the deformation is predominantly planar.
It is demonstrated in this paper by the relatively small values of Eout-plane or SRout-plane.
Further, care was taken to ensure that the acquired oblique sagittal slice captured the
MG fibers in the imaging plane. (ii) The cohort size is small but the repeated measures
design provides higher statistical power and statistically significant differences were seen
between the normalized strain and strain rate values between the different ankle angles.
This is a proof-of-concept paper where a new technique is established (2D strain tensor
analysis to track changes of compressive, radial expansive and shear strains for different
fiber architecture). The technique will be expanded in a future study to include a larger
number of subjects and applied to studying differences with age and in disease conditions
such as muscular dystrophy. The proposed MRI-based strain technique can also be adapted
for elastography and compared to other techniques such as elastosonography [24].

5. Conclusions

In summary, 2D strain and strain rate tensor mapping of muscle deformation at three
ankle angles provided insight on the effect of resting fiber length on the force generated. The
decrease in MVC at the plantarflexed ankle angle position could tentatively be attributed
to the shortened rest length which places it lower on the ascending arm of the FL curve.
In addition to changes in contractile strain, this study revealed a strong asymmetry in
deformation in the fiber cross-section with the highest asymmetry at the dorsiflexed ankle
angle. The highest values of shear strain (relative to the contractile strain) were also seen at
the dorsiflexed ankle angle. This study points to the potential contribution of factors besides
the known contribution from the resting length of the muscle being close to optimum for
force production in the dorsiflexed position. These additional factors are the increased
deformation asymmetry and increased relative shear strain, representing two parameters
that may also increase force production at the dorsiflexed position.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/tomography9020068/s1, Figure S1: Maps of the acquired velocity
(phase) images and after denoising with 10 and 15 iterations respectively of the anisotropic diffusion
filter. Figure S2: Maps of the positive strain (Eλ2) and positive strain rate (SRλ2). Table S1: Strain rate
indices for different ankle angles and %MVC. Table S2: Strain rate indices normalized to force for
different ankle angles and %MVC.
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Abstract: Background: Shear wave elastography (SWE) is currently used to detect tissue pathologies
and, in the setting of preventive medicine, may have the potential to reveal structural changes before
they lead to functional impairment. Hence, it would be desirable to determine the sensitivity of SWE
and to investigate how Achilles tendon stiffness is affected by anthropometric variables and sport-
specific locomotion. Methods: To investigate the influence of anthropometric parameters on Achilles
tendon stiffness using SWE and examine different types of sports to develop approaches in preventive
medicine for professional athletes, standardized SWE of Achilles tendon stiffness was performed in
65 healthy professional athletes (33 female, 32 male) in the longitudinal plane and relaxed tendon
position. Descriptive analysis and linear regression were performed. Furthermore, subgroup analysis
was performed for different sports (soccer, handball, sprint, volleyball, hammer throw). Results:
In the total study population (n = 65), Achilles tendon stiffness was significantly higher in male
professional athletes (p < 0.001) than in female professional athletes (10.98 m/s (10.15–11.65) vs.
12.19 m/s (11.25–14.74)). Multiple linear regression for AT stiffness did not reveal a significant impact
of age or body mass index (BMI) (p > 0.05). Subgroup analysis for type of sport showed the highest
AT stiffness values in sprinters (14.02 m/s (13.50–14.63)). Conclusion: There are significant gender
differences in AT stiffness across different types of professional athletes. The highest AT stiffness
values were found in sprinters, which needs to be considered when diagnosing tendon pathologies.
Future studies are needed to investigate the benefit of pre- and post-season musculoskeletal SWE
examinations of professional athletes and a possible benefit of rehabilitation or preventive medicine.

Keywords: elastography; shear wave elastography; SWE; tendon; ultrasound; professional athlete

1. Introduction

The Achilles tendon (AT) is the largest tendon in the body, making it very easily
accessible and suitable for ultrasound (US) examinations. Achilles tendinopathy is very
common in both active individuals and in the general population and causes pain and
severe limitations in mobility. Acute and chronic Achilles tendinopathy is one of the
most common overuse injuries in professional athletes such as runners, jumpers and
triathletes [1]. Runners have a lifetime prevalence of developing Achilles tendinopathy of
52% [2,3]. Furthermore, AT rupture is one of the most severe injuries of the lower limb, in
terms of loss of training days in triathletes [4].

Tendon disorders cause pain and severe limitations in mobility. Since the pathogenesis
of tendinopathy is considered a multifactorial process with inflammation and degener-
ation [1,5,6], established ultrasound techniques and MRI are limited tools in assessing
morphological changes, which are required for clinical diagnosis of tendinopathies [7,8]. As
it is reported that there are discrete areas of pathology in disordered tendons, it is even more
relevant that SWE can provide direct measurements of specific areas within the tendon [2].
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Shear wave elastography (SWE) has been reported to be a suitable technique to assess
tissue stiffness and to allow the identification of injuries in professional athletes [9,10]. SWE
has shown its potential and is already established in breast, liver, thyroid and prostate
imaging [7]. Dirrichs et al. showed that SWE had higher sensitivity than B-mode and
power Doppler US, which were established for the examination of tendinopathy [10]. In
contrast to strain elastography (also known as compression elastography), in which the
tissue is subjected to strain stress with uniform repetitive pressure and the resulting com-
pression/deformation can be recorded, SWE uses a different basic physical principle. In
addition to the ultrasound wave, another low-frequency shear wave is applied; the modu-
lus of elasticity can be calculated from the propagation speed of this transverse wave [11].
Formed by ultrasonic pulses radiated perpendicular to the surface, the propagation of the
shear wave front can be recorded and its propagation velocity calculated, which correlates
with the modulus of elasticity. The technical advantage of the method is the indepen-
dence of the externally applied pressure and thus an improved standardization with less
susceptibility to inter- and intra-observer variability.

SWE has revealed significantly lower tendon stiffness in individuals with symptomatic
Achilles lesions [10]. While the effects of anthropometric parameters such as age or body
mass index (BMI) on tissue stiffness assessed by SWE have been investigated in several
studies [12–15], data for professional athletes are missing. Softening of tendon tissue
has been attributed to very early changes in tissue elasticity in early tendinopathy [5,16].
Tendons and muscles undergo changes in composition and architecture with aging, which
impacts their mechanical properties and function [12,17]. Muscle mass declines with age,
which leads to a progressive reduction of muscle function and strength. These changes
impair daily life in the elderly. On the other hand, it has been shown that tendons maintain
their dimensions and mechanical properties with aging [15,18]. Mechanical stress such as
regular exercising can modulate age-related alterations and counteract a loss of function
of the muscle–tendon unit [12]. In another study, participants with Achilles tendinopathy
were older and had significantly higher BMIs compared to a control group [2]. The body
fat percentage seemed to be more relevant for tendon stiffness than BMI, which could be
explained by metabolic pro-inflammatory effects due to larger amounts of adipose tissue.

Shear wave elastography holds great potential for detecting early changes in tendon
structure, even before functional impairment becomes apparent [9].

Due to the increasing availability of SWE in commercial US systems, the number of
publications on the topic of elastography increased in recent years. Despite this, mus-
culoskeletal imaging (MSK) has seen only a limited increase in the level of evidence in
a small number of musculoskeletal questions [19]. However, with the increasing use of
elastography in musculoskeletal US, the growing number of studies may have the potential
to establish this application in routine clinical practice for diagnosis and prevention.

Before SWE can be used to diagnose soft tissue injuries such as tendinopathy, we
need to develop valid diagnostic criteria to differentiate between healthy and abnormal
tendons and to identify preclinical changes. To establish such criteria, we need to know how
anthropometric parameters alter tissue stiffness in professional athletes and in different
types of sports.

Objective

The objective of this study is to investigate the influence of anthropometric parameters
on the tendon and muscle stiffness of the lower limb using SWE and to determine the
reference. Standardized SWE examinations of Achilles tendons in the longitudinal plane
and relaxed tendon position were performed in 65 healthy professional athletes.

2. Methods

2.1. Study Population

The prospective study included 65 healthy professional athletes, who were examined
at Charité–Universitätsmedizin Berlin. Inclusion criteria were: (I) healthy professional
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athletes, (II) without any acute (>6 months) musculoskeletal, rheumatic or vascular co-
morbidities and no previous injuries of the Achilles tendon and (III) written informed
consent to participate in the study. Exclusion criteria were: tendon neovascularization,
hypoechogenity and tendon thickening. The study was conducted in accordance with
the Declaration of Helsinki and was approved by the local ethics committee of Charité
University Medicine Berlin (ethical vote number EA2/162/19).

Baseline participant characteristics were obtained by a questionnaire at the time of
examination. On the day of the examination, no training was performed. Professional ath-
letes (handball, soccer, volleyball, sprint, hammer throw) with more than 10 h training per
week were included. All measurements were jointly performed by a trained sonographer
and a highly experienced radiologist who were blinded to the type of sport.

2.2. Shear Wave Elastography Examination

All US-SWE examinations were performed using a standardized protocol. For assess-
ment of the Achilles tendon (mid portion), participants were examined in the prone position
with both feet hanging over the edge of the examination couch in a relaxed position. Prior
to US-SWE, gray-scale B-mode US was performed in the transverse and longitudinal planes
for the adequate assessment of the Achilles tendon and probe position. All examinations
were performed using a high-end US system with a 4–10 MHz multifrequency linear array
transducer and a center frequency of 7 MHz (Acuson Sequoia, Siemens Healthineers, Er-
langen, Germany). The US-SWE software (Virtual Touch™) allows real-time measurement
using Acoustic Radiation Force Impulse (ARFI) imaging technology for the quantitative
evaluation of shear wave speed.

US-SWE examinations were performed in the longitudinal plane to depict each tendon
and the area of interest in one single image (Figure 1). Using the respective 2D SWE approach,
the examiner acquired four US images of the AT of the right leg of each professional athlete,
with a total of 650 consecutive SWE measurements using a 3-mm circular region of interest
(ROI) placed in the center of each target tendon, avoiding areas of visible artifacts. Thus, rep-
resentative tendon stiffness is given as the median of 10 measurements and the corresponding
interquartile range (IQR). Before ROI placement, shear wave speed as a surrogate for tissue
stiffness was depicted by color-coded SWE mapping. The standardized penetration depth
was adapted to each participant for optimal visualization of the tendon and correct SWE
measurement. Gain was not changed to avoid potential effects on US-SWE measurement.

 

Figure 1. Example of SWE examination of a female athlete in a relaxed prone position with longitu-
dinal probe orientation (A,B) and corresponding color-coded mapping of SWE (C) of the Achilles
tendon (AT) in the mid-portion.
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2.3. Statistical Analysis

Multiple linear regression analysis of AT stiffness was performed using anthropomet-
ric parameters such as gender, age and BMI as input parameters. Continuous variables
were tested for normal distribution using the Kolmogorov–Smirnov test. Non-normally
distributed variables are reported as median and IQR. A two-sided significance level of
α = 0.05 was determined as appropriate to indicate statistical significance. All statisti-
cal analyses were performed using the SPSS software (IBM Corp., released 2019. IBM
SPSS Statistics for Windows, Version 26.0. Armonk, NY: IBM Corp.) and Matlab (MAT-
LAB and Statistics Toolbox Release 2022b, The MathWorks, Inc., Natick, Massachusetts,
United States).

3. Results

3.1. Athletes’ Characteristics

A total of 65 professional athletes with a mean age of 20.19 years [16–29] were ex-
amined. The median BMI was 22.85 kg/m2 (IQR 19.60–32.38 kg/m2). The results are
summarized in Table 1. One professional athlete had a history of hypothyroidism, while
no other diseases such as diabetes mellitus, fatigue, hyperlipidemia, rheumatic diseases or
malposition of lower limb joints were known. Overall, 14 athletes reported rupture of lower
limb ligaments (ligament rupture of the ankle [n = 8), knee ligament rupture [n = 7]). None
reported Achilles tendon pain, swelling, difficulty in joint movement or tendon rupture.
Medications taken at the time of the examination were: hormonal contraceptives (oral
[n = 9], intrauterine device [n = 2]).

Table 1. Baseline characteristics of professional athletes (n = 65).

Male (n = 32) Female (n = 33)

Mean & Range Mean & Range

AT 12.19 11.25–14.74 10.98 10.15–11.65
Age 19.83 18.00–21.00 20.76 18.00–24.50
BMI 23.52 22.40–24.43 23.34 21.30–24.38

3.2. Results of US-SWE in Professional Athletes

The analysis of variance (ANOVA) for AT stiffness in professional athletes is shown in
Tables 2 and 3. In multiple linear regression for AT stiffness, only gender showed a significant
influence (p < 0.01), while age, height, weight and BMI did not (p > 0.05). Therefore, subgroup
analysis for type of sport was performed for female and male professional athletes.

Table 2. Multiple linear regression model of AT stiffness in professional athletes.

Coefficient Standard Error p Value

Bias 4.24 25.48 0.8686

Gender (m = 1, f = 0) −1.34 0.42 0.0021

Age 0.02 0.05 0.7060

Height 4.40 14.09 0.7561

Weight -0.05 0.16 0.7545

BMI 0.16 0.53 0.7697

Shear wave speed (SWS) for male and female athletes showed normal distribution
(Figure 2). Male athletes had significantly higher AT SWE values, which can be seen in the
boxplot in Figure 2. There was no significant difference in age and BMI between males and
females (p > 0.05).

226



J. Clin. Med. 2023, 12, 2963

Table 3. Linear regression model of AT stiffness in professional athletes only for gender.

Coefficient Standard Error p Value

Bias 10.98 0.22 <0.0001

Gender (m = 1, f = 0) 1.20 0.32 0.0003

R2 (adjusted) 0.17

Standard error 1.29 m/s

Figure 2. SWS in m/s of Achilles tendon in professional athletes (male = blue, female = orange).

For different types of sports and different load impacts on ATs, subgroup analysis
was performed. In the male group, (sports: football (n = 21), handball (n = 7) and sprint
(n = 4)) professional sprint athletes (14.02 m/s (13.50–14.63) showed significantly higher AT
stiffness compared with handball (11.49 m/s (10.34–12.64), p < 0.01) and football players
(12.06 m/s (11.25–12.87), p < 0.01), shown in Figure 3.

 
Figure 3. AT stiffness for male athletes in different sports.
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In the female group (sports: handball (n = 6), volleyball (n = 14), sprint (n = 4) and
hammer throw (n = 9)), professional sprint athletes (12.31 m/s (11.19–13.60)) showed signif-
icantly higher AT stiffness compared with volleyball and handball players (VB: 10.88 m/s
(10.04–11.68), HB: 10.31 m/s (8.57–11.63), p < 0.05) and hammer throwers (11.03 m/s
(10.30–11.61), p < 0.05), (Figures 4 and 5). No significant difference in AT stiffness was
found between volleyball players and hammer throwers, volleyball and handball players
and handball players and hammer throwers (p > 0.05).

 

Figure 4. AT stiffness values for female athletes in different sports.

 

Figure 5. Color-coded mapping shows lower stiffness in SWE assessment in a female handball
player (A, median SWS 10.31 m/s visualized as mostly green) and a female sprinter (B, median SWS
12.31 m/s visualized as mostly orange/red).

4. Discussion

The role of SWE imaging in musculoskeletal applications is currently under discussion.
In clinical practice, it is widely used for the assessment of Achilles tendinopathy and as
an additional tool to confirm findings of B-mode power Doppler US of tendons. Available
data were typically obtained in smaller study populations, and there is no guideline on
musculoskeletal elastography in general for a standardized clinical application. Before we
can use tendon stiffness measured by SWE in rehabilitation or injury prevention, we need

228



J. Clin. Med. 2023, 12, 2963

to establish baseline values and determine the effects of demographic characteristics such
as age, sex or BMI for professional athletes.

4.1. Influence of Anthropometric Parameters on Achilles Tendon Stiffness

Our results show a significant effect of gender on AT stiffness. Stiffness values in
male professional athletes were significantly higher than in female professional athletes
(p < 0.001). This result is in line with the tendon stiffness reported for a non-athlete study
population of similar size [20,21]; however, not in all degrees of dorsiflexion [20]. In another
study of a non-athlete population, no significant difference in tendon stiffness was found
between men and women [22]. A further study reported significant stiffness differences
between professional and semi-professional athletes due to training load [23]. Training
intensity is a relevant factor for Achilles tendon morphology [24], which is why caution is
in order when comparing results obtained in semi-professional and professional athletes.
Tendons combine elastic and viscous characteristics when undergoing deformation due
to stress, so-called viscoelasticity. They transfer forces generated by muscles to bones
to perform movements. The tendon structure is characterized by parallel bundles of
collagen (30%) and elastin (2%), which are embedded in an extracellular matrix (68%)
(water, tenocytes, mucopolysaccharide, proteoglycan gel). Mechanic loading is essential to
maintaining tendon homeostasis [25]. Changes in this molecular structure have an impact
on tendon stiffness and function [15].

Lower stiffness of the Achilles tendon has been reported for older individuals [12]. In
our study, ANOVA did not identify age as a relevant parameter, which may be attributable
to the fact that we investigated a significantly younger study population (16–29 years),
which is significantly younger than other studies (20–85 years) [12–14]. In a study of
326 healthy volunteers, Fu et al. found no correlation between shear wave velocity and
age [22]. Passive tissue stiffness and the correct measurement angle especially need to be
considered [14] to assess further examinations in older professional athletes. Furthermore,
no significant influence of BMI on tendon stiffness was found, as earlier studies also
concluded [24,26,27]. Regular pre- and post-season preventive SWE examinations of the
sport-specific exposed tendons in professional athletes may reduce injury risk by detecting
early changes in tissue stiffness [9,28].

4.2. Achilles Tendon Stiffness in Different Sports

Tendon thickness and stiffness correlate positively with the strength of the correspond-
ing muscle and might affect muscle function and force output, especially in the early phases
of muscle contraction [25,29]. Besides gender, training load and maturation have different
effects on the physical, chemical and mechanical properties of musculoskeletal tissue [24,30].
The elastic properties of tendons and muscles are influenced by activity level and show
higher tissue stiffness in athletes [23,31]. Tissue stiffness might also be modulated by other
factors including false locomotion patterns and sport types with high vertical forces, such
as sprinting [32,33]. Athletes with greater mechanical stress and repetitive microtraumas
show tendon thickening as part of structural remodeling processes and an increase in
cross-sectional area [34]. Regular strength training and loading of muscles and tendons is
known to lead to increased tendon size [18]. This increase is considered a compensatory
mechanism to reduce mechanical loads on tendons and deformation resulting from in-
creased body mass or muscle strength [29,35]. Therefore, we performed subgroup analysis
for sports type to investigate AT stiffness in relation to different locomotion patterns, as all
athletes included had training loads of >10 h per week in our study. AT stiffness values of
professional female sprinters were significantly higher than in other sports such as handball,
volleyball and hammer throw. The significant difference we found between professional
sprinters and professional male soccer players is remarkable, as training patterns and run-
ning workload are comparable in these sports [36]. However, the running surface seems to
have an important impact on AT maturation, stiffness and injury [33,37] and variable sprint-
ing patterns from different angles, especially in a soccer game, needed to be considered and
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may influence tendon load and stiffness [36]. Soccer involves more stop-and-go movement,
which may be a higher risk for injury [38] and could explain the lower AT stiffness values.
Achilles tendon rupture is a critical injury for athletes, with return-to-sport rates of around
70% [39]. Return-to-sport is not exactly defined considering return-to-play in the same
sports and at the same intensity as before [38]. In this context, AT tendinopathy and rupture
can end an athlete’s career [39]. Two studies reported the strength of the lower limb with
AT rupture to be significantly lower in comparison to the other limb after conservative or
surgical therapy [38,40]. Sport-specific return-to-play guidelines are necessary to ensure
optimal rehabilitation for injured athletes [39], and objective criteria are needed [41,42].
With both surgical and conservative treatment, AT rehabilitation is a complex and long
process [43–45]. SWE can be a useful tool to regularly monitor tendon stiffness changes
during rehabilitation, as stiffness might be the best parameter to assess the multifactorial
risk factors for AT injuries [33]. Further studies are necessary to investigate the potential of
SWE in rehabilitation after acute or chronic tendinopathy and in the rehabilitation process
after AT rupture in professional athletes.

Not only do stiffness differences between professional and semiprofessional athletes
need to be considered when SWE is used to detect abnormalities [10], but also differences
in stiffness between different sports. Overall, SWE is an easy-to-use US technique to
assess tissue stiffness in rehabilitation and preventive medicine. It is characterized by high
intra- and inter-operator reliability [46], allowing faster and more cost-efficient diagnosis
than MRI.

4.3. Role of SWE in Assessment of Achilles Tendon

US has been considered the primary imaging modality of choice, with improved
diagnostic performance in the evaluation of tendinopathic changes. Furthermore, the
dynamic assessment established US as part of the functional investigation in acute ruptures
linked to clinical examination as a point-of-care US tool. Compared to other anatomical
regions such as the patellar tendon or quadriceps tendon, there are a larger number of
studies for AT, resulting in a higher experience in Achilles tendon diagnostics, especially
for tendinopathies. The healthy AT usually provides a more homogeneous color map with
higher stiffness values compared to the patellar tendon or quadriceps tendon, whereas
the stiffness of the tendon is related to the training volume or a relevant preload and can
change, especially due to intensive training [23]. Thus, in professional athletes with a high
training volume, the baseline stiffness is higher than in semi-professional amateur athletes.

The use of SWE achieves high specificity in detecting tendinopathy, and the com-
bined use of conventional US is recommended to increase the sensitivity of the diagnosis.
In a meta-analysis, almost all studies described significantly reduced stiffness values in
symptomatic tendons in the setting of tendinopathy, which also reflects clinical experi-
ence [47]. SWE can easily be used for diagnostic and follow-up purposes to demonstrate
early changes in affected tendons and/or adaptation to the healthy contralateral side in the
context of short-term follow-up.

Although acute Achilles tendon rupture is often unequivocal on B-mode imaging and
dynamic examination, SWE can also be helpful in this setting. Total rupture usually shows
very low SWE values due to complete retraction and loss of tendon tension. This can be
used especially in partial ruptures to differentiate the ruptured and still-preserved tendon
portion, with corresponding higher stiffness values. SWE can be used in patients with AT
rupture to assess contralateral tendon stiffness and elasticity. Interestingly, Ivanac et al.
demonstrated a lower elasticity (−23%) of contralateral ATs in patients with acute AT
rupture compared to healthy individuals based on SWE findings [48]. This study’s results
show a potential disorder or compensation of contralateral tendons after surgery. Hence,
contralateral tendons may be exposed to higher force transmission after surgery in patients
who suffered from acute rupture. This may lead to a higher vulnerability for future ruptures
on the contralateral side.

230



J. Clin. Med. 2023, 12, 2963

4.4. Future Aspects in SWE

Despite a great interest in SWE imaging, the published literature is still sparse and
strongly focused on cross-sectional studies with small patient numbers. Thus, the clinically
established application of SWE is mainly anchored in diagnostic questions of tendinopathy.
Here, SWE is usually used additively to the established B-Mode and Doppler Imaging
criteria and increases the diagnostic power. This addition of multiple newer US applications
is now increasingly presented as “multiparametric ultrasound”.

Currently, there is no guideline for SWE in musculoskeletal tissue. Furthermore,
the metric values given by US systems from different manufacturers are not directly
comparable. There is still no guideline in the field of MSK imaging that summarizes a
consensus on technical principles (e.g., measurement field size, region of interest or number
of measurements per area). In addition to the diagnostic approach of SWE, longitudinal
studies are currently lacking, especially in the field of sports medicine, e.g., in the context of
muscle injuries or prognostics (a possible preventive approach of SWE). The scientifically
relevant question in the coming years will be whether the early use of SWE could prevent
acute injuries in a pre-damaged tendon or an overloaded muscle. Quantitative assessment
of tissue stiffness and elasticity allows metric assessment of intrinsic tissue properties,
which may be of particular value in tissue healing or diagnosing early-stage disease if no
pathological findings can be depicted in B-Mode US or Doppler imaging. SWE may help in
the prediction of impending tendon failure, which probably helps the clinician in making
decisions for the early initiation of treatment [19].

4.5. Limitations

Nine female professional athletes in our study took an oral hormonal contraceptive and
this constitutes future work. Oral contraceptives have an impact on the natural fluctuation
of hormones [49–51]. However, the exact effect on tendon stiffness is still a topic under
debate due to less high-quality studies and contradictive results [51–53]. Other factors
such as low energy availability and psychological stress, which can lead to higher cortisol
levels and may also affect tissue properties, need to be considered [53,54]. We did not
consider the menstrual cycle phases of female athletes, which will be considered in future
studies. Further limitations of our study are the small sample sizes for the sports-specific
subgroup analysis and the relatively high scatter of measured values. This results from
the exclusion criteria of tendinopathy symptoms (pain, swelling) and ultrasound findings
(neovascularization, hypoechogenicity and tendon thickening). Further investigations
should include a larger number of athletes in different sports.

5. Conclusions

Gender and type of sports need to be considered as influencing factors when assessing
AT stiffness by SWE in professional athletes. Especially for professional athletes, easy
access to diagnostic tools is necessary to detect the early stages of injuries and to develop
preventive treatment algorithms to avoid severe tendon and muscle injuries. Further
studies are necessary to investigate larger groups of professional athletes in different sports.
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Abstract: This study investigated the ability of T2 mapping to assess the glenoid labrum and to
differentiate between healthy labral substances and superior labral anterior posterior (SLAP) lesions
using arthroscopy as the gold standard. Eighteen patients (mean age: 52.4 ± 14.72 years, 12 men)
with shoulder pain were examined using 3-Tesla T2 mapping. All the patients underwent shoulder
arthroscopy. Using morphological sequences for correlation, regions of interest covering the entire
labral substance were placed in the corresponding T2 maps. The diagnostic cutoff values, sensitivi-
ties, and specificities, as well as the inter-reader correlation coefficients (ICCs) determined by two
independent radiologists, were calculated. The mean T2 value was 20.8 ± 2.4 ms for the healthy
labral substances and 37.7 ± 10.63 ms in the patients with SLAP lesions. The maximum T2 value in
normal labrum (21.2 ms) was lower than the minimum T2 value in the patients with SLAP lesions
(27.8 ms), leading to sensitivities, specificities, and positive and negative predictive values of 100%
(95% CI 54.1–100.0) for all the cutoff values between 21.2 and 27.8 ms. The ICCs ranged from 0.91 to
0.99. In summary, the data suggest that evaluation and quantification of the labral (ultra)structural
integrity using T2 mapping may allow discrimination between arthroscopically confirmed SLAP
lesions and a healthy glenoid labrum. T2 mapping may therefore be helpful in diagnosing patients
with suspected labral damage.

Keywords: T2 mapping; glenoid labrum; superior labral anterior posterior (SLAP) lesions; arthroscopy

1. Introduction

Shoulder pain is a significant medical and socioeconomic problem that can lead to
the inability to work and perform household or leisure activities. In a systematic review,
Luime et al. reported a one-year prevalence of shoulder pain of up to 46.7% and a lifetime
prevalence of up to 66.7% [1]. In addition, an age-dependent distribution has been reported,
with older people being more likely to experience shoulder pain [1]. One repeatedly
encountered source of shoulder pain affecting all age groups is superior labral anterior
posterior (SLAP) lesions. The superior labrum plays an important role in the stability of the
shoulder joint. Accordingly, SLAP lesions have been documented to cause both anterior and
posterior instabilities in overhead athletes [2–4]. Microinstability, in turn, can lead to various
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shoulder injuries, including cartilage defects, and may progress to advanced osteoarthritis
(OA) [5,6]. Despite the increasing understanding of its pathomechanisms and epidemiology,
the diagnosis of superior labral lesions remains clinically and radiologically challenging.

Over the last few decades, the incidence of SLAP lesions has increased [7,8]. A
study based on private insurance data from 2003 to 2013 reported a fivefold increase
in the incidence of SLAP lesions [9]. In the younger population, traumatic shoulder
injuries and participation in sports with overhead throwing movements are major causes
of superior labral lesions, whereas chronic degeneration seems to play a major role in
the development of SLAP lesions in older adults [10,11]. In 53 asymptomatic middle-
aged subjects (45–60 years), non-contrast magnetic resonance imaging (MRI) revealed a
prevalence of up to 72% for superior labral tears [12]. A similar study found no labral
tears but observed an “abnormal labral signal” in 50% of a symptomatic subgroup in a
comparatively younger cohort (25–55 years) [13]. However, in neither of these studies
was the diagnosis confirmed via arthroscopy. Furthermore, histological post-mortem
studies showed marked degenerative changes in the labral substance as well as the more
frequent occurrence of labral tears with increasing age [14,15]. Thus, the continuous
transition of age-related degenerative changes into manifest labral tears appears to be a
relevant pathomechanism.

Along with the increase in incidence, there has been an increase in the number of
surgically treated labral lesions [7,8,16]. While some studies have shown satisfactory
postoperative outcomes [17,18], several recent studies have reported complications and
the incomplete regression of symptoms, particularly in middle-aged and older patients, as
well as in professional overhead athletes [8,19–21]. Therefore, timely diagnosis of early and
potentially reversible damage to the collagen matrix is desirable to delay or prevent the
clinical progression of manifest labral tears.

MRI, which is sometimes supplemented by MR arthrography, is the radiological gold
standard for the morphological evaluation of the glenoid labrum [22,23]. The diagnostic
performance of non-contrast MRI in superior labral tears has been studied several times,
with variable results in terms of accuracy and sensitivity [24,25]. While some studies
have reported high diagnostic accuracy for MR arthrography, others have demonstrated
non-specific as well as non-sensitive results for MRI and MR arthrography in the diagnosis
of SLAP lesions [26–28]. Early degenerative changes usually cannot be detected with
conventional morphological MRI sequences; however, functional sequences such as delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC), T2* mapping, and T2 mapping allow
the assessment of the biochemical composition of joint structures [29–31]. This enables the
detection of damage to the ultrastructural integrity of cartilage or collagen networks. T2
mapping can detect and quantify early degenerative changes in the cartilage of numerous
joints, including the wrist, ankle, metacarpophalangeal joints, and knee [29,32–34]. As high
T2 values reflect disruption of the 3D collagen network and an increase in water content,
T2 mapping may also be appropriate for fibrocartilaginous or collagenous structures such
as the glenoid labrum and menisci, respectively. In knee OA, a correlation between high T2
values and histologically confirmed signs of meniscal degeneration was demonstrated [35].
However, the study included patients with severe OA who were scheduled for knee
arthroplasty, indicating a high pre-test probability of concomitant meniscal degeneration.

To our knowledge, no studies to date have evaluated the diagnostic performance of
T2 mapping for the assessment of the glenoid labrum. In addition, T2 mapping of the
shoulder joint in general has hardly ever been studied, and only a few existing studies have
validated this technique using arthroscopy.

Thus, the purpose of this study was to evaluate the ability of T2 mapping to assess the
biochemical integrity of the superior labrum and to differentiate between individuals with
and without SLAP lesions in patient cohorts with shoulder pain but not high-grade OA,
using shoulder arthroscopy as the gold standard. As a secondary study aim, the interrater
reliability was assessed by calculating the intraclass correlation coefficient (ICC).
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2. Materials and Methods

2.1. Participants

This study included patients with shoulder pain who were to undergo arthroscopy
and were referred to our department for preoperative MRI over a period of 3 months. The
exclusion criteria were as follows: endoprosthetic replacement of the glenohumeral joint or
osteosynthetic material involving the proximal humerus; prior tendinous or ligamentous
refixation procedures; advanced OA (Kellgren–Lawrence score > 1); and age less than
18 years. Nineteen consecutive patients who met the inclusion criteria were enrolled in
the study initially. As one patient, in whom only a routine MRI protocol without T2
mapping sequences was inadvertently applied, had to be excluded, 18 patients remained
for inclusion.

2.2. Study Design and Reporting

After inclusion into the study, the index test (3-Tesla MRI with T2 mapping) was
performed in each subject. After a maximum interval of 6 days (mean interval: 4 days) the
reference test (shoulder arthroscopy) was carried out. Subsequently, the subgroups were
divided into “healthy individuals” and “patients with proven SLAP lesion” depending on
the arthroscopy findings. Therefore, this study can be defined as a one-stage, case–control
study according to item 5 of the STARD guidelines published by the EQUATOR Network
in 2015 [36].

2.3. MRI Protocol and T2 Mapping

The 3-Tesla MRI system used in this study was a Magnetom Verio (Siemens Health-
ineers, Erlangen, Germany) with a 70 cm gantry width and an 18-channel total imaging
matrix. To ensure that the shoulder was as close as possible to the magnetic isocenter, all
the patients were placed in a supine position with the head first and with the shoulder joint
stabilized in external rotation. Proton density-weighted, fat-saturated MRI sequences as
well as T1- and T2-weighted sequences without fat saturation were used for morphological
assessment of the (fibro)cartilaginous joint structures. Oblique coronal and oblique sagittal
sequences were oriented perpendicular and parallel to the glenoidal fossa, respectively. A
multi-echo spin-echo sequence for inline T2 mapping provided by the manufacturer (syngo
MapIT, Siemens Healthineers, Erlangen, Germany) was used as the study sequence. In
this sequence, a pixel-wise, monoexponential, non-negative least squares fit analysis was
used to derive the T2 relaxation times from the T2 parameters, which were then used for
further analysis. A color-coded map was automatically generated from the quantitative
T2 relaxation times. A detailed overview of the in-house shoulder protocol and the T2
mapping study sequence is given in Table 1.

Table 1. In-house shoulder MRI protocol and T2 mapping study sequences.

No. Sequence Orientation
Repetition Time

(TR; ms)
Echo Time
(TE; ms)

Acquisition
Matrix

Flip
Angle

Echo Train
Length

No. of
Slices

TA (Min)

1 PD fs TSE axial 3660 24 384 × 346 176 7 27 04:32

2 PD fs TSE oblique coronal 2490 24 384 × 307 160 7 19 03:37

3 PD fs TSE oblique sagittal 3950 23 320 × 256 140 7 29 04:49

4 PD TSE oblique coronal 1670 23 384 × 307 160 5 19 03:24

5 T1 SE oblique coronal 787 10 384 × 346 90 1 19 04:51

6 T2 TSE oblique sagittal 5640 88 384 × 307 150 15 29 02:33

7 T2 MapIt oblique coronal 2140 13.8, 27.6, 41.4,
55.2, 69 320 × 320 180 1 16 06:50

TA = time of acquisition; PD = proton density; fs = fat-saturated, TSE = turbo spin echo.

2.4. Image Analysis and Definition of SLAP Lesions

The morphological sequences were evaluated using a picture archiving and communi-
cation system (Centricity PACS, v. 4.0; GE Healthcare IT Solutions, Barrington, IL, USA).

237



J. Clin. Med. 2023, 12, 3109

Two independent musculoskeletal radiologists with 19 (CR) and 6 (FW) years of experience
in musculoskeletal MRI evaluated the morphological as well as the color-coded study se-
quences. Both readers had participated in previous training sessions on the morphological
analysis of the glenoid labrum, which included cases beyond the scope of this study. In
addition, both readers had experience in the evaluation of quantitative biochemical imaging
techniques, particularly for cartilaginous structures. Both radiologists were blinded to the
results of the arthroscopy, the clinical data of the patients, and the patients’ names. There
was no blinding of the study participants, who had been informed about the additional
study sequences and who knew that they were scheduled for shoulder arthroscopy. In
accordance with the retrospective, one-stage, case–control study design, randomization
was not performed.

Both readers set parameters for slice selection, magnification, and windowing. During
the reading sessions, the ambient light was reduced to a minimum.

The glenoid labrum was classified as either normal or damaged using morphological
proton density-weighted, fat-saturated sequences. Following Snyder et al., irregular labral
margins with increased signal intensity, stripping of the superior labrum from the glenoid,
and a bucket-handle tear of the superior labrum, with or without extension into the origin
of the long biceps tendon, were defined as SLAP lesions [37]. If none of these diagnostic
criteria was met, the labrum was considered to be normal.

2.5. Placement of Regions of Interest

First, we used the proton density-weighted fat-saturated sequences to delineate the
superior labrum and determine the optimal position for region of interest (ROI) placement.
The first ROI was placed in the midsection of the glenoid fossa, where the labrum had the
largest dimension and appeared triangular. To reduce the effect of artifacts or imperfect
ROI placement, two additional ROIs were placed, one in the anterior slice and one in the
posterior adjacent slice, leaving three sections for ROI placement (Figure 1). To provide
the most accurate measurement results, the ROIs were first placed in the first echo images
acquired from the multi-echo spin-echo T2-weighted sequences, which further supported
the morphological delineation of the labral substance. A careful visual comparison with
fat-suppressed, proton density-weighted sequences was performed to ensure that the
entire labrum was captured. In the next step, the ROIs were copied into the color-coded
parametric T2 map. Where necessary, the copied ROIs were adjusted to ensure that the final
ROI did not include any artifacts, glenoid cartilage or cortex, joint capsule, supraspinatus
muscle, or synovial fluid. The average T2 relaxation times of the three adjacent ROIs were
used for further evaluation.

Figure 1. (A) Axial proton density-weighted, fat-saturated magnetic resonance image demonstrating
the three oblique coronally oriented sections used for ROI placement: one midsection through the
glenoid fossa (white) as well as one adjacent slice, anteriorly and posteriorly (red). (B) Coronal proton
density-weighted, fat-saturated magnetic resonance image depicting the manually drawn ROI (white)
outlining of the entirety of the glenoid labrum on a midcoronal section. The ROI was copied into the
color-coded T2 mapping sequence.
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The presence or absence of SLAP lesions in the morphological proton density fat-
saturated (PDfs) sequences did not influence the placement of the ROIs, as the whole
dimension of the labrum was always analyzed and compared with the arthroscopy. How-
ever, we also assessed the presence or absence of SLAP lesions in the morphological PDfs
sequences and compared the findings with those of the arthroscopy.

2.6. Arthroscopy

Shoulder arthroscopy was performed by one of the two experienced orthopedic
surgeons. According to the in-house standard, the arthroscopies were performed under
general intravenous anesthesia, with all the patients placed in the beach-chair position. A
posterior approach was selected for diagnostic inspection of the glenoid joint. The glenoid
labrum, glenoid cartilage, and intra-articular portion of the long biceps tendon were
assessed using a standardized questionnaire. The labral lesions were classified according to
the method described by Snyder et al. [37]. A ventral approach was established if surgical
intervention was required.

2.7. Statistical Analysis

The demographic data were analyzed descriptively. The continuous variables were
summarized as mean, standard deviation, median, minimum, and maximum. For the
qualitative variables, the frequency and percentage were analyzed. The patients’ ages in the
groups with and without lesions were compared using the exact Wilcoxon two-sample test.

The T2 imaging analysis was conducted in a descriptive manner using summary
statistics and was interpreted exploratively. The Shapiro–Wilk test was used to determine
whether the T2 mapping parameters were normally distributed. The groups with and
without labral lesions were compared using two-sample t-tests, with the level of significance
set at 5%.

The diagnostic performance of the T2 mapping for SLAP lesions was described using
estimates and exact 95% confidence intervals for sensitivity (proportion of true positive
patients out of all patients with SLAP lesions); specificity (proportion of true negative
patients out of all patients without SLAP lesions); and positive (proportion of true positive
patients out of all positive patients) and negative predictive values (proportion of true
negative patients out of all negative patients).

The intraclass correlation coefficient (ICC) was used to analyze inter-reader agreement.
The two readers were treated as a random sample of observers from a larger population
of potential observers. According to Shrout and Fleiss (1979), for interrater reliability a
two-way random effects model with subject and rater as random effects was applied for
the estimation of the ICC and 95% confidence intervals [38]. All statistical analyses were
performed using SAS for Windows (version 9.4; SAS Institute Inc., Cary, NC, USA) and R
version 3.5.1 (www.cran.r-project.org (accessed on 10 May 2022)).

3. Results

3.1. Demographic Data

Of the 18 patients included, 12 (66.7%) were male and 6 (33.3%) were female. The mean
patient age was 52.4 ± 14.72 (range, 22.0–67.0) years. Patients without SLAP lesions were
only slightly younger than those with SLAP lesions (46.2 ± 18.82 [range, 22–64] years vs.
55.5 ± 11.93 [range, 29–67] years). Of the 12 patients with arthroscopically confirmed SLAP
lesions, 9 (75%) were male and 3 (25%) were female. Table 2 summarizes the demographic
characteristics of the patients according to the presence or absence of SLAP lesions.

3.2. Arthroscopic Evaluation of the Glenoid Labrum

Shoulder arthroscopy was performed in all patients, with a mean interval of 4 days
between MRI examination and surgery (range, 0–6 days). A diagnosis of SLAP lesions was
made in 12 patients (66.7%). Following Snyder et al., nine SLAP lesions were classified
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as type 1 (75.0%), one as type 2 (8.3%), and two as type 3 (16.7%). No SLAP lesions were
diagnosed as type 4 (Table 3).

Table 2. Demographic characteristics of patients with and without SLAP lesions.

SLAP Lesion

No (N = 6) Yes (N = 12) p-Value Wilcoxon

Gender male 3 (50.0%) 9 (75.0%)
female 3 (50.0%) 3 (25.0%)

Age (years) n 6 12 0.2216
Mean 46.2 55.5

SD 18.82 11.93
Median 53.5 58.5

Min 22.0 29.0
Max 64.0 67.0

SD = standard deviation; Min = minimum; Max = maximum.

Table 3. Distribution of SLAP types according to the classification by Snyder et al.

Total (N = 18)

SLAP lesion no 6 (33.3%)
yes 12 (66.7%)

SLAP Classification

SLAP 1 9 (75.0%)
SLAP 2 1 (8.3%)
SLAP 3 2 (16.7%)
SLAP 4 –

Several patients with SLAP lesions were diagnosed with concomitant shoulder patholo-
gies at arthroscopy. Focal cartilage damage was seen in 5 of the 12 patients diagnosed with
SLAP lesions (41.7%), and damage to the long biceps tendon was seen in 6 of the 12 patients
(50.0%). In addition, 2 out of the 12 patients (16.7%) were diagnosed with all three entities:
SLAP lesion, focal cartilage damage, and lesion of the long biceps tendon.

3.3. T2 Mapping of the Glenoid Labrum

Twelve SLAP lesions were detected by MRI, which corresponded with the number
of lesions detected arthroscopically. No additional lesions were observed. Table 4 shows
the mean T2 mapping parameters for patients with and without SLAP lesions. The mean
T2 values were 37.7 ± 10.63 ms for the patients with SLAP lesions and 20.8 ± 2.40 ms
for the population without labral damage, showing a significant difference between the
two groups (p < 0.0001). There was complete separation of the T2 mapping values between
the normal and damaged glenoid labrum, as the maximum T2 value for the group without
lesions (21.2 ms) was lower than the minimum T2 value for the patients with SLAP lesions
(27.8 ms; Figure 2 and Table 4). Therefore, all the cutoff values between these two values
yielded the same values for the sensitivity and positive predictive value of 100% with 95%
CI (73.5–100.0%) and for the specificity and negative predictive value of 100% with 95% CI
(54.1–100.0%). ICC analysis revealed near-perfect inter-reader agreement of 0.97 (95% CI
0.91–0.99).

Table 4. T2 mapping values (ms) for normal and damaged glenoid labrum.

Overall Population without Lesion Population with Lesion

T2 n 18 6 12
Mean 32.1 20.8 37.7

SD 11.90 2.40 10.63
Median 28.7 21.2 33.3

Min 16.8 16.8 27.8
Max 54.3 21.2 54.3

SD = standard deviation; Min = minimum; Max = maximum.
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Figure 2. Boxplots of overall T2 mapping values (ms) in those with a healthy labrum and in patients
with SLAP lesion. Note the complete separation of T2 values between individuals with SLAP lesion
and those with a healthy labrum. The blue horizontal lines inside the box plots represent the median,
the blue dots the mean T2 value.

Color-coded T2 maps depicted a visual difference between healthy and damaged
labral substance (Figures 3 and 4).

Figure 3. (A,C) show coronal proton density-weighted, fat-saturated magnetic resonance images of a
34-year-old woman with morphologically normal-appearing and arthroscopically proven healthy
labrum (arrow in (A)), as well as fraying of the superior labrum in a 57-year-old man with arthro-
scopically proven SLAP lesion Type 1 (arrow in (C)). (B,D) show merged images of the proton
density-weighted images and the corresponding color-coded T2 maps. Note the elevated average
T2 mapping value of 53.9 ms in the damaged labral substance (arrowhead in (D)). The average T2
mapping value for the healthy labral substance was 21.3 ms (B).
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Figure 4. (A) shows a coronal proton density-weighted, fat-saturated magnetic resonance image of
a 62-year-old man with linear hyperintensity centrally within the glenoid labrum indicating labral
damage (arrow). (B) shows a merged image of (A) and the corresponding color-coded T2 map. Note
the elevated average T2 mapping value of 40.5 ms (arrowhead). During arthroscopy a SLAP lesion
Type 2 was present.

4. Discussion

Despite the increasing incidence over the past two decades and the improved un-
derstanding of the predisposing factors and the pathomechanism, the diagnosis of SLAP
lesions remains difficult both clinically and by MRI. Early diagnosis of the pathologies
of the glenoid labrum and the associated changes in biochemical composition using MRI
has not yet been established, but it is desirable, for instance, to initiate therapy or modify
training plans at an early stage. T2 mapping is an MRI technique that has proven to be
effective in assessing the integrity of the collagen network and water content of articular
cartilage in various joints [29,32–34]. However, this technique has not yet been systemat-
ically used to assess the glenoid labrum, a structure which is composed predominantly
of fibrocartilaginous tissue organized in a 3D collagen network, and correlations with
arthroscopy as the gold standard are lacking.

Thus, this study evaluated the ability of T2 mapping to detect and quantify labral dam-
age containing SLAP lesions in patients with shoulder pain and to differentiate damaged
labra from normal labra using shoulder arthroscopy as the gold standard. The patients with
SLAP lesions had a significantly higher mean T2 value than those without (37.7 ± 10.63 ms
vs. 20.8 ± 2.40 ms; p < 0.0001). The increase in T2 values may have been due to damage to
the ultrastructural architecture of the collagen network and the associated repair mecha-
nisms. While the exact histological composition of the glenoid labrum is still controversial,
it has been shown to consist primarily of fibrocartilaginous tissue that transitions into
hyaline articular cartilage towards the glenoid [39–41]. Several studies have identified loss
of the collagenous matrix, with the corresponding areas of increased cellularity, vascularity,
and water content, as histological correlates for degeneration in cartilaginous and fibrous
tissue [42–45]. These biochemical changes are consistent not only with the increased T2
values of the labrum observed in our study but also with several other studies reporting
increased T2 values in damaged articular cartilage or tendons [46–48]. While hyperintense
patterns in T2-weighted images of the damaged glenoid labrum have been reported before,
this is to our knowledge the first study quantifying the actual T2 relaxations times using T2
mapping [49,50]. Thus, by providing objectifiable measurements, this technique may be
useful for establishing diagnostic cutoffs, or it may serve as a longitudinal biomarker for
healing processes. Further studies with larger sample sizes are needed to clarify the extent
to which a change in T2 relaxation times correlates with actual lesion severity.

In our study population, the highest overall T2 value in the healthy patients (21.2 ms)
was lower than the lowest overall T2 value in the patients with SLAP lesions (27.8 ms). This
amounts to a complete separation of the data between the two groups. Thus, all the diag-
nostic cutoff T2 values between 21.2 and 27.8 ms would result in the sensitivity, specificity,
positive predictive value, and negative predictive value of 100% (95% CI 54.1–100.0). As
this is, to our knowledge, the first study to systematically evaluate T2 relaxation times using
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T2 mapping of the glenoid labrum, no appropriate data are available for direct comparison.
Nevertheless, the mean T2 mapping values found in our study for healthy individuals
(20.8 ± 2.4 ms), as well as for those for damaged labral substance (37.7 ± 10.63 ms), are
similar to the reported T2 mapping values for the articular cartilage of the glenoid. One
study described average T2 mapping values of 23.0 ± 3.0 ms for healthy glenoid cartilage
and 44.8 ± 3.7 ms in patients with focal cartilage defects, thus demonstrating comparable
quantitative differentiation [51]. The minor variations of the T2 mapping values may reflect
the differences in histological composition, with mainly fibrocartilaginous tissue found in
the labrum compared to the mainly hyaline articular cartilage.

Several studies have reported significant differences in T2 mapping values between
normal and damaged cartilage [47,48,52,53]. Because the glenoid labrum is composed
primarily of (fibro)cartilaginous tissue, its T2 mapping value is subject to a variety of
factors known to influence the signal intensity of the articular cartilage. In particular,
differences in the mechanical load, with the associated variations in water content and
matrix composition, as well as the artificial signal changes such as the “magic angle”
effect, have been described [31,45,54]. The latter is known to increase the T2 relaxation
time in collagen fibers oriented at 55◦ to the magnetic field, especially when using short
echo times (TE) [55–57]. In a retrospective arthroscopy-controlled study, Sasaki et al.
reported increased signal intensity of the posterosuperior labrum, not only in patients
with confirmed labral damage, but also in healthy individuals [58]. When a group of
six asymptomatic participants was studied, the same group showed signal changes in
the posterosuperior labrum, depending on the TE and positioning of the volunteers [58].
Thus, because the magic angle artifact would also cause signal alterations in healthy labral
substances, complete separation of the data cannot be explained by artificial means alone.
Our results could be due to the precise placement of the ROI, as well as the small study
population with only six patients without SLAP lesions. Future studies with larger sample
sizes may show an overlap of T2 mapping values, indicating a continuous progression of
degenerative labral changes manifesting as SLAP lesions.

The T2 mapping values for the normal and damaged cartilage showed near-perfect in-
terrater agreement, with respective ICCs of 0.97 (95% CI 0.91–0.99), which may be interpreted
as a promising sign for the reliable application of this technique in clinical practice. These
findings are consistent with the previously published studies of T2 mapping of the glenoid
joint in healthy subjects, reporting good to excellent interrater agreement [59,60]. However,
considering the small sample size and the associated small number of patients with SLAP
lesions (n = 12), our results should be interpreted with caution and could be at least partially
explained artificially.

While this study focused on differentiating labra containing SLAP lesions from the
normal glenoid labrum, T2 mapping may also detect early degenerative changes that
are not readily apparent in morphological sequences. In a post-mortem study, Pfahler
et al. investigated histological changes in the labral substance in different age groups and
reported a significant increase in the number and severity of micro- and macrolesions in the
labrum with increasing age [14]. Additionally, Schwartzberg et al. reported a prevalence
of up to 72% for superior labral tears in asymptomatic middle-aged individuals [12].
This finding is comparable with the 66.7% prevalence of SLAP lesions observed in our
symptomatic study population. The continuous transformation of early degenerative
changes into manifest labral lesions with increasing age may be accentuated by individual
(micro)traumas, which could be a possible pathomechanism for the development of SLAP
lesions. The detection of early degenerative changes could allow the timely initiation of
protective conservative measures, such as physical therapy, to delay or prevent further
disease progression. Future studies should investigate the extent to which differing T2
mapping values in morphologically normal-appearing labrums can be interpreted as an
indicator of early degenerative changes. T2 mapping could then be used to assess the
effect of early conservative interventions, such as physiotherapy. Additionally, several
studies have shown that T2 mapping is effective in monitoring biochemical changes after
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cartilage repair procedures [61,62]. Xie et al. reported a correlation between a decrease in T2
mapping values and an improvement in clinical outcomes in the first year after arthroscopic
rotator cuff repair, further highlighting the potential clinical utility of this technique [46].

Our study has some limitations. The small sample size may have contributed to the
complete separation of T2 mapping values between the normal and damaged labral sub-
stances, resulting in a statistically perfect discrimination. In particular, the wide confidence
interval (CI) of 54.1 to 100%, which is at least partly due to the small sample size, has several
statistical implications. First, the small sample size affects the calculation of the confidence
interval (CI) by overweighting extreme values, thus resulting in a wider CI range. Second,
the sample size was too small to allow a statistically valid distinction between the different
types of SLAP lesions. By generalizing the spectrum of lesion severity as “pathologic”
versus “physiologic”, the statistical calculation is susceptible to sampling biases such as
spectrum bias, in which a study population has a different spectrum of lesion severity
compared with the normal population. This is particularly important because the patient
cohort was recruited at a tertiary referral center and was therefore highly selective, which
may have affected the prevalence of SLAP lesions; this, in turn, may have had an effect
on the sensitivity and specificity values. A patient population with a higher prevalence
of SLAP lesions may include more patients with higher lesion grading, making the test
perform better in this population. In view of these statistical limitations, as well as the
above-mentioned variations in T2 values, our results may only be applicable to our patient
cohort. Studies with larger sample sizes that distinguish between levels of lesion severity
are needed to clarify this issue.

The large age discrepancy (22.0–67.0 years) must be considered a significant limitation,
especially given the statistical implications of the small sample sizes discussed above.
Although the age range was quite similar between the healthy subjects (22.0–64.0 years)
and the patients with SLAP lesions (29.0–67.0 years), further studies with larger samples
are required to allow better differentiation between age groups and to thereby address
the process of age-related degeneration and the dehydration of cartilaginous structures
beginning at 45–60 years of age.

Moreover, as this is the first study to quantify T2 relaxation times using T2 mapping
in the glenoid labrum, there are no available data for a direct comparison of the labral
T2 values.

Additionally, as mentioned above, the subgroup of patients with SLAP lesions was
too small for statistically valid differentiation between SLAP types 1–4. The choice between
surgical or conservative therapy and between the different surgical procedures depends
largely on the attributed SLAP type [63,64]. Further studies with larger sample sizes may
reveal significant differences in the T2 mapping values between SLAP types and might
help to distinguish between conservatively treatable lesions and those requiring surgery.

We acknowledge that manual ROI placement in correlation with morphological MRI se-
quences is prone to human error. Although we reduced the impact of the potentially impre-
cise ROI placement by averaging three adjacent ROIs, high-resolution, three-dimensional
T2 mapping sequences that can examine the entire labral substance are desirable for further
studies as they will allow the voxel-wise evaluation of T2 mapping values. Additionally,
using our method of ROI placement by averaging the T2 mapping values of midcoronal and
anterior and posterior adjacent slices, lesions in a very anterior or very posterior position
could have been missed. Therefore, three-dimensional T2 mapping sequences would allow
for an even more precise assessment in future studies.

5. Conclusions

T2 mapping can evaluate and quantify the biochemical integrity of labral substances
and differentiate between arthroscopically confirmed SLAP lesions and the healthy glenoid
labrum. In addition to the mere morphological evaluation of the labrum, the quantification
of T2 relaxation times using T2 mapping may provide objectifiable measures for diagnostic
cutoff values and also function as a biomarker for monitoring healing processes under con-
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servative therapy or postoperatively. By also providing information on the (ultra)structural
integrity of the (fibro)cartilaginous networks, T2 mapping could prove help in therapeutic
decision making, not only in labral pathologies but in several shoulder pathologies in
general. The inclusion of T2 mapping sequences in the routine MRI protocol for suspected
fibrocartilaginous or tendinous lesions may allow accurate diagnosis without the need for
more invasive diagnostic procedures such as MR arthrography or even arthroscopy.
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Abstract: The aim of this study was to establish a relationship between the textural parameters
observed in X-ray images of bones and the age of the individual. The study utilized a meticulous
visual analysis of the images to identify significant correlations between textural features and age.
Five distinct regions of interest, namely the Wing of the Ilium, Neck of the Femur, Greater Trochanter,
Ischium, and Shaft of the Femur, were identified on both sides of the body. Textural parameters
were then measured for each of these regions. The left femoral neck showed the most noteworthy
associations, with the textures generated from the histogram of oriented gradients and gray-level
co-occurrence matrix exhibiting the strongest correlations (ρ −0.52, p-value 4.95 × 10−14). The main
finding of the current study is that correlation of age-dependent bone structure differences in the
femoral neck area is higher than in other structures of the femur. This proposed methodology has the
potential to aid in the early detection of osteoporosis, which is crucial for devising treatment plans
and identifying potential risks associated with bone fragility.

Keywords: textural analysis; X-ray; radiographs; bone age; bone aging; osteoporosis

1. Introduction

Bone is a complex composite formed from both organic and inorganic components. It
serves as a supportive tissue that evolved to provide a great advantage for land animals,
despite being energy-consuming. From a mechanical point of view, bone tissue must
possess maximal strength and stiffness (resistant to failure and deformation) with the lowest
possible mass. Therefore, it has a complex internal organization, with an outer cortical
zone and an internal trabecular bone [1]. This three-dimensional architecture enables it to
withstand tension and compression forces that can be effectively dissipated throughout
the bone without producing mechanical damage [2]. To fulfill the mechanical needs of
the skeleton as a supportive tissue, bone is organized hierarchically with compact bone
(approximately 80% of the skeleton) and trabecular or spongy bone (20% of the skeleton) [3].
At the microstructure level, bone is composed of osteons, which are longitudinal canals
called Haversian canals surrounded by lamellae [1]. The Haversian canals house osteoblasts
and blood vessels, and they are about 20 to 100 μm in diameter [4]. Single lamellae are up
to 7 μm thick and up to 25 μm long. These are the locations where the inorganic phase
responsible for the mechanical properties of the bone is accumulated. The inorganic phase
consists of apatite-like mineral hydroxyapatite crystals (Ca10(PO4)6(OH)2) [3], which have a
hexagonal lattice structure and are formed as plates with an average size of 50 × 25 × 3 nm.
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These structures are adjacent to collagen I, an organic material formed from protein material
oriented parallel to the long axis of the bone [5]. The presence of inorganic structures
embedded in collagen fibrils is responsible for the interaction with electrons emitted from
the anode of the X-ray lamp [6]. Collisions with inorganic materials absorb electron energy,
which is responsible for the projection of the bone, detectable by the visual system. The
spatial resolution of the X-ray picture is high. For a 35 × 43 cm cassette and a 20 × 24 cm
cassette, three and five line pairs per millimeter are reported, respectively [7]. The range of
dimensions of bone structure accessible by X-ray imaging is up to 5 μm, which corresponds
to the bone microstructure.

Osteocytes are residual, long-lived bone cells that are interconnected with each other
with processes and form an important signaling network, which serves as mechanosen-
sory units directing the response of osteoclasts-bone-depleting cells and osteoblasts-bone-
forming cells [8]. Cellular action serves in constant longitudinal and transverse remodeling
of the bone, where matrix turnover makes complete matrix exchange every 10 years [9].
The process of mineral exchange serves adjustments to the specific loads of the bone ex-
creted by physical activity, but also the metabolic needs of the organism as the skeleton
is a reservoir of calcium ions and takes part in the interchange of inorganic substances
with the extracellular fluid (ECF) [10]. Bone turnover is precisely regulated by hormonal
action throughout life, which is one of the causative factors of the differences between
the skeletal systems of women and men observed from puberty to older age [11]. Patho-
logic changes in the regulatory process include an increase in cortical porosity, trabecular
thinning, and a decrease in trabecular interconnections [12]. This normal process of bone
degeneration can be markedly increased if the control of bone metabolism is dysregulated.
Moreover, of importance are physical activity and dietary habits, including alcohol and
calcium product consumption, but also the presence of diseases impacting hydrogen ions
and calcium/phosphorus equilibrium [13–15].

It is worth noting that vitamin D and calcium deficiency may lead to secondary
hyperparathyroidism, which promotes osteoclastic activation with an increase in calcium
bone to extracellular fluid conversion [16]. The most important recognized regulatory
factor is linked to estrogen action, which is involved in the control of bone resorption, as it
inhibits osteoclast activation [17]. The processes controlling bone are very complex, and
deterioration of bone architecture weakens the bone, making it susceptible to overload and
a potential cause of bone trauma. Therefore, meticulous determination of the status of the
bone is important at the early stages.

In the theoretical introduction above, we wish to point out that there are biology-based
reasons for investigating how bone age, and hence changes in its composition and physical
properties, correlate with changes in the X-ray image detectable by textural analysis. This
study investigated the relationship between the textural parameters determined on the
basis of radiographs of the hip bone and the age of the patients.

2. Materials and Methods

2.1. Dataset

The initial dataset comprised 3782 radiographic images of the hip and knee regions,
captured using an X-ray machine and stored in PNG8 format with 8-bit color depth. The
images were acquired from a group of 241 individuals of both sexes, with ages ranging
from 26 to 91 years. Following an initial screening, all radiographs that did not portray the
hip joint bones were excluded from the subsequent analysis. The images depicting the hip
joint were obtained prior to endoprosthesis surgery or in a condition indicating the need
for reoperation. In addition, images with artifacts from elements such as the mattress or
endoprosthesis were also excluded. Finally, 481 radiographs from 132 patients were used
for analysis, where 93 patients had a longitudinal study (several X-rays taken at intervals),
and 39 patients had a single study (having only one image at one time point).
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2.2. Data Acquisition

In the study X-ray machine, Del Medical EV-650, manufactured in 2008, was used.
The X-ray machine was supplied with a cassette feeder (Poersch Metal Manufacturing Co.,
Chicago, IL 60624, USA), a portable detector DFMTS equipped with exposure tube C52
Super with an X-ray lamp RTM 101 HS manufactured by I.A.E Spa. The system is powered
by a high-voltage generator (Via Sistemi Medicali). Lamp usage is carefully monitored,
and the system was equipped with a new X-ray lamp (2015). System equipped with a valid
technical passport to assure patient safety.

2.3. ROI Annotation

To annotate the ROIs (Regions of Interest) on the preselected images, the qMaZda
software (release version 19.02) was used [18]. In each radiograph, rectangular ROIs
were selected to correspond to specific anatomical structures. Where endoprostheses
were present, the ROIs were refrained from being marked, resulting in a lower number
of analyzed areas. A detailed description of the ROI delineation process is provided in
Figure 1 and Table 1.

 

Figure 1. Regions of interest are depicted on the radiograph.

Table 1. Table of ROIs with corresponding anatomical areas.

ROI Anatomical Structure

L 01 Wing of ilium—left side
L 02 Neck of femur—left side
L 03 Greater trochanter—left side
L 04 Ischium—left side
L 05 Shaft of femur—upper left side
R 01 Wing of ilium—right side
R 02 Neck of femur—right side
R 03 Greater trochanter—right side
R 04 Ischium—right side
R 05 Shaft of femur—upper right side
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2.4. Textural Analysis

Texture analysis is a type of image processing that examines image patterns and
structural features. It calculates the various statistical measurements of the grey-level
intensity values of the pixels in the image and can provide information on the spatial
distribution and arrangement of those pixels. Textural analysis can be used to extract
contrast, entropy, and homogeneity, which express subtle changes in the X-ray image and
reflects different bone tissue organization [19].

The textural analysis for each ROI was also carried out using qMaZda software, which
provides a plethora of different textural parameters. The qMaZda software computes
multiple textural features, including histogram-based, co-occurrence-matrix-based, run-
length-matrix-based, gradient-map-based, autoregressive model-based, and Haar wavelet
transform-based features. All these parameters can be calculated directly from the original
image histogram or based on a normalized histogram by setting different (4 to 12) bits per
pixel [18].

Initially, more than 10,000 parameters were determined for each ROI. Subsequently,
the parameters that contained NaN values were eliminated. As a result, 10 datasets were
generated, corresponding to each ROI, containing a total of 6836 features.

2.5. Statistical Analysis

Statistical analysis was aimed at showing which textural features correlate significantly
with age (age distribution presented in Figure 2).

Figure 2. Age distribution, including SEX differences.

In the first step, the Shapiro–Wilk test [20] and Q-Q plot were used to evaluate the
distribution of continuous variables. Continuous data were presented as mean (standard
deviation, SD) or median (interquartile range, IQR) and compared using Student’s t-
test and Mann–Whitney–Wilcoxon U test, respectively. When one of the subgroups in
the study groups had a non-normal type distribution, data were presented as median
(IQR) and Mann–Whitney–Wilcoxon U test. Categorical data were presented as numbers
(percentages), and Fisher’s exact test was used to compare them. This determined the steps
for further analysis, which was the calculation of Spearman’s Rank correlation or Pearson’s
coefficient for each ROI. Regression models were used as quantitative methods to assess
whether and how the predictor; AGE correlates with the selected textures. Further, mixed-
effects regression models were used as an extension of fixed-effects regression models
to account for hierarchical data structures (Tables 2 and 3 show comparison results of
generated models). Such analysis takes into account intra-individual association between
variables because we had a mixed data set; some data were collected for participants at
several different time points. LME4 R packages were used to develop mixed-effect models.
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Table 2. Summary of standard regression (fixed-effect models) for the most prominent textures.

Model Variable
Estimate (β
Coefficients)

SE p-Value
Adjusted
R2

AIC

MODEL_L02_YM6HogO8b4
fixed_regression AGE −0.009 0.001 2.4 × 10−14 0.271 −161.1173

MODEL_L02_YM4GlcmH4DifEntrp
Fixed_regression AGE −0.002 0.0003 1.55 × 10−13 0.2565 −602.232

Table 3. Summary of mixed models for the most prominent textures.

Model Variable
Estimate
(β Coeffi-
cients)

SE T p-Value Lower_2.5 Upper_97.5 AIC

MODEL_L02_YM6HogO8b4
mixed_regression AGE −0.008 0.001 −5.444 0 −0.011 −0.005 −159.9161

MODEL_L02_YM4GlcmH4DifEntrp
mixed_regression AGE −0.002 0.0004 −4.998 0 −0.003 −0.001 −588.468

The idea behind regression analysis is expressed in the equation below where f(x)
is the y-value we want to predict, α is the intercept (the point where the regression line
crosses the y-axis at x = 0), β is the coefficient (the slope of the regression line).

f(x) = α + βix + ε

SE is a measure that tells how much the coefficients would vary if the same regression
were applied to multiple samples from the same population. Thus, a relatively small SE
value indicates that the coefficients will remain very stable if the same regression model is
fitted to many different samples with identical parameters. A large SE value, on the other
hand, says that the model is variable and not very stable or reliable because the coefficients
change substantively if the model is applied to many samples.

StandardError(SE) =
∑(x−xi )

2

N−1√
N

=
SD√

N

The equation below represents a formal representation of a mixed-effects regression
with varying:

f(x) = αi + βix + ε

In this model, each level of the random variable has a different intercept and a dif-
ferent slope. So, to predict the value of a data point, it takes the appropriate intercept
(model intercept + random effect intercept) and adds the level factor of that random effect
multiplied by the value of x.

The inclusion of a random effect structure with random intercepts is justified as the AIC
(Akaike Information Criterion) of the model with random intercepts is substantially lower
than the AIC of the model without random intercepts. The Akaike Information Criterion
is a mathematical method for evaluating how well a model fits the data it was generated
from. In statistics, AIC is used to compare different possible models and determine which
one is the best fit for the data. The lower the AIC score, the better.

3. Results

Of the 10 anatomical areas analyzed, only ROI L 02 contained features that showed
significant correlations (Table 4). The lowest correlation values were obtained when ana-
lyzing the ROI L 04 area, whose features describe the texture parameters of the ischium
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texture on the left side of the hip joint. The highest value for this area was characterized by
the feature YM5Gab8Z4Mag, with a value of only −0.14.

Table 4. Summary of parameters with the highest Spearman’s rank correlation coefficient and p-value
for each ROI.

ROI Parameter rho Spearman p-Value

L 01 YD4DwtHaarS4HH 0.35 1.38 × 10−9

L 02 YM6HogO8b4 −0.52 4.95 × 10−14

L 03 YS4Gab24H12Mag −0.27 0.24 × 10−3

L 04 YM5Gab8Z4Mag −0.14 0.4 × 10−2

L 05 YS5GrlmHMGLevNonUn 0.32 1.60 × 10−5

R 01 YS6GlcmZ5SumAverg 0.26 1.60 × 10−4

R 02 YLbpCs8n5 0.31 7.54 × 10−5

R 03 YN8DwtHaarS1HH 0.37 4.62 × 10−6

R 04 YD4GrlmHRLNonUni 0.17 0.53 × 10−4

R 05 YN4Gab24Z12Mag −0.27 0.90 × 10−3

ROI L 02 was the most prominent, reaching as high as −0.52 in correlation with
YM6HogO8b4 texture. The features determined in this area describe the textural parameters
of the left femoral neck. The parameters determined in the right femoral neck area were
characterized by lower values and did not coincide with the features determined on the
left side (YLbpCs8n5: 0.31).

The results for the parameter YM6HogO8b4 are additionally illustrated in Figure 3
and YM4GlcmH4InvDfMom in Figure 4.

Figure 3. Correlation of YM6HogO8b4 values with age for ROI L 02. The p-value of the test is less
than the significance level alpha = 0.05; it concludes that age and selected texture are significantly
correlated with a correlation coefficient of −0.52 and p-value of 5 × 10−14. This graph shows a
negative correlation, which means that every time AGE increases, YM6HogO8b4 values decrease.

254



Appl. Sci. 2023, 13, 6618

Figure 4. Correlation of YM4GlcmH4InvDfMom values with age for ROI L 02. The p-value of the
test is less than the significance level alpha = 0.05; it concludes that age and selected texture are
significantly correlated with a correlation coefficient of 0.51 and p-value of 1.9 × 10−13. This graph
shows a positive correlation. It means that YM4GlcmH4InvDfMom values increase with AGE.

In addition, the most relevant results for ROI L 02 are provided in Table 5.

Table 5. Texture parameters with corresponding rho Spearman correlation results and p-values for
ROI L 02.

Parameter rho Spearman p-Value

YM6HogO8b4 −0.5194 4.95 × 10−14

YM5HogO8b4 −0.5143 9.55 × 10−14

YM8HogO8b4 −0.5139 1.00 × 10−13

YM7HogO8b4 −0.5130 1.12 × 10−13

YM4GlcmH4DifEntrp −0.5100 1.65 × 10−13

YM4HogO8b4 −0.5100 1.70 × 10−13

YM4GlcmH4InvDfMom 0.5088 1.93 × 10−13

YM4GlcmH4Contrast −0.5085 1.99 × 10−13

YM4HogO8b5 −0.5078 2.19 × 10−13

YM5GlcmH4Contrast −0.5071 2.38 × 10−13

YM7GlcmH4Contrast −0.5070 2.42 × 10−13

All textural parameters of the femoral neck showing the most significant correlation
with age are derived from a histogram of oriented gradients (HOG) or the gray-level
co-occurrence matrix (GLCM).

HOG represents an image by calculating the distribution of gradient orientations
and magnitudes in small regions of the image called cells. The “8b” in the feature name
indicates the number of bins used to create the histogram. The GLCM texture feature
proposed by Haralick and Shanmugam [21] is widely recognized as a useful tool for
textural feature extraction [22]. It defines how often a combination of pixels occurs in
an image by analyzing the spatial relationship between pixels. Another shared feature,
including the other ROIs that have been analyzed, is the color component—coded as the
first sign Y, which stands for the brightness component from the YUV color space. Another
thing worth noting is the recurring last abbreviation defining the descriptor InvDfMom,
which stands for Inverse Difference Moment. The higher levels of this parameter represent
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an increased pixel uniformity and homogeneity [23]. The meaning of other abbreviations
can be retrieved from [18].

4. Discussion

The objective of the current investigation was to establish a relationship between alter-
ations observed in X-ray scans of bones and the age of the individual. Such changes may
not be perceptible to the imaging specialist. The utilization of mathematical algorithms to
analyze the surrounding pixel environment affords an avenue for examining modifications
in the bone microstructure that exceed the capabilities of human vision [24]. Our study
focused on establishing correlations between bone structure in varied regions of interest
within the proximal femur. X-ray appraisal is a firmly established method for assessing the
skeletal system [25].

The high mineral matrix content adjacent to collagen fibrils resists X-ray propagation,
which is the basis for determining the bone shape and clinical changes [26]. Bone is a
dynamic organ that interacts with the endocrine system to maintain ion equilibrium and
acid-base balance. This interaction relies on the action of osteoblasts and osteoclasts, which
are differentiated and activated from osteogenic cells (stem cells) progenitors [12]. The
lifespan of both cells is relatively short, with osteoblasts and osteoclasts surviving for three
months and one month, respectively [27]. The actions of osteoblasts and osteoclasts are
necessary for normal bone metabolism, including bone formation and depletion, and for
remodeling bone to provide skeletal support, which varies in different locations depending
on the load [28].

Although bone remodeling is a continuous process that involves the complete ex-
change of bone matrix every ten years, the overall bone mass is not significantly de-
creased [29]. However, advancing age and menopause are significant factors in reducing
bone mass [30]. The gradual decrease in osteons and lamellae, as well as the organic and
inorganic matrix associated with functional imbalances between osteoclast and osteoblasts,
functions that favor osteoclast function, results in a gradual decline in the volume of os-
teons and overall bone [31]. The decrease in interconnections between bone trabeculae
that form lamellae weakens the bone and makes it fragile and susceptible to pathological
fractures [32]. This process of bone deterioration is ongoing in both cancellous and compact
bone, which is crucial for load transmission [33]. In this study, two regions of interest
(ROIs) were analyzed based on correlations of visual-based textural features. One ROI was
located in the metaphysis region, where spongy osteocyte-containing bone with complex
architecture is present, directed toward withstanding compression and extension forces
concentrated along the main axes (lines) of support [34]. The second ROI was located in
the peri-trochanteric region, where the compact bone is prevalent.

The peak of bone mass is typically reached after puberty (around 20 years) and
gradually declines over one’s lifetime [35]. This process, although it can be slowed by
physical activity and good dietary habits, is inevitable and cannot be stopped. As trabeculae
are overall of lower mass, the effect of the gradual reduction of bone mass is higher in
locations with initially smaller bony mass, which is consistent with previous studies on
the phenomenon of gradual depletion of bony mass [36]. Such changes are visible on
traditional X-rays very late—only a loss of about 30% of the bone mass is visible on X-ray.
Dual-energy X-ray absorptiometry (DEXA) is much more sensitive, but it is a less thorough
examination and is performed in groups of patients at a certain risk of osteoporosis. The
reduction in bone mass in the region of the trochanter is significant due to the influence of
estrogen cessation [37]. Estrogens are known to be the most powerful stimuli for inhibiting
the action of osteoclasts, which are known for their strong remodeling action on bone [38].

Although, for many years, the reference for diagnostic imaging of bone in humans was
the interpretation of a radiologist [25], who is a specialist in diagnostic imaging, the ability
of the observer to detect image details does not necessarily reflect the amount of information
present in the image [24]. Therefore, many attempts have been made to evaluate bone tissue
structure, which is especially susceptible to textural analysis [39]. The idea of using textural
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analysis for the evaluation of human tissue visualized in diagnostic imaging techniques is
not new. It has been implemented for brain tissue [40–42], breast [43], and even muscle [44].
In the context of bone-based analysis, textural parameters are used, e.g., for the prediction
of incident radiographic hip osteoarthritis [45], age-texture correlation analysis [46,47], and
association with bone mineral density [48] and bone quality [49].

Contemporary emphasis must be placed on the role of artificial intelligence (AI), in
particular deep learning (DL), in the broad field of bone analysis. It is a revolutionary tool
that allows researchers to the generation of radiological reports for fractures of the proximal
femur [50] and detects fractures directly on the image from different modalities [51–53].
AI-based methods have also demonstrated the potential to predict a patient’s age or gender
based on images of the bone [54,55]. Furthermore, neural networks can be a valuable
support for bone segmentation [56,57] and the detection of a range of bone diseases [58,59].

The textural analysis presents certain benefits when compared to AI. In our theoretical
overview, we elucidated the biological basis for changes in bone texture and demonstrated
that there are certain specific parameters that are correlated with age. Textual analysis is
more suitable for interpretation and, in this particular study, allows us to conclude that
the microstructure of bone changes with age, which is accentuated in the images as an
increase in the homogeneity and uniformity of pixel values. Furthermore, textural analysis
can derive meaningful insights from smaller datasets compared to deep learning. Optional
research may be conducted on bone corticalization [60].

This is a relatively new approach as, to the best of our knowledge, there are no similar
approaches presented, excluding the work of our team [61] and the work of Dieckmayer [62],
who evaluated age among different parameters with the use of deep learning methods;
therefore, the approach was very different. Existing works where textures are used for bone
assessment are focused on the evaluation of the presence of osteoporosis [63,64]. Textural
bone assessment for osteoporosis evaluation was provided on different parts of the skeletal
system, such as the jaw [65] and head [66], and with the use of different modalities as CT
and MR [67]. Studies on bone mineralization were also evaluated in children [68]. However,
bone mineral density was studied already with the use of textural methods, and works
where age assessment was performed are lacking; therefore, we assume that our study will
have an important contribution to the current literature status.

This study also has several limitations that merit discussion. First, the image acqui-
sition was collected as digitalized images, which may have impacted the quality of the
obtained images. In addition, a subset of the acquired images contained endoprostheses,
resulting in a lower number of marked regions of interest (ROIs) and possibly affecting
the overall distribution of the data. Another limitation of our study was the use of a broad
demographic group with the inclusion of extremes of participants’ age (youngest and
oldest). The demographic is also limited to Caucasian origin with an extended group of
participants aged 25–91; however, most of the examined group are above the sixth decade
of life. Differences in bone mineral composition may influence the presented results. In
future investigations, we aim to conduct more comprehensive analyses on a dataset that
does not exhibit the aforementioned limitations and that includes a larger patient cohort.

5. Conclusions

In conclusion, the use of meticulous visual analysis based on textural features of X-ray
images was applied, and important correlations of textural features with age were found.
Implementation of textural analysis methods proved to be sensitive to changes in bone
architecture. The correlation with age found in the bone shaft can be explained by the rela-
tively lower mass of trabecular bone, even in areas of formation of compression supporting
lines. The proposed method might be useful in the early diagnosis of osteoporosis. Early
diagnosis of changes in bone mechanical strength might be essential in treatment planning
and the diagnosis of potential threats associated with bone fragility. The most important
statistical correlations were found in the femur neck. This is also the area of the highest
clinical importance where most orthopedic urgencies are found. Therefore obtained results
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are important from a clinical point of view as they enable us to evaluate accurately areas
where a potential bone loss might be a source of serious morbidities and further disabilities
for the patient if not properly diagnosed.
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Abbreviations

The meaning of texture feature abbreviations used in the article:
e.g., YM4GlcmH4Contrast
#1 {Y}: Y channel of YCbCr—luminance (also for grayscale images)
#2 {D, M, S}: method of normalization—D (no normalization), M—(min-max normalization),

S—normalization to <μ − 3σ, μ + 3σ>
#3 {8, 7, 6, 5, 4}—number of depth bits (after quantization)
#4 {DwtHaar, Gab, Glcm, Grlm, Hog, Lbp}—texture name
#5 parameters of textures (direction, length}
#6 statistical function—described in detail in [61].
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Abstract: This study was designed to investigate the image quality of ultra-high-resolution ankle
arthrography employing a photon-counting detector CT. Bilateral arthrograms were acquired in four
cadaveric specimens with full-dose (10 mGy) and low-dose (3 mGy) scan protocols. Three convolution
kernels with different spatial frequencies were utilized for image reconstruction (ρ50; Br98: 39.0, Br84:
22.6, Br76: 16.5 lp/cm). Seven radiologists subjectively assessed the image quality regarding the
depiction of bone, hyaline cartilage, and ligaments. An additional quantitative assessment comprised
the measurement of noise and the computation of contrast-to-noise ratios (CNR). While an optimal
depiction of bone tissue was achieved with the ultra-sharp Br98 kernel (S ≤ 0.043), the visualization
of cartilage improved with lower modulation transfer functions at each dose level (p ≤ 0.014). The
interrater reliability ranged from good to excellent for all assessed tissues (intraclass correlation
coefficient ≥ 0.805). The noise levels in subcutaneous fat decreased with reduced spatial frequency
(p < 0.001). Notably, the low-dose Br76 matched the CNR of the full-dose Br84 (p > 0.999) and
superseded Br98 (p < 0.001) in all tissues. Based on the reported results, a photon-counting detector
CT arthrography of the ankle with an ultra-high-resolution collimation offers stellar image quality
and tissue assessability, improving the evaluation of miniscule anatomical structures. While bone
depiction was superior in combination with an ultra-sharp convolution kernel, soft tissue evaluation
benefited from employing a lower spatial frequency.

Keywords: photon-counting CT; arthrography; ankle; cartilage; radiation dosage

1. Introduction

The tibiotalar cartilage bears up to five times the body’s weight [1], posing a risk factor
for osteoarthritis, especially if these forces increase [2]. At the same time, traumatic osteo-
chondral lesions and ligament injuries of the ankle, as well as resulting unphysiological load
distributions, are frequent [3–5]; thus, assessing the stability of chondral lesions represents
a crucial diagnostic imaging task, as chondral delamination and subchondral pathologies
may not be visible in direct arthroscopy but can impact therapeutic concepts [6,7].

Magnetic resonance imaging (MRI) is widely recognized as the reference standard for
cross-sectional imaging of soft tissue pathologies [8,9]; however, as the ankle’s cartilage con-
sists of only a thin hyaline chondral layer, averaging 1.1 mm (range 0.4–2.1 mm) [10–13], the
depiction of discreet injuries continues to pose a challenge in MRI with reported sensitivities
as low as 50% at 1.5 T and 75% at 3.0 T for osteochondral ankle injuries [12,14]. On the other
hand, computed tomography (CT) arthrography represents a powerful, well-established, and
preferable alternative for discerning osteochondral lesions, e.g., for the elbow [15]. Comparing
CT to MR arthrography of the ankle joint at 1.0 and 1.5 T with regards to cartilage lesions,
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Schmid et al. reported a superior level of observer agreement and reliability favoring the
former [10]. Similarly, Pöhler et al. demonstrated an advantage for CT arthrography versus 3.0 T
MR arthrography regarding the assessment of lesion depth in artificially induced osteochondral
lesions of the talar dome while maintaining a comparable accuracy [16].

Recently, the emergence of photon-counting detector CT (PCD-CT) catalyzed further
advances in depicting minute structures with unsurpassed radiation dose efficiency for CT
thus far [17,18]. PCD architecture eliminates the need for a two-step conversion process of
incoming X-ray photons as opposed to the current energy-integrating detector systems [19,20].
As the generated electric impulses are proportional to every photon’s particular energy above
a certain threshold, low-energy photons are no longer down-weighted, and contrast-to-noise
ratios are significantly improved [21,22]. The current and first PCD-CT generation allows for
an in-plane resolution of as little as 0.11 mm in ultra-high-resolution (UHR) mode without
dose penalty, facilitating the visualization of microstructures in particular [23].

While numerous studies have analyzed the impact of PCD technology on bone imag-
ing [24,25], to the authors’ best knowledge, no thorough investigation was conducted
regarding PCD-CT arthrography thus far. Aiming to address the current research gap, this
study evaluates the feasibility of ankle arthrograms with the novel detector technology,
establishing a clinically reproducible scan protocol in the process. We hypothesized that
the PCD-CT arthrography with UHR collimation would aid the assessment of minuscule
anatomical structures, such as thin cartilage layers and ligamentous stabilizers.

2. Materials and Methods

2.1. Cadaveric Specimens

The anatomical institute of the local university allocated four fresh-frozen, non-
formalin-fixated cadaveric specimens to the radiology department for this investigation.
During their respective lifetimes, the body donors had consented to posthumous use of
their remains for study and research purposes. No additional selection criteria were im-
posed. The institutional review board of our university waived the need for further written
informed consent and granted permission for this study.

2.2. Arthrography Procedure

A board-certified radiologist with nine years of experience in musculoskeletal imaging
performed bilateral ankle arthrographies in all four cadaveric specimens. Using an ultra-
sound for guidance (Acuson Sequoia, Siemens Healthineers, Erlangen, Germany), each
tibiotalar joint was infiltrated with a 20-gauge needle (Sterican®, Braun SE, Melsungen,
Germany) on the medial side of the anterior tibial tendon in analogy to a clinical proce-
dure. A combination of 50% iodinated contrast agent (Imeron 300®, Bracco S.p.A., Milan,
Italy) and 10 mg per ml of a local anesthetic (Mecain®, Puren Pharma GmbH & Co. KG,
Munich, Germany) was injected via the articular access. The injection volume was selected
as high as feasible, ranging between 7 and 9 mL. Using fresh-frozen specimens instead
of formalin-fixated cadavers allowed for realistic tissue properties and, subsequently, an
overall procedure representative of ankle arthrograms in vivo. No particular challenges or
limitations were encountered during the arthrography procedures.

2.3. Image Acquisition and Reconstruction Parameters

Directly following injection, the ankle joints were scanned using a first-generation
cadmium-telluride-based PCD-CT system (Naeotom Alpha, Siemens Healthineers). All
examinations were performed in UHR scan mode using a collimation of 120 × 0.2 mm.
With tube potential set to 120 kVp, a full-dose and low-dose scan were acquired in each
specimen with effective tube currents of 125 and 38 mAs. Resulting volume CT dose indices
(CTDIvol) amounted to 10.0 and 3.0 mGy. Detailed scan parameters are provided in Table 1.
Ankles were individually scanned and reconstructed in three standardized orientations
(axial, coronal, and sagittal) with an increment of 0.6 mm and a field of view of 100 mm.
Matrix parameters were selected automatically to obtain optimal settings; thereby, the
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sharpest available non-UHR kernel (Br76), a medium-sharp UHR kernel (Br84), as well as
the sharpest UHR kernel (Br98) were employed (Table 2). Preset window settings were 1400
and 300 HU (window width and center); however, observers were permitted to modify
these according to personal preferences.

Table 1. Acquisition protocols. Scan parameters and resulting radiation dose of photon-counting
CT arthrograms.

Scan Protocol Full-Dose Protocol Low-Dose Protocol

Tube voltage [kVp] 120 120
Tube current-time product [eff. mAs] 125 38
Detector collimation [mm] 120 × 0.2 120 × 0.2
Pitch factor 0.5 0.5
Rotation time [sec] 1.0 1.0
CTDIvol [mGy] 10 3

CTDIvol: volume computed tomography dose index; eff. mAs: effective milliampere-seconds; kVp: kilovoltage
peak; mGy: milligray; mm: millimeter; sec: second.

Table 2. Reconstruction parameters. Spatial frequencies of the employed convolution kernels at
different values of the modulation transfer function. Reported data according to vendor information.

Spatial Frequency
At the 50% Value of the MTF

(ρ50) [Line Pairs/cm]
At the 10% Value of the MTF

(ρ10) [Line Pairs/cm]
At the Maximum of the MTF

(ρmax) [Line Pairs/cm]

Br98 39.0 42.9 20.4
Br84 22.6 27.9 10.5
Br76 16.5 21.0 7.8

Br98/84/76: vendor-specific kernel names; cm: centimeter; MTF: modulation transfer function; ρ: indicator of
spatial frequency.

2.4. Subjective Image Evaluation

Seven radiologists with four to nine years of experience in musculoskeletal imaging
evaluated all datasets independently using certified diagnostic monitors (RadiForce RX660,
EIZO, Hakusan, Japan) in combination with standard clinical PACS software (Merlin
7.0.226222, Phönix-PACS, Freiburg, Germany). Readers were blinded to all protocol-
related information. After determining whether images were suitable for diagnostic use
in dichotomous fashion, observers were separately tasked with grading the image quality
for bone, cartilage, and ligaments, employing a seven-point rating scale (1 = very poor;
2 = poor; 3 = fair; 4 = satisfactory; 5 = good; 6 = very good; 7 = excellent).

2.5. Objective Image Evaluation

Normed regions of interest were placed in the talus, talar cartilage, posterior tibiotalar
ligament, and subcutaneous fat, noting mean density and standard deviation thereof. Due
to its homogeneous texture, the standard deviation within subcutaneous fat was defined as
image noise. Individual contrast-to-noise ratios were calculated for osseous tissue (CNRBone),
cartilage (CNRCartilage), and ligaments (CNRLigament) with the following formula:

CNR =
mean attenuation (bone/cartilage/ligament)− mean attenuation ( f at)

standard deviation ( f at)

2.6. Statistical Analysis

All statistical analyses were performed with dedicated software (SPSS Statistics Version
28, IBM, Armonk, NY, USA). For evaluating normal distribution in continuous variables,
Kolmogorov–Smirnov tests were conducted. Categorical variables were reported as ab-
solute and relative frequencies, with median values and 10–90 percentile ranges, while
normally distributed metric data were presented as means ± standard deviations. Mean
rank distribution in paired non-parametric variables was assessed comparatively using
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Friedman tests and Bonferroni-corrected pairwise post-hoc analyses. Null hypotheses were
rejected, and statistical significance was assumed if computed p-values were not greater
than 0.05. Interrater agreement was tested using the intraclass correlation coefficient (ICC)
for absolute agreement in a two-way random effects model. Following Koo and Li [26],
ICC scores were interpreted as being associated with poor (<0.50), moderate (0.50–0.75),
good (0.75–0.90), or excellent (>0.90) reliability.

3. Results

3.1. Subjective Image Quality Assessment

All datasets were deemed suitable for diagnostic assessment in a clinical routine by
each of the observers. Table 3 summarizes the pooled image quality scores assigned for
bone, cartilage, and ligaments. The optimal depiction of bone tissue was achieved in
full-dose scans with the ultra-sharp Br98 reconstruction kernel (median value 7, range 6–7).
All full-dose datasets were rated superior to the respective low-dose scans (p < 0.001).
Figure 1 includes a side-by-side comparison of the six employed acquisition–reconstruction
combinations, while highlighting hyaline cartilage lesions of various degrees. In contrast to
osseous tissue, the assessment of cartilage benefited from applying reconstruction kernels
with a lower spatial frequency within each dose level (p ≤ 0.014). No significant difference
was ascertained between full-dose Br98 versus low-dose Br84 and Br76 reconstructions for
hyaline cartilage (p ≥ 0.186) and ligaments (p ≥ 0.283). Figure 2 illustrates the depiction
of an intact posterior tibiofibular ligament. A pairwise comparison matrix comprising all
assessed combinations of scan protocol and reconstruction settings is displayed in Table 4.
Interrater reliability for bone microarchitecture visualization was excellent, indicated with
an ICC of 0.938 (95% confidence interval 0.902–0.962; p < 0.001), while observer agree-
ment was good for judging cartilage (0.887; 0.779–0.940; p < 0.001) and ligaments (0.805;
0.661–0.889; p < 0.001). Figure 3 exemplifies a full thickness defect located at the medial
talar shoulder and a partial thickness lesion on the lateral side.

Table 3. Subjective image quality assessment. Pooled diagnostic assessability scores drawn from the
subjective ratings of seven independent radiologists. Results are given as median values with 10–90
percentile ranges in parentheses.

Scan Protocol Full-Dose Protocol Low-Dose Protocol
ICC

Convolution Kernel Br98 Br84 Br76 Br98 Br84 Br76

Bone 7 (6–7) 6 (5–7) 5 (5–6) 4 (3–5) 5 (4–6) 5 (4–6) 0.938
Cartilage 6 (4–6.5) 6 (5–7) 7 (6–7) 4 (3–5) 5 (4–6) 5 (5–6) 0.887
Ligaments 6 (4.5–7) 6 (5–7) 6 (5–7) 4 (3–5) 5 (4–6) 5 (4–7) 0.805

Percentage of diagnostic examinations 100% 100% 100% 100% 100% 100%

Br98/84/76: vendor-specific kernel names; ICC: intraclass correlation coefficient.

Table 4. Comparison matrix for subjective image analysis. Mean image quality ranks of protocol–
kernel combinations were compared individually for bone/cartilage/ligaments in pairwise analyses.

Bone/Cartilage/Ligaments
Full-Dose Low-Dose

Br98 Br84 Br76 Br98 Br84 Br76

Br98 +/–/= +/–/= +/+/+ +/=/= +/=/=
Full-dose Br84 –/+/= +/=/= +/+/+ +/+/+ +/+/+

Br76 –/+/= –/=/= +/+/+ +/+/+ +/+/+

Br98 –/–/– –/–/– –/–/– –/–/– –/–/–
Low-dose Br84 –/=/= –/–/– –/–/– +/+/+ =/=/=

Br76 –/=/= –/–/– –/–/– +/+/+ =/=/=

The Bonferroni procedure was performed to correct p values for multiple comparisons. “+”: superior assessability;
“–”: inferior assessability; “=”: no statistically significant difference; Br98/84/76: vendor-specific kernel names.
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Figure 1. Photon-counting arthrographies in a cadaveric specimen performed with the full-dose
(10 mGy; A–C) and low-dose scan protocol (3 mGy; D–F). Reconstructions were performed with
the ultra-sharp kernel Br98 (A/D), medium UHR kernel Br84 (B/E), and non-UHR kernel Br76 (C/F).
Please note the full thickness cartilage defect at the lateral aspect of the talus (red circle) versus the
pseudodefect of the tibial plafond known as the “Notch of Harty” (blue circle). A superficial cartilage
lesion of the central tibia is better visualized using means of full-dose arthrography (red arrow).

Figure 2. Depiction of an intact posterior tibiofibular ligament (blue asterisk) in axial (A) and coronal
orientation (B). Photon-counting CT arthrography was performed with a CTDIvol of 10 mGy. The
acquired dataset was reconstructed with the ultra-sharp Br98 kernel, which possesses the highest
spatial frequency of all convolution kernels available for ultra-high-resolution imaging on a photon-
counting detector.
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Figure 3. Tri-planar reformatting of a full-dose photon-counting CT arthrogram in axial (A), coronal
(B), and sagittal orientation (C) using the medium BR84 kernel displays an osteochondral lesion of
the medial talus shoulder (red circle). Additionally, a partial thickness cartilage injury of the lateral
talus shoulder can be diagnosed (red arrow).

3.2. Objective Image Quality Assessment

Noise levels in subcutaneous fat decreased with reduced modulation transfer function
(p < 0.001). With regards to CNR, the non-UHR Br76 kernel superseded both assessed
UHR kernels based on measurements in bone, cartilage, and ligaments (p < 0.007). No
dose-dependent difference was ascertained for any of the tissues with Br98 (p > 0.999);
moreover, low-dose Br76 matched the quantitative metrics of full-dose Br84 (p > 0.999) and
even superseded Br98 (p < 0.001) in all cases. Detailed signal and noise characteristics are
provided in Table 5, while a pairwise comparison matrix thereof is exhibited in Table 6.
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Table 5. Quantitative image quality assessment. Signal and noise characteristics are reported as mean
± standard deviations.

Scan Protocol Full-Dose Protocol Low-Dose Protocol
Convolution Kernel Br98 Br84 Br76 Br98 Br84 Br76

NoiseFat [HU] 149.5 ± 23.4 54.6 ± 10.6 38.9 ± 9.3 240.6 ± 56.2 78.4 ± 10.3 52.2 ± 7.5

CNRBone 3.8 ± 0.9 9.8 ± 3.0 13.5 ± 4.3 3.0 ± 3.8 6.8 ± 1.6 10.2 ± 2.6
CNRCartilage 3.0 ± 0.9 7.4 ± 3.5 10.2 ± 4.5 2.9 ± 4.7 5.5 ± 2.2 7.8 ± 2.3
CNRLigaments 1.4 ± 3.3 3.2 ± 2.4 4.3 ± 3.4 1.2 ± 1.0 2.2 ± 1.6 2.9 ± 2.2

Br98/84/76: vendor-specific kernel names; CNR: contrast-to-noise ratio; HU: Hounsfield units.

Table 6. Comparison matrix for quantitative image analysis. Contrast-to-noise ratios (CNR) were
calculated based on attenuation and noise measurements in the talus, talar cartilage, posterior
tibiotalar ligament, and adjacent subcutaneous fat. Mean CNR ranks of protocol–kernel combinations
were compared individually for bone/cartilage/ligaments in pairwise analyses.

CNRBone/CNRCartilage/CNRLigaments
Full-Dose Low-Dose

Br98 Br84 Br76 Br98 Br84 Br76

Br98 –/–/– –/–/– =/=/= –/–/– –/–/–
Full-dose Br84 +/+/+ –/–/– +/+/= +/+/+ =/=/=

Br76 +/+/+ +/+/+ +/+/+ +/+/+ +/+/+

Br98 =/=/= –/–/= –/–/– –/=/= –/–/=
Low-dose Br84 +/+/+ –/–/– –/–/– +/=/= –/–/=

Br76 +/+/+ =/=/= –/–/– +/+/= +/+/=

The Bonferroni procedure was performed to correct p values for multiple comparisons. “+”: higher contrast-to-
noise ratio; “–”: lower contrast-to-noise ratio; “=”: no statistically significant difference; Br98/84/76: vendor-
specific kernel names; CNR: contrast-to-noise ratio.

4. Discussion

This experimental multi-observer study investigated the feasibility and image quality
of a photon-counting detector CT arthrography of the ankle joint with an ultra-high-
resolution detector collimation. Employing two different dose levels and three convolution
kernels with varying modulation transfer functions, the depictions of bone, cartilage, and
ligaments were separately assessed. Our results indicate that bone depiction is superior in
combination with an ultra-sharp reconstruction technique, whereas soft tissue evaluation
benefits from employing lower spatial frequencies. As to be expected, higher noise levels
and lower CNR were determined in dedicated low-dose studies; however, all assessed
datasets were found to be of diagnostic quality.

The presented findings are in line with recent publications regarding the depiction of
osseous tissue with photon-counting technology in clinical applications [17,27]. As reported
previously, the incorporated low-energy threshold reduces electronic background noise,
which would otherwise increase significantly in low-dose applications [28]; thereby, one of
the major disadvantages of a CT arthrography compared to an MRI, i.e., radiation dose,
can be minimized. As the diagnostic value of CT arthrography is generally considered to
be at least equivalent to an MRI after articular contrast injection [29,30], small joint imaging
focused on thin layers of hyaline cartilage in particular continues to pose a major challenge
to MRI arthrograms [31]. While MRI remains the modality of choice in bone marrow
imaging [32,33], CT does provide advantages in assessing the subchondral bone, which
facilitates diagnostic evaluation in patients suffering from osteoarthritis. Accordingly, the
only previous study investigating PCD-CT arthrography reported reliable morphological
assessability of cartilage loss in a porcine knee model [34].

With regards to acquisition time, an MRI also cannot compete with CT-based ap-
proaches, plausibly posing an obstacle in pain-ridden patients. As opposed to MR arthrog-
raphy, the option to perform an ultrasound-guided injection of the contrast media directly
within the CT suite further minimizes the overall examination time. Although a significant
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amount of contrast agent in the articular cavity can still be detected for up to 120 min,
following the administration thereof, an acceleration of the overall procedure optimizes
contrast conditions [35].

Representing a noteworthy alternative to PCD-CT arthrography of peripheral joints,
with regards to achievable spatial resolution, cone-beam CT arthrography gained increasing
recognition in recent years. An experimental study evaluating arthrograms of the wrist
suggested superiority of a cone-beam CT approach over a conventional energy-integrating
detector CT arthrography [36]. While the present investigation does not contain a direct
comparison of PCD-CT and cone-beam CT arthrography, the reported dose levels for main-
taining diagnostic image quality in both studies were somewhat equivalent. These findings
suggest similar dose efficiencies among both techniques, mandating further investigations
in patients.

The following limitations of this study ought to be considered. First, the study cohort
comprised only four cadaveric specimens; however, subjective ratings were performed
by seven radiologists, aiming to alleviate this restriction to some extent. Second, to offset
typical drawbacks of formalin-fixated body donor studies, e.g., the deterioration of bone
quality and altered soft tissue conditions, solely fresh-frozen cadavers were included.
Third, due to the experimental study design, PCD-CT arthrography findings did not
incur therapeutic consequences; consequently, no comparison of diagnostic performance
with other imaging modalities could be drawn. Fourth, the influence of possible motion
artifacts and off-center positioning on the image quality were not assessed, warranting
further evaluation in a clinical patient population. Lastly, since CNR differs with radiation
exposure level, the optimal kernel choice may differ for other clinical applications.

5. Conclusions

Photon-counting detector CT arthrography of the ankle with ultra-high-resolution
collimation offers stellar image quality and tissue assessability. While bone depiction was
found to be superior in combination with an ultra-sharp convolution kernel, the soft tissue
evaluation benefited from employing reconstructions with a lower spatial frequency.
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Abstract: Hydroxyapatite deposition disease (HADD) represents a multifaceted condition char-
acterized by the accumulation of hydroxyapatite crystals in soft tissues, leading to subsequent
inflammation and discomfort. The intricate etiology of HADD is the subject of this comprehen-
sive review, which encompasses an in-depth analysis of the four proposed pathogenic mechanisms
and a deliberation on the predisposing factors that instigate the development of this disease. In
order to provide a thorough understanding of the disease’s progression, this manuscript delineates
the stages of HADD—those preceding calcification, occurring during calcification, and following
calcification—in meticulous detail. This chronology forms the basis of a complete portrayal of the
evolution of HADD. Moreover, this review encompasses an examination of the radiological findings
associated with HADD, furnishing an extensive discourse on imaging characteristics. The potential
of HADD to mimic other diseases, thereby posing diagnostic challenges, is also articulated. The
discourse continues with an investigation of HADD’s differential diagnosis. This section furnishes
a robust framework for distinguishing HADD from other conditions based on imaging results. To
enrich the understanding of this diagnostic process, case studies illustrating real-world applications
are provided. An overview of treatment modalities for HADD, including both conservative and
interventional approaches, forms the concluding discussion. The pivotal role of imaging specialists
in the diagnosis and management of HADD is emphasized, highlighting their vital contribution to
image-guided procedures and disease monitoring.

Keywords: hydroxyapatite deposition disease; HADD; etiology; radiological findings; differential
diagnosis; radiologist role

1. Introduction

Hydroxyapatite deposition disease (HADD), alternatively known as calcific tendinosis,
calcific periarthritis, peritendinitis calcarea, calcific peritendinitis, calcific bursitis, and
hydroxyapatite rheumatism, is a condition characterized by calcium hydroxyapatite crystal
deposits in tendons, joints, and other soft tissues [1]. The disease is often asymptomatic and
self-limiting, but when it is associated with an inflammatory process or when it occurs in
unusual locations, it can imitate trauma, infection, or neoplasm [2], leading to misdiagnosis
and unnecessary interventions [3]. It has a higher prevalence in females compared to
males (2:1) [4].

Our understanding of HADD has significantly evolved over the years, with advance-
ments in both diagnostic techniques and therapeutic approaches. Radiological imaging
plays an instrumental role in the diagnosis and management of HADD. Despite the gleno-
humeral joint being the most common location for HADD [5], the diverse clinical presenta-
tions and locations of HADD present a considerable diagnostic and management challenge,
underscoring the need for continuous research and review of the disease.

HADD’s etiology is not entirely understood, but it is theorized to involve a series of
stages, encompassing a precalcific stage, a calcific stage, and a postcalcific stage [6]. The
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precalcific stage involves changes in the tendon cells that predispose them to calcification.
The calcific stage is marked by the actual deposition of calcium hydroxyapatite crystals in
the tendon [7]. The postcalcific stage involves the resolution of the calcific deposit and the
healing of the tendon [8].

Comprehensive literature reviews bear vital importance in the realm of medical re-
search. They synthesize a vast amount of research, facilitating a better understanding of
the current state of knowledge, identifying research gaps, and setting directions for future
studies. This comprehensive review of hydroxyapatite deposition disease aims to delve
into the etiology, underscore the pivotal role of radiological findings in diagnosis, and
explore the current and emerging treatment strategies for this condition.

2. Pathogenesis of HADD

2.1. Explanation of the Four Proposed Pathogenic Pathways

The precise etiology of hydroxyapatite deposition disease (HADD), a multifaceted
condition, remains elusive and is an ongoing subject of investigation. The development
of HADD, despite the current gap in definitive understanding, is potentially elucidated
through four proposed primary pathogenic mechanisms [9] (Table 1).

Table 1. Pathogenic pathways of HADD.

Pathogenic Pathway Key Players Outcome

Degenerative calcification Tendon, vascular
ischemia, trauma

Deposition of
calcified material

Reactive or cell-mediated
calcification

Chondrocytes,
phagocytosing cells

Calcium deposition and
resorption of calcified material

Process similar to
endochondral ossification Cartilage, bone Abnormal calcification within

soft tissues
Erroneous differentiation of
tendon-derived stem cells

Tendon-derived stem cells,
chondrocytes, osteoblasts

Development of HADD due
to calcium deposition

2.1.1. Degenerative Calcification

Degenerative calcification represents the first hypothesis in the potential development
of HADD. According to this theory, the deposition of calcified material may be incited
by localized damage to the tendon, attributable to either vascular ischemia or repetitive
trauma [10].

Vascular ischemia describes a deficit in the blood supply, leading to insufficient oxygen
and glucose required for cellular metabolism. For tendons, vascular ischemia could be
a consequence of multiple factors such as physical injury, repetitive strain, or medical
conditions that obstruct blood circulation [11]. The aftermath of vascular ischemia on
a tendon potentially leads to tissue necrosis, initiating a series of biological responses
including inflammation and chemical release, promoting calcification [11].

Similarly, repetitive trauma, or damage from recurring physical stress on the ten-
don, could stem from activities with repetitive motions like certain sports or jobs. The
consequence of such trauma is often microtears in the tendon, leading to inflammation
and subsequent tissue degeneration. This degenerated environment potentially facilitates
calcium deposition, resulting in calcification [10].

This path of degenerative calcification indicates that HADD is a response to physical
stress or injury involving tissue degeneration followed by calcification or the accumulation
of calcium salts. While typically a part of the body’s healing process, in HADD, this results
in hydroxyapatite crystal formation, which induces pain and inflammation [11].

2.1.2. Reactive or Cell-Mediated Calcification

Reactive or cell-mediated calcification is the second theory, suggesting that chondro-
cytes, or the cells maintaining the cartilaginous matrix, mediate calcium deposition [12].
Chondrocytes, residing in cartilage, synthesize and maintain the cartilaginous matrix,
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a network of proteins and molecules that provide structure and support to the tissue. In
the context of HADD, chondrocytes may contribute to calcium deposition, potentially in
response to injury or inflammation [12]. In addition, this pathway involves phagocytosing
cells, which absorb harmful foreign particles, bacteria, and dead or dying cells. These cells
aid in the resorption of calcified material, implying that the body’s cells play a part in both
HADD development and resolution [13].

2.1.3. Process Similar to Endochondral Ossification

Endochondral ossification, a fundamental bodily process responsible for long bone
formation and natural growth, is hypothesized to be similar to the third mechanism of
HADD pathogenesis. In HADD, this process deviates pathologically, resulting in abnormal
calcium deposition within the soft tissues rather than the standard transformation of
cartilage into bone. This deviant calcification can occur in tendons, ligaments, and other
periarticular soft tissues, leading to HADD’s clinical manifestations. The specific trigger for
this abnormal ossification remains elusive, but it is conjectured to be a response to tissue
damage or stress, similar to the physiological injury response where bone forms to repair
and strengthen the damaged area [14].

2.1.4. Erroneous Differentiation of Tendon-Derived Stem Cells

The last hypothesized mechanism involves the faulty differentiation of tendon-derived
stem cells into calcium-depositing chondrocytes or osteoblasts. Stem cells, particularly
tendon-derived ones, hold the capacity for self-renewal and differentiation into various cell
types, including tenocytes, chondrocytes, and osteoblasts [15].

In the context of HADD, these tendon-derived stem cells are hypothesized to mis-
differentiate into calcium-depositing chondrocytes or osteoblasts, contributing to disease
development. This implies a dysregulation in the stem cell differentiation process, possibly
due to genetic or environmental factors. The mis-differentiated cells then contribute to
the formation of hydroxyapatite crystals within soft tissues, leading to HADD’s clinical
manifestations [15].

This pathogenic mechanism suggests that stem cells may play a part in HADD’s patho-
genesis, pointing to a potential novel treatment approach. However, further investigation
is required to fully comprehend this mechanism and to develop effective stem cell-based
treatments for HADD [15].

In conclusion, the complexity of HADD’s pathogenesis likely involves multiple path-
ways, including processes similar to endochondral ossification and erroneous differentia-
tion of tendon-derived stem cells. Comprehending these mechanisms is crucial for devising
effective HADD treatments. Yet, further exploration is necessary to fully unravel these
mechanisms and their treatment implications for HADD [15].

3. Predisposing Risk Factors for HADD

There are a number of predisposing factors that augment the likelihood of the onset of
hydroxyapatite deposition disease (HADD) (Table 2). Metabolic and genetic influencers
hint at a multifaceted etiology underpinning this disease [3]. Diabetes is a substantial risk
factor associated with HADD. The exact contribution of diabetes to HADD is yet to be
fully delineated. Nevertheless, diabetes-induced metabolic alterations, such as chronic low-
grade inflammation and heightened oxidative stress, are speculated to foster the deposition
of hydroxyapatite crystals within the soft tissues [16].

Another aspect to consider in the metabolic sphere are disorders pertaining to thyroid
and estrogen metabolism, both of which have been associated with HADD. The thyroid
gland’s pivotal role in regulating metabolism and the widespread physiological conse-
quences of its dysfunction are of interest here [17]. Similarly, estrogen, largely implicated in
female reproductive health and bone metabolism, can induce abnormal calcium metabolism
if imbalanced, potentially resulting in hydroxyapatite crystal deposition in soft tissues [18].
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Table 2. Predisposing risk factors for HADD.

Risk Factor Type Possible Mechanism

Diabetes Metabolic Increased oxidative stress and chronic
low-grade inflammation

Thyroid disorders Metabolic Disruptions in metabolic regulation
Estrogen metabolism

disorders Metabolic Imbalances in hormones affecting
bone health

HLA-A1 genotype Genetic Potential immunological component

Beyond these metabolic elements, certain genetic factors are also found to be linked
with an increased HADD risk. The HLA-A1 genotype, part of the human leukocyte
antigen (HLA) system that is critical to immune recognition of self and non-self cells, is
one such genetic factor. The HLA-A1-HADD association hints at a potential immunological
dimension to the disease, though the precise mechanism remains to be elucidated [19].

Considering these factors, the etiology of HADD is likely influenced by a complex
interplay between metabolic and genetic components. These may interact with the pro-
posed pathogenic pathways, potentially instigating the disease in susceptible individuals.
Metabolic disorders like diabetes, and disorders of thyroid and estrogen metabolism,
might induce cellular stress or damage, triggering the degenerative calcification pathway
(16,17,18). Similarly, the HLA-A1 genotype might influence the reactive or cell-mediated
calcification pathway, thus promoting hydroxyapatite crystal deposition [19].

To conclude, the emergence of HADD is thought to be influenced by the complex
interplay between metabolic and genetic components. Unraveling these risk factors and
their interaction with the proposed pathogenic pathways is imperative for devising ef-
ficacious preventive and therapeutic strategies for HADD. However, a comprehensive
understanding of these interactions and their role in the pathogenesis of HADD demands
further research [3].

4. Stages of HADD

4.1. Description of the Precalcific, Calcific, and Postcalcific Stages

The progression of hydroxyapatite deposition disease (HADD) is a temporal phe-
nomenon that can be categorized into three primary stages: precalcific, calcific, and
postcalcific [20] (Table 3).

Table 3. Stages of HADD.

Stage Description Symptoms
Radiographic

Findings

Precalcific

Initial phase characterized by
impaired perfusion and
resultant focal hypoxia,

triggering fibrocartilaginous
transformation

Often
asymptomatic

Not typically visible
on radiographs

Calcific

Marked by the deposition of
calcium crystals; further

subdivided into formative,
resting, and

resorptive phases

Acute pain during
resorptive phase

Visible calcifications,
especially during the

resorptive phase

Postcalcific

Occurs when the void from
the resorptive phase of the
calcific stage is replaced by
granulation and scar tissue

Resolution
of disease

Healing process
visible, calcifications

typically absent

The precalcific stage serves as the inception of HADD and is characterized by reduced
perfusion and resultant localized hypoxia, triggering fibrocartilaginous transformation at
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the prospective calcification site. Often asymptomatic, this stage can be overlooked until
the progression to the subsequent stage [12,21,22].

The calcific stage signifies the calcium crystal deposition phase and is divided into
formative, resting, and resorptive phases. The formative phase sees fibrocartilage being
replaced by a calcific deposit, which during the resting phase, resides without associated
vascularity or inflammation for a variable duration. Eventually, the resorptive phase
sees the calcium deposit being invaded by macrophages, polymorphonuclear cells, and
fibroblasts that phagocytose and remove the calcium, giving the calcification an ill-defined,
irregular appearance. The acute pain associated with HADD typically coincides with the
resorptive phase, wherein the calcific deposit may rupture into nearby tissues, inciting an
acute inflammatory response. Corresponding MRI observations report edema or a fluid
signal surrounding the calcific focus [12,21,22].

The postcalcific stage is a critical juncture in HADD progression. At this stage, the
body initiates the repair of calcification-induced damage. Granulation tissue, comprising
new connective tissue and microscopic blood vessels, replaces the void left by the resorptive
phase. This tissue matures into scar tissue over time, indicating the termination of the
active disease phase. However, this does not always indicate a cessation of symptoms
or treatment requirement, as the scar tissue can induce discomfort and restrict function
depending on its location [12,21,22].

4.2. Explanation of the Changes in HADD over Time

The progression of HADD is a dynamic, individualized process, varying in duration
and severity among individuals. Certain individuals may rapidly progress from the
precalcific to the postcalcific stage, while others may stay in a single stage for an extended
period with minimal disease alteration [4]. Notably, symptom severity does not necessarily
align with the disease stage. The resorptive phase, despite being part of the calcific stage,
is often the most acutely painful. This phase, involving the body’s attempt to breakdown
and remove calcium deposits, can cause significant inflammation and pain. However,
the initiation of the postcalcific stage typically coincides with pain resolution and the
commencement of the healing process [8].

Understanding HADD’s progression, including the postcalcific stage, is critical for
disease management. This knowledge can inform treatment decisions and provide patients
with a better grasp of their condition. Despite the potential for significant pain and discom-
fort, it is crucial to remember that HADD is a self-limiting disease that typically resolves
over time, particularly as the body enters and progresses through the postcalcific stage [8].

5. Radiological and Imaging Findings of HADD

Hydroxyapatite deposition disease (HADD), a condition characterized by the depo-
sition of hydroxyapatite crystals, showcases a broad spectrum of radiological findings
discernible in multiple imaging modalities. A comprehensive understanding of these
findings aids in the accurate diagnosis of HADD, setting it apart from other conditions
with analogous symptoms [23].

Hydroxyapatite crystals, the focal point of HADD, are predominantly radiopaque,
translating to augmented density zones on radiographs. During the initial stages of HADD,
these deposits appear scattered and minuscule, posing a challenge for detection. As the
disease advances, these deposits merge into larger clusters, making them more visible [10].

5.1. Detailed Discussion on the Imaging Features of HADD
5.1.1. Plain Radiographs

Regarded as the first line of imaging modality for HADD diagnosis, plain radiographs
capture the hallmark feature of HADD: amorphous, nebulous densities in soft tissues.
These hydroxyapatite densities mainly encircle joints, particularly the shoulder (Figure 1),
but can also inhabit unconventional regions like the hip, wrist, and spine.
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Figure 1. Frontal radiograph of the left shoulder demonstrating a well-defined calcification in the
supraspinatus tendon (red arrow).

Advanced cases of HADD might exhibit these deposits in conjunction with bone
erosion or cortical irregularities [3,8]. The scattered distribution of the calcified material
accounts for the nebulous appearance of these deposits on radiographs, setting HADD
apart from other conditions with similar radiographic findings [3,8,21]. The location of
these deposits could provide valuable insights for diagnosing HADD. Instances of deposits
in areas like the hip or wrist might point towards HADD in patients with discomfort in
these areas.

Although rare, deposits in the spine could be indicative of HADD [24]. Progressed
HADD stages might show hydroxyapatite deposits accompanied by bone erosion or cor-
tical irregularities. Bone erosion, the dissolution of bone tissue, might occur due to the
pressure exerted by the hydroxyapatite deposits on the neighboring bone tissue. Cortical
irregularities, anomalies in the bone’s outer layer, could be due to various factors, including
HADD [24].

5.1.2. Computed Tomography

Computed tomography (CT) offers an in-depth visualization of hydroxyapatite de-
posits, elucidating their size, shape, and location. CT scans reveal these deposits as high-
density zones within soft tissues, often associated with the inflammation around them,
apparent as increased attenuation in adjacent soft tissues [23] (Figure 2). The high-density
portrayal of hydroxyapatite deposits on CT scans stems from hydroxyapatite’s high calcium
content, which absorbs more X-rays than the surrounding soft tissues [23]. The detailed
information offered by CT scans can shape treatment strategies for HADD patients, such
as by guiding surgical interventions [25]. The hydroxyapatite deposits’ association with
surrounding inflammation can be gauged on a CT as decreased attenuation in adjacent soft
tissues from the soft tissue edema. This observation can confirm the diagnosis of HADD
and evaluate the disease’s extent [25].
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Figure 2. (A) Coronal short tau inversion recovery (STIR) MRI of the pelvis demonstrating an ill-
defined low signal intensity focus at the origin of the left rectus femoris tendon (red arrow) with
surrounding soft tissue edema. (B) Coronal CT image of the pelvis. Note how the calcification is
more easily discernable on the CT image (black arrow).

5.1.3. Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) constitutes an essential imaging modality for diag-
nosing soft tissue modifications linked to hydroxyapatite deposition disease (HADD) [26].
Non-invasive in nature, MRI utilizes a robust magnetic field and radio waves to generate
comprehensive images of the body’s internal structures, providing key insights into the
hydroxyapatite deposits affiliated with HADD.

Specifically, MRI images display hydroxyapatite deposits as regions with low signal
intensity across both T1- and T2-weighted images, attributable to the high mineral content
of hydroxyapatite, a form of calcium phosphate crystals [27]. Consequently, this results in
its manifestation in MRI images (Figure 3). Concurrently, MRI also reveals inflammation
signs within surrounding soft tissues, such as edema and increased signal intensity on
T2-weighted images [28] (Figure 4). Edema, a common response to inflammation or
injury, indicates the body’s reparative efforts, while a heightened signal intensity on T2-
weighted images typifies inflammation and is present in several conditions, including
HADD (Figure 5).

 

Figure 3. (A) Axial T2 fat-saturated MRI image and (B) sagittal PD fat-saturated MRI image of the left
hip demonstrating a well-defined low signal intensity calcification at the insertion of the left gluteus
medius tendon (red arrows) with surrounding soft tissue edema.
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Figure 4. (A) Axial PD and (B) axial T2 fat-saturated MRI images of the hand demonstrating a well-
defined globular low signal intensity focus at the volar capsule of the metacarpophalangeal joint of
the middle finger (red arrows) with significant surrounding soft tissue edema. Note how this focus
is more easily discernable on the (C) X-ray image of the hand, which clearly demonstrates that it is
a focus of calcification (black arrow).

 
Figure 5. (A) Coronal PD fat-saturated MRI and (B) axial PD fat-saturated MRI images of the
right shoulder demonstrating a few ill-defined low signal intensity calcifications (red arrows) in
the subacromial/subdeltoid bursa, with fluid signal intensity within the bursa (white arrows) most
suggestive of calcific bursitis.

Moreover, MRI occasionally displays the characteristic “arc and ring” pattern of the
deposits, indicating a low signal intensity core of hydroxyapatite crystals encircled by
a high signal intensity rim of inflammatory tissue [3]. This pattern serves as a valuable
diagnostic marker in MRI readings of potential HADD patients.

Gradient recalled echo (GRE) sequences can reveal hydroxyapatite deposits as areas of
signal voids or hypointensity due to the magnetic susceptibility effects of the calcified mate-
rial. This is particularly useful in early-stage HADD, where the amount of hydroxyapatite
deposition may be minimal and harder to detect with other imaging techniques (Figure 6).
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Figure 6. (A) Axial PD fat-saturated MRI image and (B) axial GRE sequence MRI of the right
shoulder demonstrating a small well-defined low signal intensity calcification at the insertion of the
supraspinatus tendon (red arrow). Note how the calcification is more visible and conspicuous on the
GRE sequence (black arrow) due to a blooming artifact from the calcification.

5.1.4. Ultrasound

Ultrasound utilizes high-frequency sound waves to generate images of the body’s
internal structures. For HADD diagnosis, ultrasound is critical in identifying the size,
shape, and location of hydroxyapatite deposits, which manifest as hyperechoic foci within
soft tissues due to their high reflectivity [29].

These deposits may correspond to acoustic shadowing, a phenomenon where ul-
trasound waves are obstructed by the deposits, leading to an image shadow (Figure 7).
This feature is of diagnostic value, as it differentiates hydroxyapatite deposits from other
soft tissue abnormalities [30]. Furthermore, ultrasound can detect inflammation and ten-
don damage through increased echogenicity of the surrounding tissues and alterations in
tendon size, shape, and echotexture [31].

 

Figure 7. Ultrasound image showing calcific focus at the supraspinatus tendon insertion (red arrow)
with posterior acoustic shadowing (white arrow).

Radiological findings of HADD are extensive and observable using various imag-
ing modalities (Table 4). Combined with the patient’s clinical presentation and history,
these findings aid in the accurate diagnosis of HADD and differentiation from other
conditions [32].
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Table 4. Radiological findings in HADD.

Imaging Modality
Appearance of

Hydroxyapatite Deposits
Associated Findings

Plain radiographs Amorphous,
cloud-like densities

Bone erosion or cortical
irregularities

Computed tomography (CT) High-density areas Surrounding inflammation
Magnetic resonance

imaging (MRI) Low signal intensity areas Surrounding inflammation,
“arc and ring” pattern

Ultrasound Hyperechoic foci Acoustic shadowing,
inflammation, tendon damage

6. HADD Can Mimic Other Diseases

HADD can mimic other diseases, such as tumoral calcinosis and aggressive neoplastic
processes, presenting a diagnostic challenge.

Tumoral calcinosis, a rare condition, features large, calcified, periarticular soft tissue
masses made of calcium phosphate crystals, often associated with hyperphosphatemia.
Radiographs of tumoral calcinosis exhibit large, lobulated masses with a dense, amorphous
calcification pattern. These can resemble the appearance of hydroxyapatite deposits in
HADD, which similarly appear as amorphous, cloud-like densities in soft tissues [33].

Similarly, HADD’s bone erosion can mimic bone destruction in aggressive tumors.
Particularly, malignant neoplastic processes can cause substantial bone destruction and
cortical irregularities, mirroring those observed in advanced HADD cases. This resem-
blance complicates the differentiation of HADD from malignant tumors based solely on
radiological findings [25,34].

However, several elements aid in distinguishing HADD from these conditions. Char-
acteristic calcifications, usually located around joints and associated with bone erosion or
cortical irregularities, are a unique feature of HADD [24]. In comparison, calcifications
in tumoral calcinosis are typically larger and more lobulated, and bone destruction in
aggressive neoplastic processes is more extensive and accompanies a soft tissue mass [33].

Additionally, the localization of calcification in HADD provides diagnostic clues. They
are typically located in the tendons around joints, especially the shoulder, but can also
be found in unusual locations like the hip, wrist, and spine. In contrast, calcifications in
tumoral calcinosis are usually found in the periarticular soft tissues, and bone destruction
in aggressive neoplastic processes can occur in any bone affected by the tumor [2].

Despite the challenge posed by radiological mimicry of other diseases, a comprehen-
sive understanding of HADD’s imaging features aids in accurate diagnosis and suitable
management. It is essential to consider the patient’s clinical history, physical examination
findings, and laboratory results along with imaging findings for the correct diagnosis. As
always, correlation with clinical findings is crucial in radiology, with HADD being no
exception [8].

6.1. Differentiating HADD from Other Diseases Based on Imaging Findings

Differential diagnosis is a vital component of medical practices, providing doctors the
tools to distinguish diseases with comparable symptomatology or manifestation. HADD
introduces unique challenges to the differential diagnosis process, as it has a propensity
to mimic other conditions. This mimicry is particularly apparent in radiological find-
ings where HADD’s calcified deposits may appear to mirror diseases such as tumoral
calcinosis or aggressive neoplastic processes. Thus, a comprehensive understanding of
HADD’s imaging traits is imperative for an accurate diagnosis and suitable treatment
management [3,25,33,34].

6.1.1. The Acute Phase

Acute symptomatic HADD is often misdiagnosed as a traumatic or infectious process,
especially when it affects the longus colli muscle at the cervical spine. In these scenarios,

282



Diagnostics 2023, 13, 2678

characteristic calcifications are key to differentiate HADD from infection. When individuals
present with acute symptomatic HADD following minor trauma, there is a possibility that
HADD’s calcifications may be misinterpreted as avulsion fragments. Nevertheless, avulsion
fractures typically display a linear or incompletely corticated appearance, contrasting with
HADD calcification’s more ambiguous or homogeneous display [35].

During HADD’s acute phase, patients might exhibit symptoms similar to those of
traumatic injury or infection, including pain, swelling, and a reduced motion range in the
affected area. In situations where HADD affects the longus colli muscle at the cervical
spine, patients might also experience neck stiffness, odynophagia (painful swallowing), and
dysphagia (difficulty swallowing). In rare instances, the swelling accompanying HADD in
this region can lead to airway compromise [35].

The distinguishing factor between acute symptomatic HADD and a traumatic or
infectious process is the characteristic calcifications seen in imaging studies. These calcifica-
tions are calcium apatite crystal deposits within and around connective tissues, a defining
feature of HADD. In radiographic images, these calcifications often exhibit an amorphous,
nebulous appearance, differing considerably from the linear or incompletely corticated
appearance of avulsion fragments typically seen in traumatic injuries [35].

When minor trauma occurs, the misinterpretation of HADD’s calcifications as avulsion
fragments might occur. Avulsion fractures result from a muscle’s forceful contraction or
stretch, tearing away a bone fragment. These fractures are commonly associated with sports
injuries and frequently observed in younger individuals engaged in activities involving
sudden accelerations or decelerations. In imaging studies, avulsion fractures usually
appear as linear or incompletely corticated bone fragments, contrasting sharply with the
ambiguous or homogeneous display of HADD calcification [35].

Therefore, when symptoms suggestive of a traumatic or infectious process arise, espe-
cially in minor trauma scenarios, it is crucial to consider HADD as a potential differential
diagnosis. A meticulous examination of imaging studies, focusing particularly on the
presence and appearance of calcifications, can assist in distinguishing HADD from other
conditions, guiding appropriate management [36].

6.1.2. The Chronic Phase

Chronic symptomatic HADD frequently poses diagnostic challenges due to its simi-
larity to other conditions like trauma’s late sequela, specifically heterotopic ossification or
malignancy. Heterotopic ossification denotes the aberrant formation of true bone within
extraskeletal soft tissues, which typically occurs post-trauma or surgery. Its imaging char-
acteristics can mimic HADD, but the key differentiating factor is a corticated margin’s
presence surrounding the heterotopic ossification, which is absent in HADD [35].

One of the challenges encountered during the process of distinguishing HADD from
other diseases is the presence of bony erosion and periosteal reaction that could be mistaken
for signs of a soft tissue malignancy or sarcoma [35]. These types of cancers originate in
soft tissues such as fat, muscle, nerves, fibrous tissues, blood vessels, or deep-skin tissues,
making the differentiation complex due to similar calcification and bone erosion patterns
on imaging studies. Nevertheless, an absence of a discrete soft tissue mass, alongside
calcification located at a typical HADD site, can support the differentiation between HADD
and a neoplastic process.

Concluding the diagnostic perspective, the differential diagnosis of HADD relies
heavily on the recognition of characteristic imaging features and an understanding of how
these differ from those of other diseases [3]. This ability to distinguish HADD from other
conditions based on imaging findings underpins the precision of diagnosis and tailoring of
the most suitable management approach.
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6.1.3. Other Conditions Acting as Differentials in HADD
Trauma

Trauma, either acute or chronic, is a significant factor that may lead to calcification
within the affected soft tissues. This calcification can be easily confused with HADD. In
cases of trauma, be it a singular traumatic event or an ongoing history of injury, radiological
findings often reveal distinctive signs such as fracture lines, bone contusions, or other
evidence that is entirely distinct from the amorphous calcifications observed in HADD. The
differentiation process is vital, as it relies on a combination of the patient’s history, clinical
examinations, and diverse imaging modalities like X-rays, CT scans, or MRI [35]. It is worth
emphasizing the significance of recognizing the exact location and pattern of calcification
and the absence of systemic symptoms typically linked to HADD, as this understanding
can be instrumental in determining the correct treatment approach, which significantly
differs from HADD management.

Infection

Chronic infections, particularly those that infiltrate the joints or surrounding tissues,
often present a clinical picture that might lead to calcifications resembling HADD. The
nature of these calcifications could be bacterial, fungal, or viral, usually localized or gener-
alized within the affected region. The importance of distinguishing infection from HADD
cannot be overstated, as it is a matter of employing entirely different therapeutic strategies.
This approach to diagnosis involves a detailed clinical history, laboratory markers for
infection (such as elevated white blood cell counts, C-reactive protein, or culture results),
and relevant imaging techniques [35]. Contrary to HADD, infections often necessitate
specific treatments like antimicrobial therapy or surgical interventions, thus underlining
the vital importance of accurate differentiation.

Pseudohypoparathyroidism

Pseudohypoparathyroidism (PHP) is characterized by features like short stature, obe-
sity, round face, and intellectual disability. It may also cause calcifications within soft
tissues that resemble HADD [14]. However, the diagnosis process involves the observation
of unique laboratory findings, such as low calcium and high phosphate levels and spe-
cific skeletal abnormalities on radiological examinations such as shortening of the fourth
metacarpal. Further assessment may include a detailed family history and identifying ad-
ditional features related to Albright’s hereditary osteodystrophy, making the management
of PHP remarkably different from HADD.

Hyperparathyroidism

Hyperparathyroidism can also induce generalized calcifications within soft tissues,
creating confusion with HADD. The hallmarks of this disorder include increased levels
of PTH, leading to disturbances in calcium and phosphate metabolism. Differentiating
this condition from HADD relies on laboratory findings, such as elevated serum calcium
and PTH levels, and radiological imaging that might reveal calcification in various parts
of the body [15]. Proper differentiation from HADD is crucial, as its management might
necessitate measures, like medication, dietary modification, or even surgical intervention,
that are tailored to the underlying cause.

CPPD (Chondrocalcinosis)

Calcium pyrophosphate deposition disease (CPPD) sets itself apart from HADD due
to its more defined calcification patterns. Unlike HADD’s typical amorphous calcifica-
tions, CPPD manifests in acute or chronic joint pain and is often linked with underlying
metabolic disorders. Specific radiographic findings and the involvement of certain joints,
predominantly affecting areas like the knees or wrists, further support its differentiation
from HADD. The treatment approach for CPPD, encompassing NSAIDs, corticosteroids, or
colchicine, varies markedly from that for HADD.
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In summary, the complexity of conditions like trauma, infections, PHP, hyperparathy-
roidism, and CPPD necessitates a nuanced understanding to differentiate them from
HADD. Through careful examination, clinical expertise, and the use of appropriate diag-
nostic tools, the proper treatment and management approach for each condition can be
effectively implemented.

7. Treatment of HADD

In the treatment of HADD, a myriad of strategies have been utilized, combining
conservative and interventional approaches [37]. These methods are employed considering
the disease’s severity, the deposit location, and the patient’s overall health status.

The first line of defense in managing HADD often consists of conservative treatment
approaches. These include rest, physical therapy, and administration of non-steroidal anti-
inflammatory drugs (NSAIDs) [38]. The importance of rest as a fundamental component of
this approach cannot be overstated, providing the body an opportunity to heal and recover
naturally, thus reducing HADD-induced inflammation and pain [37].

Physical therapy, a significant element in HADD management, works towards im-
proving joint function, increasing range of motion, and strengthening muscles surrounding
the affected joint [39]. NSAIDs, often employed to reduce inflammation and alleviate pain,
function by inhibiting the production of certain inflammation-causing chemicals in the
body [40].

In instances where conservative treatment strategies fail to offer sufficient relief, in-
terventional treatments are considered. These include extracorporeal shock wave therapy
(ESWT) and surgical intervention [41]. ESWT, a non-invasive procedure, uses sound waves
to break up hydroxyapatite deposits, facilitating their resorption. Particularly effective
in cases where deposits are near the skin surface, this therapy represents an innovative
approach to treatment [42,43].

Surgical intervention, reserved typically for severe cases, involves arthroscopic or
open surgery to remove deposits [44,45]. The decision to proceed with surgery requires
careful evaluation of the patient’s overall health status, the severity of their symptoms,
and their response to conservative treatment. It is of paramount importance that patients
work closely with their healthcare provider in developing a treatment plan tailored to their
specific needs and circumstances [46].

Role of the Imaging Specialist in the Treatment of HADD

The role of the imaging specialist in the treatment of HADD is indeed crucial. Imaging
specialists play a key role in the diagnosis of HADD, as the disease is primarily identified
through imaging studies. They are responsible for identifying the hydroxyapatite deposits
and differentiating HADD from other conditions that may present with similar imaging
findings [1,47].

The imaging specialist’s role begins with the initial diagnosis. Using imaging modali-
ties such as X-ray, CT, MRI, and ultrasound, imaging specialists can identify the charac-
teristic calcifications associated with HADD. These deposits typically appear as areas of
increased density or signal in these imaging studies, allowing the imaging specialist to
differentiate HADD from other conditions that may present with similar symptoms but
different imaging findings [47].

In addition to identifying the hydroxyapatite deposits, imaging specialists also play
a crucial role in assessing the extent of the disease. They can determine the size and
location of the deposits as well as any associated soft tissue changes or bone erosion. This
information is vital for planning the appropriate treatment strategy [47].

Imaging specialists also play a significant role in the treatment of HADD through
image-guided procedures. For instance, they may perform image-guided needle aspiration
or lavage to remove the deposits. This procedure involves using imaging guidance to insert
a needle into the affected area and aspirate the calcific deposits (Figure 8). This can help to
alleviate symptoms and promote healing [48].
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Figure 8. Ultrasound image showing a percutaneous calcific lavage procedure with a needle within
the calcific focus during the irrigation (red arrow).

In addition, imaging specialists may guide the placement of corticosteroid injections to
reduce inflammation. These injections can be administered directly into the bursae or soft
tissues surrounding the affected joint, providing immediate relief from pain and inflamma-
tion. The precise placement of these injections is crucial to ensure their effectiveness and
minimize potential side effects, and the expertise of the imaging specialist is invaluable [41].

Furthermore, imaging specialists play a key role in monitoring the progress of the
disease and the effectiveness of treatment. Through follow-up imaging studies, they
can assess whether the hydroxyapatite deposits are decreasing in size or disappearing
altogether, indicating a positive response to treatment. They can also identify any potential
complications or new areas of calcification [47].

Therefore, the role of the imaging specialist in the treatment of HADD extends beyond
the initial diagnosis. They are integral to the treatment and management of the disease,
providing valuable insights through their expertise in imaging studies and image-guided
procedures. Their contributions are essential to ensuring the most effective treatment
strategy for each individual patient, ultimately leading to better patient outcomes [1,47].

Imaging specialists are integral to multidisciplinary approaches to managing HADD.
Collaborating with healthcare professionals like rheumatologists, orthopedic surgeons,
and physical therapists, they provide key imaging findings that guide treatment strategies.
For example, the extent of hydroxyapatite deposition can inform decisions about surgical
intervention, while signs of inflammation can help tailor therapeutic interventions. Addi-
tionally, imaging specialists aid in patient education, explaining imaging results to help
patients better understand their condition and fostering improved treatment adherence
and outcomes.

8. Future Recommendations

Hydroxyapatite deposition disease (HADD) is a convoluted medical condition, with
significant advances in its comprehension and administration observed over the years. Yet,
several areas remain unexplored and necessitate further scientific scrutiny and inquiry.

A prime area that calls for an intensified probe lies in the pathogenesis of HADD.
The deposition of hydroxyapatite crystals in soft tissues, a pivotal phenomenon in HADD,
still leaves researchers speculating about its precise mechanisms. Although four potential
pathways have been proposed, their exact implications remain elusive. Therefore, it is
crucial to shed light on these mechanisms. Doing so could pave the way for innovative
therapeutic strategies that prevent or reverse these processes. Expounding the interactions
between genetic, environmental, and cellular factors in HADD pathogenesis could further
elucidate this intricate disease process.
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Simultaneously, the role of imaging specialists in the diagnostic and management
process of HADD is another area that requires further exploration. Recent advancements
in artificial intelligence (AI) can be a potential game-changer in this respect. AI promises
transformative tools capable of enhancing image analysis, boosting diagnostic precision,
and even offering prognostic capabilities for disease progression [49]. Consequently, future
studies exploring AI applications in HADD diagnosis and treatment could be pivotal. For
instance, machine learning algorithms can be designed to recognize HADD’s imaging
features, distinguish it from other conditions, and even predict the outcomes of treatment
approaches [50].

Furthermore, the scope of imaging specialists’ roles could transcend diagnosis and
treatment. As subject matter experts in HADD imaging findings, imaging specialists are
strategically positioned to educate patients about their condition, demystify imaging results,
and promote apt treatment strategies, thus evolving into patient advocates.

9. Conclusions

In conclusion, HADD’s complexity is manifested in its diagnostic and treatment
challenges. It can present itself in various bodily locations and imitate other conditions,
necessitating a profound understanding of its radiological findings for precise diagnosis.
A blend of conservative and interventionist approaches formulates the treatment plan,
which is tailored to the disease severity and the overall health status of the patient. The
pivotal role of radiologists in diagnosing and treating HADD underscores the importance
of a multidisciplinary approach to managing this disease. Notwithstanding the substantial
strides made in HADD comprehension and management, several areas still demand in-
tensified research. Pioneering research in these areas, especially in demystifying HADD
pathogenesis and AI’s role in radiology, could potentially usher in an era of enhanced
diagnostic tools and treatment strategies. This would significantly boost outcomes for
patients grappling with HADD.
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Abstract: Background: Currently, the topic of dental implants is widely researched. However, still
compromising are the factors that can affect implant loss as a consequence of marginal bone loss.
One of the factors is smoking, which has a devastating effect on human health and bone structure.
Oral health and jaw condition are also negatively affected by smoking. The aim of this study was to
evaluate the peri-implant jawbone corticalization phenomenon in tobacco smokers. Methods: A total
of 2196 samples from 768 patients with an implant in the neck area were checked, and texture features
were analyzed. The corticalization phenomenon was investigated. All analyses were performed
in MaZda Software. The influence of corticalization was investigated as a factor on bone structure
near the implant neck. The statistical analysis included a feature distribution evaluation, mean
(t-test) or median (W-test) comparison, analysis of regression and one-way analysis of variance
or Kruskal–Wallis test as no normal distribution or between-group variance was indicated for the
significant differences in the investigated groups. Detected differences or relationships were assumed
to be statistically significant when p < 0.05. Results: The research revealed that MBL was correlated
with smoking after 5 years (0.42 mm ± 1.32 mm 0 mm ± 1.25 mm), the Corticalization Index was
higher in the smoker group on the day of surgery, and it became higher after 5y of observation
(185.98 ± 90.8 and 243.17 ± 155.47). The implant-loss frequency was higher in the group of smokers,
too, compared to non-smokers (6.74% and 2.87%). The higher the torque value during the implant
placement, the higher the Corticalization Phenomenon Index. Conclusions: The research revealed a
correlation between smoking and changes in bone structure in radio textures near the implants. The
corticalization phenomenon is important, may be detected immediately after implant placement and
may be one of the indicators of the implant success rate.

Keywords: bone remodeling; dental implant; smoking; torque; marginal bone loss; intraoral
radiographs; radiomics; texture analysis

1. Introduction

Tobacco smoking has a devastating effect on human health and is one of the leading
risks of early death. Smoking was the second risk factor for deaths in the world in 2019.
Nearly 7.69 million people died because of this addiction [1–3]. There are many health
disorders caused by smoking. For example, it increases the risk of many types of cancer
and heart and lung diseases and increases the risk of pregnancy complications, oral cavity
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diseases, neuroticism (also in groups of e-cigarette smokers) and more [4–9]. Marginal bone
loss is strongly connected with smoking and also with the degree of smoking [10–14]. On
the other hand, it is not stated that tobacco smoking is an absolute contraindication for
implant placement, but it is still associated with decreased dental implant surveys [14,15].

Bone metabolism is also disturbed directly and indirectly. Smoking directly decreases
osteogenesis and angiogenesis and, through this, increases osteoclast cell activity and bone
resorption occur. Indirectly, it causes decreased parathormone levels, estrogen production
and levels of oxidants. It increases the level of cortisol, as well as free radicals. All of the above
have an indirect negative effect on the balance of osteoblasts/osteoclasts activity [16–18],
such as bisphosphonates’ action [19–21]. Spine densitometry is one of the methods used
to check and control the metabolism of human bone [22,23]. Previous studies observed a
warning relation between marginal bone loss and the transformation of the bone surrounding
dental implants toward corticalization [24,25]. The coexistence of these two phenomena may
have an adverse effect on the long-term success of dental implant treatment.

This raised the question of whether a known negative factor (tobacco smoking) in-
creases corticalization.

The aim of this study was to evaluate peri-implant jawbone corticalization in to-
bacco smokers.

2. Materials and Methods

This research is the result of analyses of prospective radiological data of oral implanto-
logical treatment of patients with dental loss.

The inclusion criteria were as follows: at least 18 years of age, bleeding upon gin-
gival probing < 20%, probing depth ≤ 3 mm, good oral hygiene, regular follow-ups,
two-dimensional radiographs taken during regular checks, laboratory tests to check vi-
tamin levels and ions and hormones levels—parathormone (PTH, where the norm is 10
to 60 pg/mL); thyrotropin (TSH), where the norm is 0.23–4.0 μU/mL; calcium in serum
(Ca2+), where the norm is 9–11 mg/dL; glycated hemoglobin (HbA1c), where the norm is
<5%; and vitamin 25(OH)D3 (D3), where the norm is 31–50 ng/mL. Patients smoking 1 or
more cigarettes per day were qualified to be in the smoker group.

Spine densitometry, where the T-score can be examined, was also considered. The
T-score shows the ratio between bone mineral density (BMD) of the examined patient and the
average BMD for young patients. The normal value for normal bone is >−1.0, osteopenia is
indicated by values between −1.0 and −2.5, and scores <−2.5 indicate osteoporosis (Table 1).

Table 1. Inclusion criteria for the research.

Inclusion Criteria

18 years of age

Bleeding upon gingival probing < 20%

Probing depth ≤ 3 mm

Good oral hygiene

Regular follow-ups

Two-dimensional radiographs taken during the regular check

Laboratory test:

• PTH, where the norm is from 10 to 60 pg/mL);
• TSH, where the norm is 0.23–4.0 μU/mL;
• Calcium in serum (Ca2+), where the norm is 9–11 mg/dL;
• HbA1c, where the norm is <5%;
• Vitamin 25(OH)D3 (D3), where the norm is 31–50 ng/mL.

Spine densitometry

Smoking 1 or more cigarettes per day
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The exclusion criteria included a lack of or defective X-ray images in the visual
assessment, lack of laboratory tests, uncontrolled internal co-morbidity (diabetes mellitus,
thyroid dishormonoses, rheumatoid disease and other immunodeficiencies), a history
of oral radiation therapy, past or current use of cytostatic drugs, soft and bone tissue
augmentation, and low-quality or lack of follow-up radiographs. Finally, 2196 samples of
a dental implant neck area (768 patients) were included in this study and analyzed (the
average number of implants per patient was 2.86) (Table 2).

Table 2. Exclusion criteria for the research.

Exclusion Criteria

Lack of X-ray images

Defective X-ray images in the visual assessment

Lack of laboratory tests

Uncontrolled internal co-morbidity:

• Diabetes mellitus;
• Thyroid dishormonoses;
• Rheumatoid disease;
• Other immunodeficiencies.

History of oral radiation therapy

Past or current use of cytostatic drugs

Soft and bone tissue augmentation

Low-quality or lack of follow-up radiographs

Additionally, the following factors were considered: confidence level of 95%, margin
error of 5%, population of 37 million and a fraction of 28.8%. In that case, the minimal
sample size is 323 patients. Taking into account the amount of 768 patients, the error is on
the level of 3%.

The limitation of the study is that the laboratory tests have not been carried out
3 months after the research (Table 3).

Table 3. Limitation of the research.

Limitations of the Study

Laboratory tests have not been carried out 3 months after the research.

Twenty-two types of dental implants were used in this study: AB Dental Devices
I5 (www.ab-dent.com Ashdod, Israel; accessed on 21 July 2022); ADIN Dental Implants
Touareg (www.adin-implants.com Afula, Israel; accessed on 21 July 2022); Alpha Bio
ARRP (www.alpha-bio.net Petah-Tikva, Israel; accessed on 21 July 2022); Alpha Bio ATI
(www.alpha-bio.net Petah-Tikva, Israel; accessed on 21 July 2022); Alpha Bio DFI (www.
alpha-bio.net Petah-Tikva, Israel); Alpha Bio OCI (www.alpha-bio.net Petah-Tikva, Israel;
accessed on 21 July 2022); Alpha Bio SFB (www.alpha-bio.net Petah-Tikva, Israel; accessed
on 21 July 2022); Alpha Bio SPI (www.alpha-bio.net Petah-Tikva, Israel; accessed on 21 July
2022); Argon K3pro Rapid (www.argon-dental.de Bingen am Rhein, Germany; accessed on
21 July 2022); Bego Semados RI (www.bego-implantology.com Bremen, Germany; accessed
on 21 July 2022); Dentium Super Line (www.dentium.com Gyeonggi-do, South Korea;
accessed on 21 July 2022); Friadent Ankylos C/X (www.dentsplysirona.com Warszawa,
Poland; accessed on 21 July 2022); Implant Direct InterActive (www.implantdirect.com
Thousand Oaks, United States of America; accessed on 21 July 2022); Implant Direct Legacy
3 (www.implantdirect.com Thousand Oaks, United States of America; accessed on 21 July
2022); MIS BioCom M4 (www.mis-implants.com Bar-Lev Industrial Park, Israel; accessed on
21 July 2022); MIS C1 (www.mis-implants.com Bar-Lev Industrial Park, Israel; accessed on
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21 July 2022); MIS Seven (www.mis-implants.com Bar-Lev Industrial Park, Israel; accessed
on 21 July 2022); MIS UNO One Piece (www.mis-implants.com Bar-Lev Industrial Park,
Israel; accessed on 21 July 2022); Osstem Implant Company GS III (www.en.osstem.com
Seoul, South Korea; accessed on 21 July 2022); SGS Dental P7N (www.sgs-dental.com
Schaan, Liechtenstein; accessed on 21 July 2022); TBR Implanté (www.tbr.dental Toulouse,
France; accessed on 21 July 2022); and Wolf Dental Conical Screw-Type (www.wolf-dental.
com Osnabrück, Germany; accessed on 21 July 2022) (Table 4).

Table 4. The implant types used and their features.

Implant
Name

Titanium
Alloy No.

Insertion
Level

Connection
Type

Connection
Shape

Neck
Shape

Neck
Microthread

Body
Shape

Body
Thread

Apex
Shape

Apex
Hole

Apex
Groove

AB Dental
Devices

I5
Grade 5 Bone

level Internal Hexagon Straight No Tapered Square Flat No hole Yes

ADIN Dental
Implants
Touareg

Grade 5 Bone
level Internal Hexagon Straight Yes Tapered Square Flat No hole Yes

Alpha Bio
ATI Grade 5 Bone

level Internal Hexagon Straight Yes Straight Square Flat No hole Yes

Alpha Bio
OCI Grade 5 Bone

level Internal Hexagon Straight No Straight No
Threads Dome Round No

Alpha Bio
DFI Grade 5 Bone

level Internal Hexagon Straight Yes Tapered Square Flat No hole Yes

Alpha Bio
SFB Grade 5 Bone

level Internal Hexagon Straight No Tapered V-shaped Flat No hole Yes

Alpha Bio
SPI Grade 5 Bone

level Internal Hexagon Straight Yes Tapered Square Flat No hole Yes

Argon
Medical Prod.
K3pro Rapid

Grade 4 Subcrestal Internal Conical Straight Yes Tapered V-shaped Dome No hole Yes

Bego Semados
RI Grade 4 Bone

level Internal Hexagon Straight Yes Tapered Reverse
buttress Cone No hole Yes

Dentium
Super Line Grade 5 Bone

level Internal Conical Straight No Tapered Buttress Dome No hole Yes

Friadent
Ankylos C/X Grade 4 Subcrestal Internal Conical Straight No Tapered V-shaped Dome No hole Yes

Implant Direct
InterActive Grade 5 Bone

level Internal Conical Straight Yes Tapered Reverse
buttress Dome No hole Yes

Implant Direct
Legacy 3 Grade 5 Bone

level Internal Hexagon Straight Yes Tapered Reverse
buttress Dome No hole Yes

MIS
BioCom M4 Grade 5 Bone

level Internal Hexagon Straight No Straight V-shaped Flat No hole Yes

MIS
C1 Grade 5 Bone

level Internal Conical Straight Yes Tapered Reverse
buttress Dome No hole Yes

MIS
Seven Grade 5 Bone

level Internal Hexagon Straight Yes Tapered Reverse
buttress Dome No hole Yes

Osstem
Implant

Company
GS III

Grade 5 Bone
level Internal Conical Straight Yes Tapered V-shaped Dome No hole Yes

SGS Dental
P7N Grade 5 Bone

level Internal Hexagon Straight Yes Tapered V-shaped Flat No hole Yes

TBR
Implanté Grade 5 Bone

level Internal Octagon Straight No Straight No
threads Flat Round Yes

Wolf Dental
Conical

Screw-Type
Grade 4 Bone

level Internal Hexagon Straight No Tapered V-shaped Cone No
Hole Yes

Surgery was performed under local anesthesia Artycaine + Adrenaline 1:100,000 by
one surgeon (M.K) following the manufacturer-recommended protocols for dental implant
placements. The healing process was carried out under a closed mucoperiosteal flap,
unloaded in two-stage implants. Implants were loaded after 3 months of healing from
the surgery.

Standardized intraoral radiographs were taken immediately after surgery (00M) every
3 months in the first year of healing, every 6 months in the second year and every year
until 5 years of observation (5y). Radiographs were taken using the DIGORA OPTIME
radiography system (TYPE DXR-50, SOREDEX, Helsinki, Finland). The RTG images were
taken in a standardized way [26] with the following parameters: 7 mA, 70 mV, and 0.1 s
(the focus apparatus was from Instrumentarium Dental, Tuusula, Finland). Positioners
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were used to take images repeatably with a 90◦ angle of X-ray beam to the surface of
phosphor plate.

Radiologically recorded peri-implant bone structure was studied by digital texture
analysis using the Corticalization Index previously proposed [25,27] (as version 1 (CI)). It
consists of the product of a measure that evaluates the number of long series of pixels of
similar optical density with the mean optical density of the studied site (in the numerator)
and the magnitude of the chaotic arrangement of the texture pattern, i.e., differential
entropy (in the denominator).

Marginal bone loss (MBL) was measured on radiological images [28] (Figure 1) by only
one researcher. Texture of X-ray images was analyzed in MaZda 4.6 freeware invented by
University of Technology in Lodz [29,30] to test measures of corticalization in peri-implant
environment of trabecular bone (representing original bone before implant-dependent
alterations) and soft tissue (representing product of marginal bone loss). MaZda provides
both first-order (mean optical density) and second-order (Differential Entropy: DifEntr,
Long-Run Emphasis Moment: LngREmph) data. Due to the fact that the second-order data
are given for four directions in the image, and in the present study, the authors do not
wish to search for directional features, the arithmetic mean of these four primary data was
included for further analysis. The regions of interest (ROIs) were marked near the neck area
(Figure 2) and normalized (μ ± 3σ) to share the same mean (μ) and standard deviation (σ)
of optical density within the ROI. To eliminate noise, [26] further worked on data reduced
to 6 bits. For analysis in a co-occurrence matrix, a spacing of 5 pixels was chosen. In the
formulas that follow, p(i) is a normalized histogram vector (i.e., histogram whose entries
are divided by the total number of pixels in ROI), i = 1, 2,. . ., Ng, and Ng denotes the
number of optical density levels. Mean optical density feature (only a first-order feature)
was calculated as below:

Mean Optical Density = ∑Ng
i=1 ip(i)

Second-order features:

DifEntr = −∑Ng
i=1 px−y(i)log(px−y(i))

where Σ is the sum; Ng is the number of levels of optical density in the radiograph; i and j
are the optical density of pixels with a 5-pixel distance from one another; p is probability;
and log is common logarithm [31]. The differential entropy calculated in this way is a
measure of the overall scatter of bone structure elements in a radiograph. Its high values are
typical for cancellous bone [32–35]. Next, the last primary texture feature was calculated:

LngREmph =
∑

Ng
i=1 ∑Nr

k=1 k2p(i, k)

∑
Ng
i=1 ∑Nr

k=1 p(i, k)

where Σ is the sum; Nr is the number of series of pixels with density level i and length k; Ng
is the number of levels for image optical density; Nr is the number of pixels in series; and p
is probability [36,37]. This texture feature describes thick, uniformly dense, radio-opaque
bone structures in intra-oral radiograph images [33,35].

CI =
LngREmph·Mean Optical Density

DifEntr

Statistical analysis includes feature distribution evaluation, mean (t-test) or median
(W-test) comparison, analysis of regression and one-way analysis of variance or Kruskal–
Wallis test as non-normal distribution or between-group variance indicated on significant
differences in investigated groups. Detected differences or relationships were assumed to
be statistically significant when p < 0.05. Statgraphics Centurion version 18.1.12 (StatPoint
Technologies, Warrenton, VA, USA) was used for statistical analyses.
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Figure 1. Measuring of marginal bone loss on the radiographic images 5 years after the functional
loading. White line indicates the implant platform to the bottom of the bone loss cavity.

 

Figure 2. Marking an ROI. ROIs were marked near the implant neck area. Green area—mesial implant
neck area; red area—distal implant neck area; Abbreviations: ROI—region of interest; 00M—0 months
of observation; 5y—five years of observation.

3. Results

3.1. All Samples

Statistical examination revealed that the initial MBL for the mandible and maxilla in
the non-smoker group of samples was lower than in the group with smokers, respectively
(mean 0 mm ± 0.85 mm; 0 mm ± 1.13 mm), which was statistically significant (p < 0.05).
MBL after 5 years of observation was also correlated with nicotinismus according to
statistics where p < 0.05, meaning there was statistical significance: MBL for non-smokers
(mean 0 mm ± 1.25 mm) and MBL for smokers (mean 0.42 mm ± 1.32 mm). Corticalization
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Index for smokers and non-smokers was calculated immediately after the implant insertion
and 5 years after the implantation; respectively, 185.98 ± 90.8 and 163.97 ± 151.9 for 00M;
243.17 ± 155.47 and 220.32 ± 184.97 after the 5 years. p value was lower than 0.05, which
means it was statistically significant. Implant loss depending on MBL appearance after
five years of observation was checked along with the value and analyzed for smokers and
non-smoker group: 1.69 mm ± 1.73 mm and 0 mm ± 1.24 mm. p value was lower than
0.05. Implant loss frequency was checked. In a group of smokers, 6.74% of implants were
lost; in a group of non-smoking patients, 2.87% of implants were lost, where the p value
was lower than 0.05 (Table 5, Figure 3).

Table 5. Table presents values for marginal bone loss, values of Corticalization Index and implant loss
frequency. Values were calculated for all the implantations for smokers and non-smokers. 00M—the
observation period immediately after the implantation; 5y—the observation period 5 years after
the implantation.

Observation Period Smoker Non-Smoker p Value

Smoking/Marginal Bone Loss 00M 0 mm ± 1.13 mm 0 mm ± 0.85 mm p < 0.05
5y 0.42 mm ± 1.32 mm 0 mm ± 1.25 mm p < 0.05

Smoking/Corticalization Index 00M 185.98 ± 90.8 163.97 ± 151.9 p < 0.05
5y 243.17 ± 155.47 220.32 ± 184.97 p = 0.85

Implant Loss to Marginal Bone Loss 5y 1.69 mm ± 1.73 mm 0 mm ± 1.24 mm p < 0.05

Implant Loss Frequency 5y 6.74% 2.87% p < 0.05

 

Figure 3. Dependences for all samples: (a) dependence of marginal bone loss from tobacco smoking
after the dental implant insertion after 5 years of observation. The higher marginal bone loss was
observed in the tobacco smoker group; (b) dependence of Corticalization Index from tobacco smoking
after 5 years from implant insertion—there was no statistical difference; (c) dependence of implant
loss from marginal bone loss after 5 years from functional loading—the higher marginal bone loss, the
higher probability of implant loss; (d) frequency of implant loss depending on smoker or non-smoker
group—the higher frequency was in the smoker group.
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3.2. Mandible Group

Research revealed that the initial MBL for implants in the mandible in the non-smoker
group was lower than in the group with smokers, respectively (mean 0 mm ± 0.88 mm;
0 mm ± 1.83 mm), which was statistically significant (p < 0.05). MBL after 5 years of obser-
vation was also correlated with nicotinismus according to statistics where p < 0.05, which
means that there was statistical significance: MBL for non-smokers (mean 0 mm ± 1.09 mm)
and MBL for smokers (mean 1.10 mm ± 1.46 mm). Corticalization Index for smokers and
non-smokers in the mandible implants group was calculated after the implant insertion
and 5 years after the implantation, respectively, 195.81 ± 68.8 and 193.27 ± 136.54 for
00M; 263.87 ± 130.7 and 298.02 ± 200.1 after the 5 years. p value was higher than 0.05,
which means it was not statistically significant. Implant loss depended on MBL appear-
ance after five years of observation in a group of mandible-inserted implants; the value
was checked and analyzed for smokers and non-smoker group: 2.36 mm ± 0.94 mm and
0 mm ± 1.13 mm. p value was lower than 0.05. The relation between implant loss and the
occurrence of corticalization was analyzed. Respectively, for smokers and non-smokers,
values for initial corticalization were 183.62 ± 18 and 194.10 ± 131.65; 5 years after the im-
plantation, values were 438.18 ± 341.70 for smokers and 292.40 ± 193.95 for non-smokers,
and the p value was higher than 0.05. Implant loss frequency was also checked for mandible
implants in relation to smoking. In a group of smokers, 1.66% of implants were lost; in a
group of non-smoking patients, 1.25% of implants were lost; the relationship was weak,
but the p value was still lower than 0.05 (Table 6, Figure 4).

Table 6. Table presents values for marginal bone loss, values of Corticalization Index and implant loss
frequency. Values were calculated for implants in mandible for smokers and non-smokers. 00M—the
observation period immediately after the implantation; 5y—the observation period 5 years after
the implantation.

Observation Period Smoker Non-Smoker p Value

Smoking/Marginal Bone Loss 00M 0 mm ± 1.83 mm 0 mm ± 0.88 mm p < 0.05
5y 1.10 mm ± 1.46 mm 0 mm ± 1.09 mm p < 0.05

Smoking/Corticalization Index 00M 195.81 ± 68.8 193.27 ± 136.54 p = 0.85
5y 263.87 ± 130.7 298.02 ± 200.1 p = 0.68

Implant Loss to Marginal Bone Loss 5y 2.36 mm ± 0.94 mm 0 mm ± 1.13 mm p < 0.05

Implant Loss Frequency 5y 1.66% 1.25% p < 0.05

3.3. Maxilla Group

Implants in the maxilla were also examined separately. Statistics showed that the
initial MBL for implants in the maxilla in the non-smoker group was lower than in the
group with smokers, respectively (mean 0 mm ± 0.82 mm; 0 mm ± 2.38 mm), which was
statistically significant (p < 0.05). MBL after 5 years of observation was also correlated
with nicotinismus according to statistics where p < 0.05, meaning there was statistical
significance: MBL for non-smokers (mean 0 mm ± 1.29 mm) and MBL for smokers (mean
1.42 mm ± 1.34 mm). The Corticalization Index for smokers and non-smokers in the max-
illa implants group was calculated after implant insertion and 5 years after implantation;
respectively, 173.50 ± 92.80 and 146.56 ± 109.65 for 00M, where the p value was lower than
0.05; 207.06 ± 153.50 and 193.68 ± 151.10 after 5 years. The p value was higher than 0.05,
meaning there was no statistical significance. Implant loss, depending on MBL appearance
after five years of observation in the group of maxilla inserted implants, was checked and
analyzed for smokers and non-smoker groups: 1.42 mm ± 1.34 mm and 0 mm ± 1.29 mm.
p value was lower than 0.05. In this group, the relation between implant loss and the oc-
currence of corticalization was also analyzed. Respectively, for smokers and non-smokers,
values for initial corticalization were 173.56 ± 70.82 and 147.20 ± 109.40; and 5 years after
implantation, 235.15 ± 268.71 for smokers and 193.67 ± 147.98 for non-smokers. The
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p value was higher than 0.05. Implant loss frequency was also checked for maxilla implants
in relation to smoking. In the group of smokers, 4.34% of implants were lost; conversely, in
the group of non-smoking patients, 1.49% of implants were lost. The relationship between
smoking and implant loss was weak, but the p value was still lower than 0.05 (Table 7,
Figure 5).

 

Figure 4. Dependencies for mandible samples: (a) dependence of marginal bone loss on tobacco
smoking after the dental implant insertion after 5 years of observation. Higher marginal bone
loss was observed in the tobacco smoker group; (b) dependence of the Corticalization Index on
tobacco smoking 5 years after implant insertion—there was no statistical difference; (c) dependence
of implant loss on marginal bone loss 5 years after functional loading—the higher the marginal bone
loss, the higher probability of implant loss; (d) frequency of implant loss depending on the smoker or
non-smoker group—the higher frequency was in the smoker group.

Table 7. This table presents values for marginal bone loss, Corticalization Index and implant
loss frequency. Values were calculated for implants in maxilla for smokers and non-smokers.
00M—the observation period immediately after implantation; 5y—the observation period 5 years
after implantation.

Observation Period Smoker Non-Smoker p Value

Smoking/Marginal Bone Loss 00M 0 mm ± 2.38 mm 0 mm ± 0.82 mm p < 0.05
5y 1.42 mm ± 1.34 mm 0 mm ± 1.29 mm p < 0.05

Smoking/Corticalization Index 00M 173.50 ± 92.80 146.56 ± 109.65 p < 0.05
5y 207.06 ± 153.50 193.68 ± 151.10 p = 0.81

Implant Loss to Marginal Bone Loss 5y 1.42 mm ± 1.34 mm 0 mm ± 1.29 mm p < 0.05

Implant Loss Frequency 5y 4.34% 1.49% p < 0.05
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Figure 5. Dependencies for maxilla samples: (a) dependence of the Corticalization Index on tobacco
smoking 5 years after implant insertion—there was no statistical difference; (b) frequency of implant
loss depending on the smoker or non-smoker group—the higher frequency was in the smoker group;
(c) dependence of implant loss on marginal bone loss a 5 years after functional loading—the higher
the marginal bone loss, the higher the probability of implant loss.
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3.4. Corticalization vs. Torque

The study also revealed a correlation between the Corticalization Index and the torque
used during implant insertion (when the torque value was increasing), and the probability
of occurrence of the corticalization phenomenon was also higher. The p value was lower
than 0.05 (Figure 6).

 

Figure 6. Dependence of the Corticalization Index on torque value after dental implant insertion,
following 5 years of observation. The higher the torque during dental implantation, the higher the
Corticalization Index after 5 years.

4. Discussion

The question that arises is the following: Is corticalization in radiographs associated
with a higher risk of bone loss around dental implants in smoking patients? Until now, there
have been no publications that can confirm or deny this. In this research, 768 patients with
dental implants were studied, and 2196 samples of the neck implant area were analyzed.
The study showed that the Corticalization Index is real and changes throughout the healing
period, and the value of this index varies depending on the groups analyzed (smoking
and non-smoking patients). The presented research shows that there is a close correlation
between smoking and changes in bone structure. This correlation was calculated and
discovered at the pixel level, taking into account texture features. Marginal bone loss has
been analyzed many times, but no one has ever checked the bone structure and its relations
to nicotinism at the pixel level [38–40].

Taking into account the corticalization phenomenon in all analyzed implants, a higher
index was observed in the group of smokers already at the time of implantation (Table 5). A
higher index of corticalization was observed in the group of smokers on the day of surgery,
and a smaller index was observed in the group where patients did not smoke (bone changes
at the pixel level were observed before implant placement, this may confirm that the tobacco
smoking habit leads to undesirable changes in bone morphology). The Corticalization
Index increases throughout the healing process. It was also observed in the mandible and
maxilla separately, but in the case of the maxilla, the difference was greater. Corticalization
is a process that changes the structure of the bone, where the trabecular bone is replaced
by cortical bone. Remodeling depends on resorption and new bone formation [41–43].
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Cancellous bone is composed of trabeculae with marrow between them. Corticalization is
the process that changes trabecular bone into denser tissue—cortical [44].

Marginal bone loss is also correlated with nicotinismus, a fact that is commonly known
and confirmed in this research. This study affirmed that marginal bone loss around dental
implants is associated with tobacco smoking, as analyzed through radiographs and texture
features in a large group of implants. Further research showed that MBL is higher in
implants that were inserted in the maxilla in the smoker group, as opposed to implants
inserted in the mandible. It can be concluded that smoking has an influence on bone
structure before implantation and leads to a higher value of the Corticalization Index. The
effect of this correlation may result in marginal bone loss. After five years of observation,
the research showed that the higher the MBL, the greater the probability of implant loss
in the smoking patients’ group, which is indirectly correlated with the occurrence of the
corticalization phenomenon [24,25,27].

Directly in statistics, there is no statistical significance between smoking and corti-
calization, but a similarity can be suspected. The Corticalization Index is consistent after
5 years. Smoking is a factor that can change the structure of bone tissue at the cellular
level. Changes depend on disturbances in angiogenesis, impaired vascularization and
nutrition of bone cells, with an impact on bone metabolism and osteogenesis. If the tissue
is not nourished, it atrophies [45–48]. The study presented shows a close relationship
between smoking and MBL and also between smoking and implant failure after 5 years
of observation. The research emphasizes the impact of smoking on dental implant loss,
mainly in the maxilla. Implant loss frequency was almost two times higher than in the case
of mandible implants. All these correlations were detected at the pixel level using only
texture features and by calculating and analyzing the Corticalization Index.

Additionally, the appearance of corticalization after 5 years of observation was also
correlated with the increasing torque value during the implantation procedure. Re-
cent studies have proved that a high value of torque during implant insertion leads to
MBL [49–51]. There is a probability that condensed bone around the dental implant, caused
by a high torque value, is not a desirable effect. Currently, the popular preparation method
and implantation technique is osseodensification [52–54]. Osseodensification around dental
implants increases the primary stability of the implant, but if corticalization may lead to
peri-implantitis, marginal bone loss, and consequently dental implant loss, what will be
the long-term consequences of densifying bone tissue next to the implant body? This
phenomenon should be a focus of future research.

Taking into account the types of implants, it can be stated that not only the design
of the dental implant affects the corticalization phenomenon. There is a relationship
between bone condition, prosthetic restoration and also the surgeon’s experience and
preferences [24,55,56].

The corticalization phenomenon, as analyzed in this research, is closely related to
smoking, marginal bone loss and implant loss. This phenomenon may be indicated before
implant placement and also before marginal bone loss during the control periods when RTG
images are taken. Considering the clinical relevance of this research, if there are enough
studies about this phenomenon and it becomes well-known, it may become a useful tool
for prognosis, contraindications and marginal bone loss prevention. Until now, there have
been many tools, as mentioned above, but never at the pixel level [57–59].

Two-dimensional RTG images were taken in a defined period of observation. If the
general condition of the patient changes, it may have an impact on bone structure. This
can also be observed in the textures of RTG images. A limitation of this study was that
laboratory tests were not checked after the implant insertion throughout the observation
period. This should be taken into consideration in future research [60].

5. Conclusions

The higher Corticalization Index that occurs is related to tobacco smoking, even as
early as the day of surgery. This is the latest study that confirms the close and non-beneficial
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impact of the corticalization phenomenon on the implant region, leading to peri-implantitis.
This research demonstrated and proved that smoking tobacco has an impact on bone
structure, which can be identified at the pixel level without clinical examination, using only
two-dimensional radiographs.

The corticalization phenomenon may not be directly related to implant loss after 5
years of observation, but a relationship is observed between corticalization and marginal
bone loss after 5 years, which may lead to peri-implantitis and implant loss.

The uniqueness of this research is that all these dependencies can be diagnosed by
analyzing texture features in RTG images.
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Abstract: This study evaluates how far T2 mapping can identify arthroscopically confirmed patholo-
gies in the long biceps tendon (LBT) and quantify the T2 values in healthy and pathological tendon
substance. This study comprised eighteen patients experiencing serious shoulder discomfort, all
of whom underwent magnetic resonance imaging, including T2 mapping sequences, followed by
shoulder joint arthroscopy. Regions of interest were meticulously positioned on their respective T2
maps, capturing the sulcal portion of the LBT and allowing for the quantification of the average T2
values. Subsequent analyses included the calculation of diagnostic cut-off values, sensitivities, and
specificities for the detection of tendon pathologies, and the calculation of inter-reader correlation
coefficients (ICCs) involving two independent radiologists. The average T2 value for healthy subjects
was measured at 23.3 ± 4.6 ms, while patients with tendinopathy displayed a markedly higher
value, at 47.9 ± 7.8 ms. Of note, the maximum T2 value identified in healthy tendons (29.6 ms)
proved to be lower than the minimal value measured in pathological tendons (33.8 ms), resulting in a
sensitivity and specificity of 100% (95% confidence interval 63.1–100) across all cut-off values ranging
from 29.6 to 33.8 ms. The ICCs were found to range from 0.93 to 0.99. In conclusion, T2 mapping
is able to assess and quantify healthy LBTs and can distinguish them from tendon pathology. T2
mapping may provide information on the (ultra-)structural integrity of tendinous tissue, facilitating
early diagnosis, prompt therapeutic intervention, and quantitative monitoring after conservative or
surgical treatments of LBT.

Keywords: T2 mapping; long biceps tendon; tendinopathy; arthroscopy

1. Introduction

Shoulder pain is a common clinical issue and a known cause of disability, which can
lead to significant functional impairment and thereby compromise the overall quality of
patients’ lives [1,2]. Pathologies of the long biceps head tendon (LBT) are a significant source
of shoulder pain, not only because of their association with other shoulder injuries, but
also because of their tendency to become chronic [3,4]. In addition to middle-aged or older
adults, overhead athletes are also known to be at risk for developing LBT tendinopathy,
making them particularly susceptible to chronic shoulder pain given their usually young
age [5,6].
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In addition to clinical examination, imaging techniques, especially non-contrast mag-
netic resonance imaging (MRI), are central to the evaluation of the shoulder joint. While
a variety of common shoulder pathologies can be detected via MRI with relatively high
diagnostic accuracy, several studies have reported suboptimal diagnostic performance
regarding pathologies of the LBT, which are usually visualized in more advanced stages of
tendinopathy or rupture [7–10]. In an arthroscopy-controlled study, Dubrow et al. reported
a sensitivity of only 56.3% for non-contrast MRI in detecting complete LBT tears [11]. The
diagnostic performance in detecting partial tears was even lower, with a sensitivity of 27.7%.
As reported by Tadros et al. and De Maeseneer et al., even the additional performance of
MR arthrography did not show improvement in the detection of LBT pathologies, with
sensitivities ranging from 15 to 38% [12,13]. In addition, the visualization of LBT may
be difficult in conventional 2D MRI sequences due to the arcuate course of the tendon
through the glenoid joint in conjunction with its typically small size when using slice thick-
nesses of 3 mm, making it susceptible to imaging artifacts such as the partial volume effect.
Early LBT pathologies can only be detected to a very limited extent by means of common
morphological MRI sequences, and a diagnostic tool for early diagnosis is lacking, which
appear to be even more problematic, as tendon degeneration seems to be a chronically
progressive process [14,15].

Functional MRI sequences, such as T2 or T2* mapping, have mainly been used for
the evaluation of ultrastructural changes affecting the collagen network of articular carti-
lage and have been shown to detect and quantify early degenerative changes in various
joints [16–18]. Because changes in proteoglycans, and thus, water content are known
histologic signs of early osteoarthritis (OA), quantitative MRI sequences with measure-
ments of the T2 relaxation time have been investigated in previous studies of OA and its
progression [19,20]. In view of the promising results, these sequences were also included
in a multicenter longitudinal study called the Osteoarthritis Initiative, which found an
association between elevated T2 values and knee pain along with early signs of OA [21]. In
addition to joint degeneration, Kasar et al. reported increased T2 values in the sacroiliac
joints of patients with active and even inactive axial spondyloarthropathies, making T2 map-
ping sequences potentially useful for detecting inflammation-related tissue changes [22].
Since microscopic mucoid degeneration and disruption of the 3D collagen network in
tendinopathic LBT specimens have been reported as histopathological correlates of hy-
perintense signal changes in T2-weighted sequences, T2 mapping might also be a viable
tool for assessing and especially quantifying damages to tendinous structures [23]. To our
knowledge, T2 mapping has rarely been systematically studied for the assessment of LBTs
or tendons in general, and the few existing studies have not yet validated this technique
using arthroscopy [24,25].

Thus, the purpose of this study was to investigate the ability of T2 mapping to
detect arthroscopically proven pathologies of the long biceps tendon and to quantify the
correlating T2 values for damaged and healthy tendons.

2. Materials and Methods

2.1. Participants and Inclusion

Over a period of three months, this study enrolled 19 consecutive patients with shoul-
der pain who were referred to our radiology department for preoperative MRI assessments
between September and November 2017. MRI and shoulder arthroscopy were indicated
when the patient complained of significant shoulder pain, severe enough to interfere with
activities of daily living, and for which conservative therapy, including physical therapy
and analgesic medications, did not improve the overall pain level. In patients with nega-
tive MRI examination, the indication for exploratory shoulder arthroscopy was based on
the combination of symptom severity, clinical examination, and ineffective conservative
therapy. Patients with endoprosthetic joint replacement or osteosynthetic material at the
proximal humerus, advanced osteoarthritis (OA; Kellgren–Lawrence score >1), a previous
shoulder joint surgery, or an age of less than 18 years were excluded from the study. In
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addition, one patient was excluded who mistakenly underwent a routine MRI protocol
without T2 mapping sequences, leaving 18 patients for inclusion in the study. The study
was approved by the Institutional Review Board of Heidelberg University (S-081/2010) and
was conducted in accordance with the Declaration of Helsinki. Written informed consent
was obtained from all patients after they were informed of the nature of the examination.

2.2. Study Design

After enrollment, each participant underwent the index test, which included a T2
mapping MRI sequence at 3 Tesla. Subsequently, the reference examination, a shoulder
arthroscopy, was performed within a maximum period of 6 days (mean: 4 days). Based on
the arthroscopy findings, the study population was divided into two subgroups: “healthy
subjects” and “patients with confirmed LBT pathology”. With respect to item 5 from the
latest version of the STARD guidelines published by the EQUATOR network (Centre for
Statistics in Medicine (CSM), NDORMS, University of Oxford, Oxford, UK) in 2015, this
study can, therefore, be defined as a prospective observational study [26].

2.3. MRI Protocol and T2 Mapping

Each participant underwent imaging with a 3-Tesla MRI system with a 70 cm wide
gantry and an 18-channel imaging matrix (Magnetom Verio, Siemens Healthineers, Erlan-
gen, Germany). The examination was conducted in the supine position with the shoulder
joints kept stabilized in external rotation to ensure that the joint was positioned as isocentri-
cally as possible. A standard house-internal MRI protocol was used to morphologically
assess the joint structures, including the proton density-weighted fat-saturated sequences
as well as the T1- and T2-weighted sequences without fat saturation. For the acquisition
of the oblique coronal views, the sequences were acquired perpendicular to the glenoid
fossa, whereas the oblique sagittal sequences were aligned parallel to the glenoid articular
surface. A manufacturer-supplied oblique coronal multiecho spin-echo T2 mapping se-
quence (syngo MapIT, Siemens Healthineers, Erlangen, Germany) was used as the primary
sequence of interest. In this sequence, a pixel-by-pixel, monoexponential, non-negative
least squares analysis was conducted to determine the T2 relaxation times from the T2
parameters. This analysis resulted in a color-coded T2 map, which could then be used for
subsequent analysis.

The MRI protocol used in this study represents our in-house standard protocol aug-
mented by the T2 mapping study sequence, and is based on a previous study by our
research group investigating the diagnostic performance of T2 mapping with respect to the
detection of superior labral anterior to posterior (SLAP) lesions [27]. For more details on
the MRI study protocol and the T2 mapping sequence, see Table 1.

2.4. Image Analysis and Definition of LBT Pathologies

A picture archiving and communication system (Centricity PACS, v. 4.0; GE Healthcare
IT Solutions, Barrington, IL, USA) was used to evaluate the morphologic sequences by two
independent radiologists with 19 (CR) and 6 (FW) years of experience in musculoskeletal
MRI. Both gained experience in the MRI evaluation of the shoulder joint through several
training courses as well as by participation in previous studies with functional and quanti-
tative MRI imaging techniques for (fibro)cartilaginous structures. The parameters for slice
selection, magnification, and windowing were set by both radiologists, and the ambient
light was minimized during the reading sessions. To ensure objectivity, the patients’ names,
clinical data, arthroscopy results, and ratings from the other reader were blinded for both
radiologists. As all study participants were informed about the additional study sequence
and their upcoming shoulder arthroscopy, they were not blinded.
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Table 1. In-house shoulder MRI protocol and T2 mapping study sequence.

No. Sequence Orientation
Repetition

Time (TR; ms)
EchoTime
(TE; ms)

Acquisition
Matrix

Flip
Angle

Echo Train
Length

No. of
Slices

TA
(min)

Slices
(mm)

1 PD FS TSE axial 3660 24 384 × 346 176 7 27 04:32 3

2 PD FS TSE oblique
coronal 2490 24 384 × 307 160 7 19 03:37 3

3 PD FS TSE oblique
sagittal 3950 23 320 × 256 140 7 29 04:49 3

4 PD TSE oblique
coronal 1670 23 384 × 307 160 5 19 03:24 3

5 T1 SE oblique
coronal 787 10 384 × 346 90 1 19 04:51 3

6 T2 TSE oblique
sagittal 5640 88 384 × 307 150 15 29 02:33 3

7 T2 MapIt oblique
coronal 2140 13.8, 27.6,

41.4, 55.2, 69 320 × 320 180 1 16 06:50 3

TA = time of acquisition, PD = proton-density, FS = fat-saturated, TSE = turbo spin-echo. Note: Differences in
the values of the acquisition matrix and flip angle were caused by differences in the imaged volume among the
respective slice orientations.

Proton density-weighted, fat-saturated sequences were utilized to classify the LBT as
either normal or damaged. Focal or longitudinal changes in signal intensity, a significantly
increased tendon diameter, marked fraying or contour irregularities, and partial or complete
tears of tendon substance were defined as LBT tendinopathy. If none of these diagnostic
features were present, the LBT was considered normal.

2.5. Placement of Regions of Interest

First, an oblique coronally orientated proton-density-weighted fat-saturated sequence
dissecting the bicipital groove was used to identify the LBT and decide upon the optimal
position for the placement of the region of interest (ROI). The ROI was placed in the section
in which the largest longitudinal diameter of the sulcal part of the LBT was depicted and
no partial volume effect was present (Figure 1). To further reduce the possible effects
of artifacts or imperfect ROI placement, each measurement was performed three times,
and the average T2 relaxation times were used for analysis. In order to obtain precise
measurements, the regions of interest (ROIs) were carefully placed on the first echo images
acquired using a multi-echo-spin-echo T2-weighted sequence. Subsequently, the ROI was
duplicated onto a color-coded parametric T2 map after visual comparison with the proton-
density-weighted fat-saturated sequences and further adjusted, if necessary, to exclude
artifacts or non-tendinous structures, such as the humeral cortex or deltoid muscle.

2.6. Arthroscopy

Two experienced orthopedic surgeons performed shoulder arthroscopy on all pa-
tients. The operations were performed under general anesthesia with the patients seated
at an angle of 30–90◦ above the horizontal plane and the head fixed in a headrest. Dur-
ing the arthroscopy, both the labroligamentous and cartilaginous joint structures were
assessed. A standardized questionnaire was used to evaluate the intra-articular portion of
the LBT, including its extension into the sulcal portion. If medically indicated, a ventral
approach was made for surgical intervention. The diagnosis of LBT tendinopathy was
defined by a marked fraying of the tendon substance or significant changes in the tendon
diameter. Partial tears were defined as a disruption of a single or multiple tendon fibers,
whereas complete tears were defined as a disruption of the entire thickness of the LBT.
In terms of the statistical calculations, partial and complete tears were also considered
tendinopathic changes.
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Figure 1. Axial (A) and oblique coronal (B) proton-density-weighted sequences showing the slice
positioning (white line in (A)) used to place the region of interest (ROI). As outlined by the white
circle in (B), the sulcal portion of the long biceps tendon was chosen as the primary region of interest
and subsequently transferred onto a color-coded T2 map.

2.7. Statistical Analysis

The analysis of the patient’s demographic data was carried out in a descriptive manner,
while the analysis of the continuous variables was summarized as the mean values, median,
and associated extrema. The frequency and percentage were calculated for the qualitative
variables. For comparison of the patients’ ages between the groups with and without LBT
tendinopathy, the Wilcoxon two-sample test was used.

For analysis of the T2 mapping values of the sulcal part of the LBT, three measurements
were performed by the two readers and repeated within a time interval of 7 days for
calculation of the intra-rater agreement. Statistical analysis of the T2 imaging was carried
out descriptively using summary statistics and interpreted exploratively. A comparison
of the groups with and without lesions was performed using a two-sample t-test. The
p-values were presented as two-sided p-values, and the level of significance was set to 5%.
To assess whether the T2 mapping values were normally distributed, the Shapiro–Wilk test
was used.

We performed an analysis of the diagnostic performance of T2 mapping for tendino-
pathic changes in the LBT or LBT lesions and reported the estimates and exact 95% con-
fidence intervals for the sensitivity, specificity, positive predictive values, and negative
predictive values. As complete separation of the data occurred, no ROC curves were plotted
for the accuracy assessment.

As the raters were viewed as a random selection of observers drawn from a larger pool
of possible observers, the intraclass correlation coefficient (ICC) was utilized to assess both
the inter- and intra-reader agreement. In order to gauge interrater reliability, we employed
a two-way random-effect model considering the subject and rater as random effects to
estimate the ICC and 95% confidence intervals, following the methodology outlined by
Shrout and Fleiss [28]. Data analysis was carried out using SAS for Windows (version 9.4;
SAS Institute Inc., Cary, NC, USA) and R version 3.5.1 (www.cran.r-project.org, accessed
on 10 May 2022) by a qualified statistician who was independent of the study.

3. Results

3.1. Demographics and Arthroscopic Evaluation of the Long Biceps Tendon

A total of 12 (66.7%) out of the 18 patients included were male, and 6 (33.3%) were
female. The mean patient age was 52.4 ± 14.72 (range, 22.0–67.0) years. On average,
patients with LBT tendinopathy were slightly younger than the healthy subjects (46.3 ± 17.2
(range: 22–64) years vs 60.0 ± 5.0 (range: 52–67) years). Out of the eight patients with
arthroscopically proven LBT tendinopathy, seven (87.5%) were male and only one (12.5%)
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was female. In Table 2, an overview of the patients’ demographic characteristics is presented,
categorized by whether LBT tendinopathy was present or not.

Table 2. Demographic characteristics for patients with and without LBT lesion.

LBS Tendinopathy

No (N = 10) Yes (N = 8) p-Value

Sex Male 5 (50.0%) 7 (87.5%)
Female 5 (50.0%) 1 (12.5%)

Age (years) n 10 8 0.1274
Mean 46.3 60.0

SD 17.24 5.01
Median 54.0 59.5

Min 22.0 52.0
Max 64.0 67.0

SD = standard deviation, Min = minimum, Max = maximum.

A total of 10 persons (55.6%) had healthy long biceps tendons, whereas 8 patients
(44.4%) showed tendinopathic changes. Out of the eight patients with pathologic long bi-
ceps tendons, the majority showed minor lesions or partial tears (n = 7; 87.5%), whereas one
patient (12.5%) was diagnosed with a complete tear. Using the conventional morphological
MRI sequence, all eight patients with arthroscopically proven tendinopathy were detected
by both readers.

3.2. T2 Mapping of the Long Biceps Tendon

In matching the arthroscopy results, eight LBT lesions were detected in the MRI, and
no additional lesions were found intraoperatively. The mean T2 values show a significant
difference between the patients with LBT tendinopathy, with 47.9 ± 7.8 ms, and the
healthy subjects, with 23.3 ± 4.6 ms (p < 0.001). In the subgroup of healthy individuals,
the maximum T2 value measured was 29.6 ms, which was found to be lower than the
minimum T2 value recorded in patients with confirmed LBT tendinopathy (33.8 ms). This
difference led to a complete separation of the T2 mapping values between the normal
and pathological tendon substance, as depicted in Figure 2. As a result, all cut-off values
between 29.6 ms and 33.8 ms showed sensitivities and positive predictive values of 100%,
with 95% confidence intervals (CIs) (63.1–100.0%), along with specificities and negative
predictive values of 100%, with 95% CIs (69.2–100.0%). For a more comprehensive view,
Table 3 illustrates the mean T2 mapping parameters for patients with LBT tendinopathy
and for healthy individuals.

Table 3. T2 mapping values (ms) for normal and damaged LBT.

Overall
Population

without Lesion
Population
with Lesion

p-Value
(t Value)

n 18 10 8

T2 values (ms) Mean 34.2 23.3 47.9 <0.001
(−8.33)

SD 13.97 4.61 7.84
Median 29.0 24.2 48.2

Min 15.8 15.8 33.8
Max 61.4 29.6 61.4

SD = standard deviation, Min = minimum, Max = maximum.
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Figure 2. Boxplots of overall T2 mapping values (ms) in healthy labrum and patients with LBT lesion.
Note the complete separation of T2 values between patients with LBT lesions and healthy subjects.

In correlation with the statistical results, there was also a visual difference between the
healthy subjects and the individuals with proven LBT pathologies in the color-coded T2
maps (Figures 3–5).

 

Figure 3. (A) A coronal proton-density-weighted fat-saturated magnetic resonance image of a 59-year-
old man with morphologically normal-appearing and arthroscopically proven healthy tendon of
the long biceps head (arrow). (B) A merged image of the proton-density-weighted images and the
corresponding color-coded T2 maps with the placed ROI in the sulcal portion of the LBT (white
frame). The average T2 mapping value was 21.3 ms.
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Figure 4. (A) A coronal proton-density-weighted fat-saturated magnetic resonance image of a 58-year-
old man with focal hyperintensity of the sulcal portion of the LBT (arrow). (B) A merged image of
the proton-density-weighted images and the corresponding color-coded T2 maps with the placed
ROI in the sulcal portion of the LBT (white frame). Note the elevated average T2 mapping value of
44.7 ms. During the arthroscopy, a partial tear of the LBT was found.

 
Figure 5. (A) A coronal proton-density-weighted fat-saturated magnetic resonance image of a 57-year-
old man with longitudinal hyperintensity of the sulcal and the partially depicted extraarticular portion
of the LBT with a markedly increased tendon diameter (arrow). (B) A merged image of the proton-
density-weighted images and the corresponding color-coded T2 maps with the placed ROI in the
sulcal portion of the LBT (white frame). Note the elevated average T2 mapping value of 52.8 ms.
During the arthroscopy, a longitudinal partial tear was found.

3.3. Inter- and Intra-Reader Agreement

The calculation of the intra-class correlation coefficient (ICC) showed a near-perfect
inter-reader agreement of 0.99 (95% confidence interval (CI): 0.98–1.00). The intra-reader
agreement for the two respective readers was also almost perfect, with 0.93 (95% CI:
0.86–0.97) for reader 1 and 0.96 (95% CI: 0.97–0.99) for reader 2.

4. Discussion

Although pathologies of the long biceps tendon (LBT) are a well-known cause of
shoulder pain, limited mobility, and associated impairments in daily living, common
diagnostic tools have proven to be low in accuracy, particularly regarding the evaluation
of early tendon damage. When detected by conventional MRI or MR arthrography, most
LBT pathologies are visualized at more advanced stages of rupture or tendinopathy [7–9].
Despite the fact that tendon degeneration appears to have a chronically progressive course,
diagnostic tools for early detection, although desirable, are not yet present [14]. T2 mapping
as a functional and quantitative MRI sequence has been successfully used to evaluate the
ultrastructural integrity of the 3D collagen network and water content of articular cartilage
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in several joints [16,17,29]. However, to our knowledge, its applicability to tendinous
structures has not yet been systematically evaluated nor validated using arthroscopy as the
gold standard.

Therefore, the aim of this study was to evaluate the ability of T2 mapping to identify
and quantify pathologies of the LBT and to distinguish them from healthy tendons using
arthroscopy as the gold standard. As one major finding, the mean T2 values showed a
significant difference between the healthy subjects (23.3 ± 4.6 ms) and patients with LBT
tendinopathy (47.9 ± 7.8 ms; p < 0.001). Additionally, the maximum T2 value in healthy
subjects (29.6 ms) was lower than the minimum T2 value in damaged tendons (33.8 ms;
p < 0.001). Therefore, these two findings, resulting in sensitivities, specificities, and positive
and negative predictive values of 100% for all cut-off values between 29.6 and 33.8 ms (95%
CI: 63.1–100.0%), demonstrate the ability of T2 mapping to evaluate tendinous tissues and
to distinguish between healthy and damaged tendons. A previous study by our working
group focused on the T2 mapping of SLAP lesions in the glenoid labrum [27]. The mean T2
values found in the pathological specimens differed to some extent from those reported in
this study (37.7 ± 10.6 ms for SLAP lesions vs. 47.9 ± 7.8 ms for LBT pathologies), which
could be explained by the different histological composition, being fibrocartilaginous for
the glenoid labrum and mainly collagenous for the LBT. Nevertheless, as in this study,
complete statistical separation of the T2 values was found between the healthy subjects
and the patients with SLAP lesions. These significant differences in T2 relaxation time may
reflect damages to the ultrastructural integrity of the collagen network and the associated
biochemical repair mechanisms. In a histopathological correlation study, Buck et al. ana-
lyzed cadaveric tendon specimens from the LBT and compared the histological findings
to the associated signal changes in MRI [23]. In addition to significant changes in the
tendon diameter, the study group found mucoid degeneration with subsequent alterations
in the water content as the main histopathological correlate for T2-signal hyperintensities
in MRI. Another study showed that collagen network disorganization and myxoid/mucoid
degeneration were the major histological correlates of tendon degeneration in 45 LBT
specimens obtained from tenodesis [30]. These biochemical and histological processes are
in line not only with the increased T2 relaxation times of the LBT shown in our study but
also with several other studies describing an increase in the T2 values in damaged tendons
other than the LBT or in the focal lesions of articular cartilage [31,32]. In a systematic
review, Baum et al. described T2 mapping as a promising, non-invasive method for the
biochemical evaluation of articular cartilage and fibrocartilaginous structures, like the
menisci underlining the broad spectrum of potential clinical utility [33].

While T2 hyperintensities are well-known radiological correlates of tendon or cartilage
damage using morphological MRI sequences, the novel aspect of T2 mapping lies in its
ability to quantify the actual T2 relaxation times and thereby provide objectifiable measures.
Thus, several areas of potential clinical use can be inferred. First, by providing cut-off
values, quantification of the T2 relaxation times may help to increase diagnostic accuracy in
the detection of tendon lesions. While the complete statistical separation between healthy
and pathological tendon substance described in this study may be partially due to the
small study population, future studies with larger sample sizes might show a gradual
increase in T2 values with progressing degrees of degeneration and ascribe certain stages
of degeneration to the associated levels of increased T2 relaxation times. In an analogy
using area-under-the-curve calculations, Li et al. reported a diagnostic cut-off value of
49.5 ms for discriminating between healthy subjects and early stages of osteoarthritis in the
articular cartilage of the knee (n = 79), with a resulting sensitivity of 91.2% and specificity
of 92.3% [34]. However, larger sample sizes and additional studies of T2 mapping in
tendinous tissue are needed to define reasonable cut-off values and thereby improve the
diagnostic performance of MRI for detecting damage to the LBT.

Since there are currently no valid tools for the early detection of degenerative changes
in collagen networks, T2 mapping, with its ability to detect and quantify ultrastructural
damages and biochemical remodeling processes, holds promise for clinical use in the early
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detection of tendon pathologies. While explicit studies on early degenerative changes in
the LBT are missing, several studies describe the general process of tendon degeneration
as chronically progressive [15,35]. Analyzing the histopathological changes of 891 tendon
specimens obtained from repair surgeries at various anatomic sites, Kannus et al. found
that almost all (97%) tendons showed evidence of previous degeneration before tendon
rupture occurred [36]. The study group also found similar degenerative changes in 34% of
cadaveric tendon specimens from a young control group, indicating that tendon degen-
eration is a common finding in people older than 35 years. Although explicit studies on
tendinous collagen networks are lacking, several studies have reported the ability of T2
mapping to sensitively detect early matrix degeneration in articular cartilage and predict
its progression into manifest osteoarthritis (OA) [37,38]. Comparing normal controls and
subjects with various risk factors for the development of OA but no radiographic signs of
OA, Joseph et al. found higher and more heterogeneously distributed T2 values in subjects
with OA risk factors than in the normal control group [39]. A similar but longitudinal
study over a 24-month period reported higher T2 values in patients with risk factors for but
without radiographic signs of OA compared to a normal control group [40]. As our study
demonstrated the ability of T2 mapping to detect structural damage to the LBT, the afore-
mentioned results may also be applicable to the T2 mapping of tendinous tissues. However,
none of these studies used MRI for morphological correlation, and future studies need to
further investigate the extent to which T2 mapping can detect early tendon degeneration,
and thus, could serve as a valid tool for early detection in patients at risk for developing
chronic tendinopathy. In particular, histological correlation studies using ex vivo human or
animal models could be considered to further investigate the relationship between elevated
T2 mapping values and histological changes. Additionally, diffusion-weighted sequences
have also been described as a valid tool for the assessment of microstructural changes
in musculoskeletal radiology. The combination of these sequences with quantitative T2
sequences might improve the detection of beginning histopathological changes even further
than each of these techniques alone. The recently reported reduction in acquisition time
using deep-learning-based reconstruction techniques in T2-weighted MR imaging may
further enhance this advantage by allowing for the acquisition of additional information
without negatively impacting the clinical workflow [41].

Another novel aspect yielded by the quantification of T2 relaxation times lies in its
potential use for monitoring degenerative changes under conservative therapy or postoper-
ative healing processes after tendon repair. Histological studies describe tendon healing
as three overlapping phases consisting of an acute inflammatory phase with increased
cellularity and vascularity and consequently increased water content, which, after a few
days, transitions into the remodeling phase, in which the synthesis of glycosaminoglycans
begins and the water content remains high. The last phase is described as the matura-
tion/consolidation phase, during which the repair tissue changes from cellular to fibrous,
and later, to scar-like tissue with a gradually decreasing water content [42]. Since T2 map-
ping evaluates the ultrastructural composition of collagen networks and changes in water
content, it might provide objectifiable measures as correlates for these histological mecha-
nisms. By evaluating the rotator cuff tendons after surgical repair over a 12-month period
using T2 mapping, Xie et al. found gradually decreasing T2 values reaching the level of the
healthy controls as a possible indicator of complete tendon healing [25]. The study group
also described a correlation between lower T2 values and satisfactory clinical outcome after
one-year follow-up. Another study focusing on the T2 values of knee cartilage after menis-
cal allograft transplantation reported similar results, with significantly increased T2 values
in the early postoperative period that returned to baseline levels after one year [43]. Further
studies correlating the longitudinal progression of T2 values with the clinical outcome
after tendon, ligament, or cartilage repair could confirm these findings, thus qualifying T2
mapping as a method to further improve the clinical evaluation of postoperative healing
processes by relating objectifiable measures to the common clinical examination.
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In addition to the biochemical and histological factors discussed above, it is important
to recognize that T2 mapping values may be influenced by several other variables that
should be recognized as potential confounders. In addition to age-related changes in the
composition of the tendon matrix and differences in mechanical loading, and consequently,
water content along the entire tendon length, artificial signal changes, such as partial
volume effects and the “magic angle” artifact, are known causes of variations in the T2
signal in various collagenous tissues [44,45]. The “magic angle” artifact is known to lead to
a prolongation of T2 relaxation times in collagen fibers oriented at an angle of 55◦ to the
magnetic field [46,47]. Because of its curved course through the glenohumeral joint, such
imaging artifacts are particularly pronounced in the LBT. Buck et al. found signal changes
caused by the “magic angle” artifact to be most eminent before the entrance of the LBT into
the intertubercular groove [23]. They described the artificial signal intensity to be lower
than T2 hyperintensities caused by histologically correlated mucoid degeneration. For this
reason, and considering that the artifact of the “magic angle” can also lead to signal changes
in healthy tendons, the significant differentiation in T2 values between the healthy subjects
and the patients with confirmed tendinopathy observed in our study cannot be attributed
to artificial factors only. The observed differentiation could possibly be due to the precise
positioning of the region of interest (ROI) and the limited size of our study population. It is
likely that future studies with larger cohorts will demonstrate overlap and a more gradual
increase in T2 values, reflecting the progressive nature of LBT tendinopathy.

As evidenced by the almost perfect intra- and inter-reader agreement observed in the
T2 values between the healthy and damaged long biceps tendons, T2 mapping demon-
strates potential for reliable clinical utilization. The intraclass correlation coefficients (ICCs)
for intra-reader agreement ranged from 0.93 to 0.96 (95% CI 0.86–0.99), while inter-reader
agreement reached ICCs of up to 0.99 (95% CI 0.98–1.00). In concordance with this, pre-
vious studies on T2 mapping of the glenohumeral joint in healthy subjects have shown
comparable intraclass correlation coefficients (ICCs), with good to excellent agreement
among investigators [48,49]. Nevertheless, it is important to acknowledge that the small
sample size and the limited number of confirmed LBT lesions (n = 8) in our study could
potentially contribute to statistical artifacts, which may have influenced these findings to
some extent.

Our study has some limitations. As a major limitation, the small sample size has
to be mentioned, as it has important statistical implications. In studies investigating
a small number of participants, extreme values can have a disproportionate impact on
confidence interval (CI) calculations, resulting in wider ranges. For this study, the 95% CI
for sensitivity and specificity ranged from 63.1% to 100%, indicating the potential effect of
the small sample size on the precision of these measures. Furthermore, this study recruited
patients from a specialized referral center, which makes it highly selective and prone to
sampling errors. The higher prevalence of LBT lesions in this specific population may
have led to improved test performance. Given these statistical limitations, the results may
apply only to our specific study cohort, giving this study the characteristics of a pilot or
preliminary study. To address this concern, further studies with larger sample sizes are
necessary. These larger studies would also provide the opportunity to more accurately
differentiate lesion severity and potentially identify different T2 values for the respective
lesion grades.

Another limitation to consider is the possibility of human error in the manual place-
ment of regions of interest (ROIs), which can lead to variability and subjective judgments.
Although all patients were positioned for MRI examination in the same way and a stan-
dardized slice orientation was used for ROI placement (Figure 1), the exact position of ROI
placement differed slightly among the subjects because of small interindividual variations
in anatomy. Despite our efforts to mitigate potential errors arising from the imprecise place-
ment of the region of interest (ROI) by averaging T2 values obtained from three different
measurements, there is still room for improvement. Additionally, it has to be mentioned
that the long acquisition time of the T2 mapping sequences (Table 1) is susceptible to

317



Tomography 2023, 9

motion artifacts, which in turn, could influence T2 mapping values. In future studies, the
utilization of 3D T2 mapping sequences with voxel-wise analysis of T2 relaxation times
would be highly advantageous. This advanced approach would enable the most precise
acquisition of T2 values, enhancing the accuracy and reliability of the results. In addition,
3D sequences could also reduce the potential impact of the partial volume effect in the
imaging of the LBT, which could be better visualized than with conventional 2D sequences
due to its arcuate course combined with its usually small size. Examination of the LBT
using dynamic modalities, such as ultrasound, could also contribute to a better assessment
of tendon substance and reveal correlations between sonographic findings and elevated
T2 values. Furthermore, because the intertubercular portion of the LBT may be partially
invisible to arthroscopy, it is possible that small tendon portions captured within the ROI
may have missed arthroscopic correlation. However, in correspondence with orthope-
dic surgeons and careful review of the surgical protocols, all lesions found during the
arthroscopy were longitudinally distributed along the course of the tendon, and thus, were
reliably detectable.

Additionally, it is important to note that, to the best of our knowledge, this study
represents the first systematic evaluation of T2 mapping specifically for the LBT. As a
result, there are no suitable studies available for direct comparison of the quantified T2
relaxation times in this context. The few existing studies on the T2 mapping of tendinous
structures have reported similar results, with T2 relaxation times around 30 ms for healthy
supraspinatus tendons, for instance [24,25]. However, further research is required to
validate the T2 mapping values specifically for the long biceps tendon, as observed in
our study.

Finally, it should be mentioned that the T2 values analyzed in this study and the
resulting diagnostic parameters are representative only of a field strength of 3.0 Tesla.
Some studies comparing cardiac and uterine T2 mapping sequences at 1.5 and 3.0 Tesla
found significant field strength-dependent differences in the mean T2 values [50,51]. While
explicit studies on the cartilaginous tissue of tendinous structures are lacking, this effect
might also be applicable to musculoskeletal imaging.

5. Conclusions

T2 mapping effectively detects and quantifies long biceps tendon (LBT) pathologies,
as evidenced by the significantly higher T2 values observed in arthroscopically confirmed
tendinopathy compared to provenly healthy tendons. Additionally, the high diagnostic
performance values and strong inter-rater reliability (ICC) among radiologists further
support this finding. Thus, T2 mapping has the potential to provide valuable insights
into the (ultra-)structural integrity of the tendinous collagen network and may, therefore,
serve as a valuable tool for early diagnosis, facilitating the prompt initiation of therapy.
Additionally, by providing objectifiable measures, it may enable longitudinal quantitative
monitoring during conservative therapy or after surgical treatment.
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Abstract: Background: Detecting bone marrow edema (BME) as a sign of acute fractures is challenging
on conventional computed tomography (CT). This study evaluated the diagnostic performance of
a three-material decomposition (TMD) approach for detecting traumatic BME of the extremities
on spectral computed tomography (SCT). Methods: This retrospective diagnostic study included
81 bone compartments with and 80 without BME. A TMD application to visualize BME was developed
in collaboration with Philips Healthcare. The following bone compartments were included: distal
radius, proximal femur, proximal tibia, distal tibia and fibula, and long bone diaphysis. Two blinded
radiologists reviewed each case independently in random order for the presence or absence of BME.
Results: The interrater reliability was 0.84 (p < 0.001). The different bone compartments showed
sensitivities of 86.7% to 93.8%, specificities of 84.2% to 94.1%, positive predictive values of 82.4% to
94.7%, negative predictive values of 87.5% to 93.3%, and area under the curve (AUC) values of 85.7%
to 93.1%. The distal radius showed the highest sensitivity and the proximal femur showed the lowest
sensitivity, while the proximal femur presented the highest specificity and the distal tibia presented
the lowest specificity. Conclusions: Our TMD approach provides high diagnostic performance
for detecting BME of the extremities. Therefore, this approach could be used routinely in the
emergency setting.

Keywords: bone marrow edema; fracture; computed tomography; trauma; extremity

1. Introduction

Bone fractures are common conditions that present in the routine emergency setting.
The accurate diagnosis of fractures after acute trauma is essential for adequate consecutive
treatment. This can be challenging in the case of detecting occult fractures. Acute trauma
can cause microfractures in the trabecular bone, leading to bone marrow edema (BME)
and microhemorrhages, eventually causing a reduction in fat components [1]. Although
BME is not specific to fractures, the presence of BME in acutely injured bone indicates the
presence of a fracture [2,3]. To appreciate the importance of BME as an indirect sign of
a fracture, Baumbach et al. developed a workflow for BME management and decision-
making, placing the presence of BME at the beginning of their decision algorithm [3]. The
changes in the fluid content of the bones causing BME are best diagnosed with magnetic
resonance imaging (MRI), which reveals reduced signal intensity on T1-weighted (w) im-
ages and increased signal intensity on fat-suppressed T2w or proton density-weighted
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(PDw) images [4,5]. MRI is often performed to identify BME, which many authors con-
sider highly specific for acute trauma [6,7]. Therefore, it is not surprising that MRI has
become a standard imaging modality for assessing bone marrow edema in the emergency
setting [5]. However, contraindications, such as implemented medical devices, ferromag-
netic materials, claustrophobia, or severe back pain, often restrict the use of MRI [8,9].
Additionally, MRI examinations are time-consuming and usually not immediately avail-
able in an emergency setting [10]. Patients with acute trauma of the extremities often
require immediate operative treatment. Therefore, computed tomography (CT) is often the
imaging modality of choice in emergency situations, as the examination times are faster,
hence the susceptibility to patients’ motion is reduced [8,11]. With traditional CT scanners,
which are based on a single-energy X-ray tube and detector, the diagnosis of BME is often
very challenging, as for low-contrast tissues like bone marrow, the discrimination from
normal bone is aggravated by a superposition of the X-rays and the overlying trabecular
bone [12–15]. An advanced technique using dual-energy computed tomography (DECT)
has been employed for many years to provide additional information on different tissue
characteristics. Different approaches for DECT, such as rapid kilovoltage (kV) switching
or two X-ray sources, have already been described in the literature [7]. The kV-switching
method uses a single X-ray tube with the ability to rapidly change the energy levels [10].
A major disadvantage of using a DECT system was previously seen in higher radiation
doses [16]. However, further developments have led to significantly reduced radiation
doses [17]. Apart from these source-based systems, there is also a detector-based approach
for material separation by their energy-dependent X-ray absorption characteristics. A novel
technique called dual-layer spectral CT (SCT), using one X-ray tube and two different
detector layers, was introduced recently, which registers different energy spectra of the
polychromatic X-ray spectrum [7,18,19]. The top layer absorbs low-energy spectra and the
bottom layer absorbs high-energy spectra [12]. This allows for the simultaneous absorption
of the polychromatic X-ray beam’s high- and low-energy spectra. In this way, the discrimi-
nation of tissues by different atomic weights and electron densities is acquired [7,13,18,19].
Various post-processing approaches and other image reconstruction methods using SCT
have already been described in the literature [7,13,18,19]. Post-processing SCT image re-
constructions allow for the visualization of different tissues, leading to selective imaging
of tissue changes in different clinical scenarios. BME using SCT and DECT has already
been investigated in several studies [4,11,14,20,21]. Also, BME of the extremities has been
described in previous studies using DECT [22,23], and one of these studies also used a
three-material decomposition (TMD) approach [22]. However, no study has addressed
the detection of BME of the extremities using SCT. Therefore, the applicability of TMD on
SCT to detect BME in extremity bones is an interesting and relatively novel issue to investi-
gate. In summary, this study evaluated the diagnostic performance of a TMD approach to
visualize BME of the extremities using SCT.

2. Materials and Methods

Study design and IRB approval: This is a retrospective monocentric study. The study
was approved by the local institutional review board (IRB) of our institution. Informed
consent was waived due to the retrospective design of the study and the inclusion of
patients who had undergone their examinations during routine clinical examinations. The
study was conducted between 2019 and 2022.

Patients: Our institutional picture archiving and communication system (PACS) was
screened for patients who underwent SCT of the extremities within the study period. First,
the patients who presented with extremity fractures were identified. In the second step,
control patients without any fractures of the extremities were included. All available
spectral-based images (SBI) from the patients were downloaded and reconstructed for the
subsequent BME analysis (as indicated under the subheading SCT and BME imaging).
Before the main evaluation took place, we performed a two-step pre-evaluation. First, we
screened all fracture sites for the number of occurrences. From this list, we excluded all
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fracture sites with a low number (n). In the second step, we reconstructed all available
SBI datasets from the remaining patients and pre-evaluated the performance of our TMD
approach. Our pre-evaluation of the TMD tool showed that small edemas, as well as
smaller bone structures (carpal or tarsal bones), could not be reliably identified using
our TMD approach. Therefore, small edemas and small bone structures were excluded.
Patients who underwent CT examinations other than SCT (e.g., dual-energy CT) were
excluded as well. Also, patients who presented with foreign materials causing artifacts,
those aged under 18 years, those with pathological fractures, and those with infections of
the extremities were excluded. We performed a pre-selection of fractures based on the most
common kinds of fractures scanned with SCT. According to our pre-selection, the following
body compartments remained for evaluation: distal radius, proximal femur, proximal
and distal tibia, and long bone diaphysis (humerus, femur, tibia, radius). As patients’
baseline data, age and sex were included. All other patient-related data were not evaluated.
Figure 1 shows a flowchart of the study selection process based on the inclusion and
exclusion criteria.

 
Figure 1. Flowchart of the study selection process based on the inclusion and exclusion criteria.
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SCT and BME imaging: The patients were examined using dual-layer spectral com-
puted tomography (Spectral IQON®, Philips Healthcare, Best, The Netherlands) without i.v.
contrast application. CT images were acquired using a tube voltage of 120 kV, an automated
attenuation-based dose modulation (DoseRight, Philips Healthcare), a rotation time of
0.27 s, a collimation of 64 × 0.625, and a slice thickness of 1 mm. Spectral-based image (SBI)
data, which contain information on energy-dependent absorption, were reconstructed. For
further image reconstructions, a post-processing platform (IntelliSpace, Philips Healthcare)
was used. A plug-in was implemented to generate the evaluated TMD tool using the
following process: The dual-layer attenuation data were decomposed into photo-electric
(PE) and Compton-scatter (CS) attenuation, which provides the basis for the TMD method.
PE and CS values for three materials (water, fat, and bone mineral) in pure form were set
as inputs to the algorithm, after which the volume fraction of each material in each voxel
was calculated, knowing the total PE and CS attenuation of that voxel. This resulted in a
BME tool, where the voxel values represent the water volume fraction in each voxel. This
method assumes that the sum of the volume fractions of each material is equal to one. TMD
images were reconstructed using iDose level 2 (Philips Healthcare, The Netherlands) and
Spectral level 2 (Philips Healthcare, The Netherlands). The density maps for the water
volume fractions were generated in different orientations (according to the original CT
image) and with a section thickness of 3 mm. The reconstruction resulted in grayscale
images, simulating the contrast of MR images.

Image Analysis: Datasets of bones with and without BME were reconstructed and pre-
pared by M.S. for consecutive review and analysis. The images were downloaded from our
institutional PACS and saved in DICOM (digital imaging and communications in medicine)
files. Two radiologists (readers) with 5 and 15 years of experience in musculoskeletal
radiology evaluated the prepared datasets. The radiologists were blinded to the data and
reviewed the TMD images independently in a random order. They indicated the presence
of BME using a binary classification (0 no edema visible, 1 edema visible). Only clearly
visible BME had to be rated as “1” according to the binary rating. The radiologists were
allowed to scroll through the reformations and adjust the window for personal convenience.
The cases were randomly chosen. MRI was used as a baseline to determine the presence or
absence of BME.

Statistical analysis: Data were provided as mean values with standard deviation (SD).
Interrater reliability was calculated with weighted Cohen’s κ statistics. The diagnostic
performance (sensitivity, specificity, positive predictive value, and negative predictive
value) was assessed using contingency tables and then calculated. The area under the curve
(AUC) was also derived from the receiver operating characteristic (ROC) curve analysis.
From the BME ratings of the readers, mean values between the ratings were calculated and
used for the determination of the diagnostic performance. Statistical significance for all
tests was set at p < 0.05. Statistical analysis was performed using the IBM-SPSS version 28.0
software package (IBM, Armonk, NY, USA).

3. Results

3.1. Baseline Data

This study included 161 bone compartments—81 bone compartments with and
80 bone compartments without BME. The fracture locations are shown in Table 1. The
locations presented with total numbers between n = 29 and n = 35. The mean age of the
patients was 59.5 years (SD 21.9); 51% of the patients were male and 49% were female. The
inter-rater reliability was 0.84 (p < 0.001).
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Table 1. Overview of cases with and without bone marrow edema (BME) (n = number).

Location BME (n) No BME (n) Total (n)

Distal radius 16 14 30

Proximal femur 15 17 32

Proximal tibia 20 15 35

Distal tibia 16 19 35

Long bone diaphysis 14 15 29

Total 81 80 161

True/false positive/negative results using the TMD approach

Altogether, 73 of the 81 BME were correctly identified. Only 16 cases were falsely
classified as positive or negative (n = 8 each). Out of the 80 bones without BME, 72 were
correctly classified. Altogether, 90% of the bone compartments were correctly classified by
the two readers.

Calculated diagnostic performance using the TMD approach

Table 2 presents the diagnostic performance values of the TMD tool.
The different bone compartments showed sensitivities of 86.7% to 93.8%, specificities

of 84.2% to 94.1%, positive predictive values of 82.4% to 94.7%, negative predictive values
of 87.5% to 93.3%, and area under the curve (AUC) values of 85.7% to 93.1%.

The distal radius showed the highest sensitivity (93.8%) and the proximal femur
showed the lowest sensitivity (86.7%), while the proximal femur presented the highest
specificity (94.1%) and the distal tibia presented the lowest specificity (84.2%). The highest
AUC was seen in the long bone diaphysis (93.1%), while the distal tibia showed the lowest
AUC (85.7%). There was no diagnostic value lower than 80%.

3.2. Examples

Figures 2 and 3 show examples of BME on TMD images in different locations. Figure 2
presents an example of a fractured proximal tibia on conventional CT images and the TMD
tool, whereas Figure 3 shows a fractured distal radius.

Figure 2. Fractured proximal tibia of a patient on a conventional CT image (A), on the TMD tool
(B), and the corresponding MRI (C). The BME (white arrow) is visible on the TMD tool and the
corresponding MRI, but it is not detectable on the conventional CT image. Additionally, a bar chart
shows the density/intensity levels between normal bone and BME.
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Figure 3. Fractured distal radius of a patient on a conventional CT image (A), on the TMD tool (B),
and the corresponding MRI (C). The TMD tool and the corresponding MRI clearly show a BME
(white arrow), whereas the conventional CT image does not depict the BME. Additionally, a bar chart
shows the density/intensity levels between normal bone and BME.

Table 2. Diagnostic performance showing sensitivity, specificity, positive predictive value (PPV),
negative predictive value (NPV), and area under the curve (AUC) (all in %) (combined for both
readers).

Sensitivity Specificity PPV NPV AUC

Distal radius 93.8% 85.7% 88.2% 92.3% 90.0%

Proximal femur 86.7% 94.1% 92.9% 88.9% 90.6%

Proximal tibia 90.0% 93.3% 94.7% 87.5% 91.4%

Distal tibia 87.5% 84.2% 82.4% 88.9% 85.7%

Long bone diaphysis 92.9% 93.3% 92.9% 93.3% 93.1%

4. Discussion

This study investigated the diagnostic performance of a TMD approach for detecting
BME of the extremities on SCT. Although extremity fractures are commonly seen after
trauma, there is still a lack of studies systematically addressing extremity fractures [24].
Additionally, many extremity fracture studies are outdated or include only a few patient
samples [25]. Most upper extremity fractures in older patients are caused by a fall and a
subsequent direct fracture impact [26]. Also, many other fracture mechanisms exist, such
as stress fractures [27,28].

BME plays an essential role in diagnosing acute fractures [29,30]. Although BME is
not a specific characteristic of acute fractures and it might appear in both symptomatic and
asymptomatic individuals [2], BME is routinely seen in acute traumatic bone. Therefore,
BME is often regarded as an indirect sign of acute fractures [3,29,30].

Radiological diagnostics is one of the major pillars for identifying traumatic fractures.
Radiography is usually performed first, followed by CT. Computed tomography is nowa-
days established as an imaging modality that provides reliable fracture diagnostics [31,32].
However, the utilization of conventional CT is unrewarding for detecting BME, as superpo-
sition aggravates the discrimination of low-contrast tissues [12,13]. This is a well-known
problem for radiologists and other clinical disciplines. However, many radiologists try
to provide some vague information about fracture age, mainly based on their personal
experience [33]. This could cause radiologists to be accused of misdiagnosis or failure to
diagnose [34], although they only wanted to help their patients. Consequently, radiologists
should try to reduce errors as much as possible. Reducing errors will improve patient care
and reduce healthcare costs [34]. Therefore, in routine clinical settings, MRI is often used
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in undefined cases to detect BME. Nevertheless, MRI examinations are often not immedi-
ately available in the emergency setting and additionally, many patients are ineligible for
MRI [7,10]. Although only a few fractures are missed in the emergency setting [35], occult
fractures still cause a major problem for radiologists. Occult fractures are often difficult to
detect on CT, leading to misdiagnosis or further diagnostics. Therefore, in an emergency,
where time saves lives, it is preferable to detect occult fractures, indicated by BME, on-site
without needing additional MRI [36,37].

Depending on the hardware setup, there are different ways to generate spectral
information based on dual-energy CT [7]. Dual-energy with dual-source CT, using either
different X-ray sources or rapid kV switching [7], has been available and clinically tested
for many years [10,38]. The SCT consists of two detector layers, which simultaneously
collect low-energy and high-energy data, consecutively allowing for the separation of
these different energy spectra [1,13,18,19]. This relatively novel technique makes multiple
reconstructions of various structures within the human body possible. One of the many
advantages of SCT compared to DECT is that SCT allows for the analysis of spectral
information without requiring specific predefined protocols [7]. The idea of a three-material
decomposition for BME visualization is not new, and a similar approach has already been
investigated for DECT [22]. Accordingly, Yadav et al. assessed the diagnostic accuracy of
DECT in detecting bone marrow edema in patients with trauma of the lower limb. They
included both virtual non-contrast (VNC) and TMD approaches, and eventually found
sensitivities and specificities of 94.1% and 91.3%, respectively [22]. However, there is no
previous study that evaluates a TMD approach for use in the extremity bones on SCT. Our
TMD approach was developed in collaboration with the manufacturer. Also, “self-made”
approaches using the same technique are possible, especially when there is no SCT available.
Post-processing tools, such as our TMD approach, enhance the quality of imaging and allow
for more accurate diagnostics of targeted tissues. The potential of many SCT reconstructions
and applications has yet to be fully utilized. Previous studies on BME detection in SCT
mainly focused on post-processing imaging using CaSupp, which relies primarily on
suppressing calcium as a central component of bones and consecutively making BME
visible [4,13,14,39]. In contrast to this, our approach allows for the direct visualization of
BME on SCT, compared to CaSupp. Our TMD method enables BME depiction by evaluating
each voxel’s water volume fraction. Additionally, previous SCT studies mainly focused on
vertebral fractures rather than fractures outside the vertebrae [7,11,13,21,37,39]. However,
fractures of the extremities, with their various locations, are among the most common
fracture sites [40,41].

In this study, we achieved high diagnostic performance of the TMD tool in identifying
BME in major bone structures of the extremities, subsequently allowing for an accurate
evaluation of the fracture acuity. Despite the high diagnostic performance of our TMD
tool, the interrater reliability was also high, allowing for the reliable and objective detection
of BME. Nevertheless, we performed a pre-selection and pre-evaluation of the included
fractures. The pre-evaluation revealed that our TMD approach could only be used for
major bone compartments of the extremities. Small bone structures and small edemas can
be hard to identify using our approach.

Taking our results into account, our TMD approach could be used in the routine
emergency setting for major bone compartments of the extremities and acute fractures
in these compartments. Consequently, patients with clinically acute extremity fractures
could be identified earlier and more precisely compared to conventional CT, in which BME
is typically not visible. This could be very helpful, especially in occult fractures. Also,
time-consuming MRI for fracture evaluation could recede into the background, eventually
leading to a more time-effective treatment of trauma patients. Baumbach et al. presented
an algorithm and decision tree for BME evaluation [3]. Acute fractures thereby presented
a main point of their algorithm, with BME among the first appearances and features to
be reviewed. The first step was described to be the pain, followed by an MRI, which
shows the BME as an indirect sign of an acute fracture. Thereafter, comes CT or X-ray. By
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using our TMD approach, CT could rank more importantly in the algorithm as a first-line
diagnostic tool. However, our TMD tool cannot fully replace MRI, and our approach
is still a concept/prototype at the time of this study. Further development and exciting
features, such as color-mapping or quantitative voxel-based analysis, could improve the
performance of our tool. Future studies should test our approach by including many more
patients. Also, automated post-processing TMD reconstruction after trauma CT, without
any further manual reconstruction, could be an interesting aim for future studies.

This study has some limitations. First, we performed a retrospective study. Future
studies could perform the same study in a prospective design and include many more
patients. Second, we excluded other BME-causing conditions, such as metabolic diseases
or malignancies. However, in the emergency setting, these types of patients could still be
encountered. Therefore, future studies could focus on the evaluation of trauma-related
and non-trauma-related BME. Third, many eligible patients did not undergo MRI baseline
examinations, and they had to be excluded from this study. In fact, MRI examinations are
often not performed in an emergency setting to avoid treatment delays, leading to a lack of
baseline MRI data. Fourth, we did not include smaller bone structures, such as carpal and
tarsal bones, as a pre-evaluation of our tool revealed difficulties in depicting BME in those
smaller bone compartments. Future studies should use our TMD approach and optimize it
for smaller bone structures. Lastly, the developed and evaluated TMD tool is still a concept
or prototype. For future developments, an easy-to-handle interface [42] or an automated
approach could be very helpful in making our TMD approach broadly usable in clinics.

5. Conclusions

We developed and tested a novel TMD approach for making BME of the extremities
more visible on SCT. Our TMD approach revealed high diagnostic accuracy in detecting
BME of the extremities, with sensitivities and specificities ranging from 86.7% to 93.8% and
84.2% to 94.1%, respectively. Our approach could facilitate diagnostics of acute extremity
fractures, especially in occult fractures, consecutively leading to a faster onset of therapy.
However, the presented TMD tool is not suitable for small bone structures, as BME is
usually not visible in those bone compartments. Further studies could focus on testing
the proposed TMD tool in larger cohorts or routine clinical settings and could include
additional body compartments not evaluated in this study.
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Abstract: Unintended rotation of the distal tibia occurs during medial open-wedge high tibial
osteotomy (MOWHTO). Computed tomography (CT) is the standard method of measuring lower
limb alignment; however, the new low-dose EOS system allows three-dimensional limb modeling
with automated measurements of lower limb alignment. This study investigated the differences
between the changes in lower limb alignment profiles obtained using the EOS system and CT in
patients who underwent MOWHTO. We investigated whether any factors contributed to the degree
of deformation. Thirty patients were prospectively enrolled between October 2019 and February 2023.
Changes in femoral and tibial torsion, femorotibial rotation, and posterior tibial slope were measured
using pre- and post-MOWHTO CT and EOS images. We found no significant difference in pre- and
postoperative tibial torsion or posterior tibial slope between CT and EOS. No variables showed a
significant correlation with changes in the tibial torsion or posterior tibial slope. This study confirmed
the possibility that the EOS system could replace CT in measuring changes in several parameters pre-
and postoperatively. Furthermore, we confirmed that the distal tibia tended to be internally rotated
after MOWHTO; however, we found no significantly related parameters related to deformation
caused by MOWHTO.

Keywords: EOS imaging; computed tomography; rotational alignment; osteotomy; malalignment

1. Introduction

Medial open-wedge high tibial osteotomy (MOWHTO) is a surgical technique widely
performed in relatively young and active adults with medial compartment osteoarthritis,
varus deformities of the knee joints, or anterior cruciate ligament deficiency [1–5]. This
surgical procedure transfers mechanical loading from the damaged medial compartment to
the intact lateral compartments. In addition, MOWHTO can delay or prevent deterioration
of the medial compartment of the knee joint, thereby delaying the need for knee joint
arthroplasty. Several studies have reported relatively satisfactory short- and mid-term
results of this surgical method [6–8].

Accurate alignment correction in MOWHTO is essential for achieving satisfactory
clinical outcomes. Surgeons performing MOWHTO have focused on correcting lower
limb alignment in the coronal plane [9]. However, when MOWHTO is performed, three-
dimensional (3D) structural deformation occurs in the coronal, axial, and sagittal planes [10].
Various studies have reported that MOWHTO causes unintended rotation of the distal
tibia and alteration of the posterior tibial slope [11–14]. MOWHTO can also adversely
affect the ankle and knee joints, causing patellofemoral arthritis, pes planus, and gait
abnormalities [15–17].
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Therefore, many studies on alignment changes after MOWHTO have been conducted
and various discussions have been made on how to measure alignment of lower extremities
as interest in the alignment of lower limbs before and after HTO has increased [10,14,18–23].
Various methods including clinical, sonographic, fluoroscopic, and magnetic resonance
imaging have been proposed to measure the rotation of lower extremities, but none of them
have been widely used routinely [24–27]. In recent years, computed tomography (CT) has
become the gold-standard radiographic method for evaluating alignment [9,28].

However, a biplanar low-dose EOS system (EOS Imaging, Paris, France) has recently
been developed to analyze lower limb alignment [29]. The EOS system enables significantly
lower radiation exposure than conventional radiographs. Simultaneously, the EOS system
captures whole-body anteroposterior (AP) and lateral two-dimensional radiographs in a
scaled environment, allowing 3D reconstruction of the bone structures of the spine and
lower extremities using stereoscopic radiography [30]. Thus, various clinical parameters of
the lower extremities and spine, including the femoral and tibial torsions, can be measured
using the 3D model [31,32].

Some studies have reported that the rotation of the lower extremities can be evaluated
using the EOS system; however, few studies have investigated the use of the EOS system
in assessing other factors, such as rotation after MOWHTO [33,34]. Therefore, we aimed
to investigate the differences between the changes in lower limb alignment and rotation
profiles obtained using the EOS system and CT in patients who underwent MOWHTO. We
hypothesized that there would be no differences in the changes in lower limb alignment and
rotation profiles between the EOS system and CT. Furthermore, we investigated whether
other factors contributed to the amount of rotational deformation and slope changes.

2. Materials and Methods

2.1. Patients

This prospective study was approved by the Institutional Review Board
(IRB no. 2023-02-012). We prospectively included all patients who underwent MOWHTO
between October 2019 and February 2023. Patients with severe lower extremity deformities
such as traumas, fractures, or prosthetic implants in the lower extremity were excluded. In
total, 97 patients (97 knees) met the criteria; however, 60 patients (60 knees) did not undergo
pre- or postoperative CT. Furthermore, seven patients (seven knees) did not undergo EOS
imaging studies as part of the preoperative work-up or to evaluate changes in lower limb
alignment postoperatively. A flowchart of this study is shown in Figure 1.

 
Figure 1. Flowchart of the study.
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2.2. Evaluation Methods

During the scan, the patients were instructed to touch both hands to their cheeks while
holding their breath. We obtained standing AP and lateral images, including the entire
lower extremity, and created images using the EOS imaging system. The images were
stored on an institutional picture archiving and communication system (PACS) network.
Subsequently, anatomical landmark identification was performed manually on the digital
AP and lateral EOS two-dimensional radiographs using PACS workstation software tools
(sterEOS; Biospace Med, Paris, France) (Figure 2A,B) [35]. Three-dimensional images were
reconstructed by radiology technicians with several years of experience in musculoskele-
tal radiology who were trained in using sterEOS software. Various parameters of the
lower extremities were calculated using these images by the computer-aided program
(Figure 2C,D).

Figure 2. (A,B) Anteroposterior and lateral radiographs acquired for 3D reconstruction; (C,D) The
3D reconstruction images made by the EOS imaging system.

In addition, a helical CT machine (Aquilion Prime, Canon Medical Systems, Otawara,
Japan) was used to obtain axial images of lower extremities with a voltage source of
120 kV, and slices were acquired at 3 mm intervals. The CT scan captured the whole lower
extremity, and the threshold was defined from −1000 HU to 1000 HU to highlight the bone.
Patients were instructed to straighten their legs while lying down, and radiologists fixed
their legs with a device to prevent them from moving while undergoing CT. Furthermore,
a simple radiographic evaluation was performed using weight-bearing lower extremity
AP radiographs.

Measurements were performed using our institution’s PACS workstation (M6, INFINITT
Healthcare Co., Ltd., Seoul, Republic of Korea). These were conducted by two senior ortho-
pedists who were mainly involved in the care of lower extremities, including the hip and
knee joints.

2.3. Measurement of Parameters and Clinical Outcomes

The femoral neck anteversion was computed as the angle between the femoral
neck axis and the axis tangential to the posterior condyles on the transverse femoral
plane [36]. The angle was positive when the femoral neck was anteverted. Moreover, the
axis adapted to the posterior tibial plateau rim and the bimalleolar axis was defined as
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tibial torsion [37,38]. Femorotibial rotation was the angle between the axis of the posterior
condyles of the femur and the posterior tibial plateau rim. The values were positive when
the distal fragment externally rotated during tibial torsion and femorotibial rotation.

Images of the EOS and CT measurements are described in Figure 3A,B and Figure 4A–D,
respectively. The posterior tibial slope measurements were performed in the sagittal plane.
The tibial axis was determined according to the method described by Lipps et al. (Figure 3C).
The angle between the proximal posterior tibial axis and the osteotomy axis of the tibial
tuberosity was defined as the angle of the tuberosity osteotomy axis (Figure 5A,B) [14,39].
Furthermore, the hip–knee–ankle angle (HKAA), the angle between the lines from the knee
joint center to the femoral head center and the ankle joint center, was calculated from the
weight-bearing AP long-leg view. When the knee had a varus deformity, the angle had a
positive value. In addition, the medial angle between the articular line of the proximal tibia
and the anatomical axis of the tibia was defined as the medial proximal tibial angle.

 

Figure 3. EOS measurements. (A) Femoral torsion; (B) Tibial torsion; (C) Posterior tibial slope on the
sagittal plane of the EOS.

 

Figure 4. Axial computed tomography. (A) Femoral neck axis; (B) The line adapted to the posterior
contour of the medial and lateral femoral condyles; (C) The line adapted to the posterior contour of
the proximal tibial head; (D) The bimalleolar axis.

The Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC),
Hospital for Special Surgery (HSS) score, and range of motion of the involved knees were
used to evaluate functional outcomes in this study. Additionally, patient-reported outcomes
were collected twice in the clinic by a single orthopedic surgeon, once preoperatively and
once 1 year postoperatively.
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Figure 5. Measurement of the tibial osteotomy angle. (A) The line adapted to the posterior tibial
plateau; (B) The line of the osteotomy at the level of the tibial tuberosity axis.

2.4. Surgical Technique

All operations were performed by a single senior surgeon. A 5 cm anteromedial skin
incision was made medial to the tibial tuberosity. Subsequently, the pes anserinus tendon
was released, and the superficial medial collateral ligament was exposed and detached
with a Cobb elevator. To protect the neurovascular structures of the knee, the Cobb
elevator was inserted, and subperiosteal dissection on the posteromedial and posterolateral
aspect of the tibia was performed. Diagnostic arthroscopy was performed in all patients
for meniscal procedures such as repair or meniscectomy before MOWHTO, and lateral
retinacular release was performed after the arthroscopic procedure. Guidewires were
inserted approximately 3.5 cm below the medial joint line and directed obliquely toward
the tip of the fibula head. Biplane osteotomy was performed at the medial tibial cortex
using an oscillating saw. The osteotomes were carefully advanced to approximately 1 cm
into the lateral cortex without breakage. The osteotomy site was carefully widened to
the planned width using a chisel. When the expected osteotomy width was reached, we
checked whether the mechanical axis passed the 62.5% point of the tibial plateau using the
cable method. Stabilization of the osteotomy site was achieved using a metal plate with a
metal block (Ohtofix, Ohtomedical Co., Ltd., Goyang, Republic of Korea).

2.5. Statistical Analysis

The normality of the distribution was confirmed by performing the Kolmogorov–
Smirnov test. The rotational alignment and slope of the lower extremity were measured by
two orthopedists in CT taken before surgery. The average value of the values measured by
two orthopedists was determined as the preoperative rotational alignment and slope values,
and the CT images taken after the surgery were also measured in the same way. The change
between the values of each variable before and after surgery was calculated. The amount
of change in variables of EOS before and after surgery was also calculated. Student’s t-tests
were then performed to compare changes in femoral torsion, tibial torsion, femorotibial
rotation, and posterior tibial slope between the CT and EOS groups. In addition, pre- and
postoperative comparisons of functional outcomes, tibial slope, tibial rotation, femorotibial
rotation, the HKAA, and the medial proximal tibial angle were performed using paired
t-tests. Pearson’s correlation coefficients were calculated to investigate the association
between the variables and the changes in tibial torsion and posterior tibial slope after
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MOWHTO in patients with pre- and postoperative CT, regardless of the EOS system.
All statistical analyses were performed using SPSS version 20.0 (IBM Corp., Armonk,
NY, USA), and statistical significance was set at p < 0.05.

3. Results

All patients were diagnosed with medial compartment osteoarthritis with varus
malalignment. The population consisted of 22 females (73%) and 8 males (27%), with
a mean age of 59.9 years at the time of surgery. There were 16 and 14 left and right knees,
respectively. Furthermore, the mean preoperative flexion contracture was 4.0 degrees, while
the average correction angle calculated using the Dugdale and Noyes method was 8.27
(4.0–15.0 degrees). MOWHTO was combined with medial meniscus repair in 19 knees
(63%) and partial medial meniscectomy in 11 knees (37%). Additionally, 2/25 (7%) patients
underwent simultaneous MOWHTO and allogeneic mesenchymal stem cell transplantation
(Table 1).

Table 1. Patient demographics.

Parameters
Knees

(n = 30)

Sex
Male 8 (27)
Female 22 (73)

Age (years) 59.9
Height (cm) 159.8
Weight (kg) 67.7
Body mass index (kg/m2) 26.41
Side

Left 16 (53)
Right 14 (47)

Flexion contracture (◦) 4.0
Correction angle (◦) 8.25 (4–15)
Concomitant surgery

Medial meniscus repair 19 (63)
Partial medial meniscectomy 11 (37)
Allogenic mesenchymal stem cell transplantation 2 (7)

Data are presented as n (%) or mean (range).

The mean differences in femoral torsion between pre- and post-MOWHTO when using
CT and the EOS system were 0.17◦ ± 2.73◦ and −2.96◦ ± 9.24◦, respectively; however,
there were no statistically significant results between these values (p = 0.142). In addition,
the mean differences between pre- and postoperative tibial torsion when using CT and EOS
were −3.59◦ ± 2.64◦ and −3.39◦ ± 7.34◦, respectively (p = 0.894). Furthermore, the mean
difference of the femorotibial rotation when using CT was 2.61◦ ± 3.63◦, while that for the
EOS system was 2.46◦ ± 10.58◦ (p = 0.947). When the posterior tibial slope was measured
before and after MOWHTO, the change observed when using the EOS system was 1.07◦
greater than that in CT, which was not statistically significant (p = 0.227) (Table 2).

The clinical and radiological outcomes after MOWHTO are described in Table 3.
We observed that the posterior tibial slope increased by 0.82◦ ± 1.92◦ after MOWHTO
(p = 0.035). Additionally, the tibial rotation showed a change of −3.59◦ ± 2.64◦ between
the pre- and postoperative measurements, which was statistically significant (p < 0.001).
Similarly, the femorotibial rotation showed a statistically significant change of 2.61◦ ± 3.63◦
between the pre- and postoperative measurements (p < 0.001). Furthermore, the mean
HKAA changed from varus (6.29◦ ± 2.33◦) to valgus (−1.11◦ ± 2.10◦) after MOWTHO,
which was statistically significant (p < 0.001). In terms of clinical outcomes, the WOMAC
scores decreased in all categories after MOWHTO. The total WOMAC and WOMAC pain
scores had statistically significant outcomes: p-values of 0.008 and 0.007, respectively. The
HSS score also increased postoperatively by 8.75 ± 3.58 (p < 0.001).
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Table 2. Measurement of the lower extremity rotation and posterior tibial slope using the EOS system
and CT.

CT EOS System

Before
MOWHTO

(SD)

After
MOW1HTO

(SD)

Change
(SD)

Before
MOWHTO

(SD)

After
MOWHTO

(SD)

Change
(SD)

p-Value

Femoral torsion (◦) 14.42 (5.87) 14.59 (6.47) 0.17 (2.73) 17.39 (7.28) 14.96 (9.50) −2.96 (9.24) 0.142
Tibial torsion (◦) 25.16 (6.86) 21.57 (5.21) −3.59 (2.64) 26.29 (7.97) 22.89 (6.37) −3.39 (7.34) 0.894

Femorotibial rotation (◦) 0.87 (3.66) 3.48 (5.14) 2.61 (3.63) −1.64 (7.50) 0.82 (9.49) 2.46 (10.58) 0.947
Posterior tibial slope (◦) 12.10 (3.33) 12.92 (3.66) 0.82(1.91) 12.75 (4.26) 14.64 (4.53) 1.89 (2.10) 0.227

CT, computed tomography; SD, standard deviation; MOWHTO, medial open-wedge high tibial osteotomy.

Table 3. Clinical and radiologic outcomes after MOWHTO.

Preop. (SD) Postop. (SD) Change (SD) p-Value

Radiologic outcomes
Tibial slope (◦) 12.10 (3.33) 12.92 (3.66) 0.82 (1.92) 0.035 *
Tibial rotation (◦) 25.16 (6.86) 21.57 (5.21) −3.59 (2.64) <0.001 *
Femorotibial rotation (◦) 0.87 (3.66) 3.48 (5.14) 2.61 (3.63) <0.001 *
HKAA (◦) 6.29 (2.33) −1.11 (2.10) −7.39 (2.74) <0.001 *
MPTA (◦) 84.54 (2.15) 89.89 (3.29) 5.36 (3.88) <0.001 *

Clinical outcomes
(POD 1Y)

ROM (◦) 131.64 (7.68) 132.46 (7.39) 0.82 (2.73) 0.129
WOMAC score

Total 44.50 (8.68) 41.21 (4.97) −3.29 (5.99) 0.008 *
Pain 9.04 (3.92) 7.54 (2.44) −1.50 (2.69) 0.007 *
Function 30.21 (6.75) 28.61 (4.32) −1.61 (4.93) 0.102
Stiffness 5.21 (1.15) 5.07 (1.22) −0.14 (0.91) 0.424
HSS score 71.18 (6.37) 79.93 (7.13) 8.75 (3.58) <0.001 *

SD, standard deviation; MOWHTO, medial open-wedge high tibial osteotomy; POD, postoperative duration;
HKAA, hip–knee–ankle angle; MPTA, medial proximal tibial angle; Y, year; ROM, range of motion; WOMAC,
Western Ontario and McMaster Universities Osteoarthritis Index; HSS, Hospital for Special Surgery; * Statistical
significance was set at p < 0.05.

Using Pearson’s correlation analysis in 37 patients, the correlations between the change
in tibial torsion and posterior tibial slope (difference between pre- and postoperative values)
and each independent variable were assessed (Table 4). No variables showed a significant
correlation between the changes in the tibial torsion or posterior tibial slope.

Table 4. Correlations of the changes in tibial torsion and posterior slope with other parameters.

Change in Tibial Torsion
p

Change in Posterior Tibial Slope
p

Pearson’s Correlation Coefficient (r) Pearson’s Correlation Coefficient (r)

Correction angle (◦) 0.150 0.377 0.186 0.269
TOA (◦) −0.060 0.730 0.027 0.878
Flexion contracture (◦) −0.205 0.224 −0.125 0.462
Change of tibial torsion 1.0 0.000 0.998
Change of posterior

tibial slope 0.000 0.998 1.0

Change of clinical
outcomes (POD 1Y)

ROM (◦) 0.173 0.306 −0.036 0.834
WOMAC score
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Table 4. Cont.

Change in Tibial Torsion
p

Change in Posterior Tibial Slope
p

Pearson’s Correlation Coefficient (r) Pearson’s Correlation Coefficient (r)

Total 0.104 0.538 −0.130 0.445
Pain 0.110 0.515 −0.156 0.358
Function 0.05 0.769 −0.056 0.742
Stiffness 0.172 0.309 −0.050 0.770

HSS score −0.113 0.505 0.250 0.135

TOA, tuberosity osteotomy angle; POD, postoperative duration; ROM, range of motion; WOMAC, Western
Ontario and McMaster Universities Osteoarthritis Index; HSS, Hospital for Special Surgery.

4. Discussion

The main finding of this study was that there was no significant difference between the
CT and EOS systems when measuring the changes in femoral rotation, femorotibial rotation,
tibial rotation, and posterior tibial slope. This suggests that the EOS system developed for
evaluating lower extremity alignment may replace CT, the gold standard for measuring
lower extremity profiles. Additionally, we confirmed that the distal tibia was internally
rotated as a result of MOWHTO; however, there was no significant correlation between the
degree of internal rotation and various parameters and functional results.

Since the development of the EOS system, studies comparing the EOS system with CT
for evaluating lower extremity alignment have been published. Folinais et al. reported that
rotation parameters measured using the EOS system strongly correlated with the values
measured by CT. Buck et al. reported that measuring femoral and tibial torsion using 3D
models based on the EOS system could replace standard CT measurements in patients
with knee osteoarthritis [33,34]. Similarly, Hecker et al. reported that posterior tibial slope
measurements using the EOS 3D imaging system were as reliable and reproducible as those
obtained using CT [40]. Previous cross-sectional studies have also reported that EOS can
replace CT; however, our study is novel in that we examined the differences between the
EOS system and CT before and after surgery and found that the EOS system can replace
CT for these measurements.

It was reported that the difference between EOS and CT was about 3 degrees on
average in the femoral torsion in the study comparing EOS and CT [33,34]. In the femoral
torsion values in Table 2, the CT showed the result as anteversion, and the EOS showed the
opposite result (CT: 0.17◦/EOS system: −2.96◦). Research that MOWHTO affects femoral
torsion has not been confirmed yet, and it is thought that MOWHTO does not affect the
alignment of femoral torsion. Therefore, the different results were thought to be due to the
differences in the diagnostic methods, i.e., the CT and EOS systems.

Some studies have reported coronal realignment, unintended rotation of the distal
fragment in the axial plane, and increases in the posterior tibial slope occurring after HTO
surgery [9,10,14,23]. These unintended deformities can adversely affect the knee and ankle
joints and contribute to patellofemoral joint arthritis. Therefore, care should be taken by
surgeons when performing HTO. Our study also showed that the distal fragment was
internally rotated, and the posterior tibial slope was increased after MOWHTO, as shown
in Table 3. Therefore, because realignment of the axial and sagittal planes could occur
during surgery, particular care was taken during MOWHTO. However, we cannot rule out
the possibility that statistically significant realignment occurred during technical aspects
such as plate fixation (performed with the distal bone fragment slightly extended) or as the
bone fragments were fixed with reduction forceps to improve the contact of the anterior
surface in biplane osteotomy. Notably, Suh et al. reported that the increase in posterior
tibial slope was lower in uniplane medial-opening HTO than in biplane HTO, suggesting
that the use of biplane MOWHTO in our study may have also affected the increase in
posterior tibial slope [41].

Many studies have confirmed the occurrence of realignment after MOWHTO; however,
factors that cause greater deformation have not been reported [9,10,14,23,25,42]. Hinter-
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wimme et al. reported that distal tibial rotation was not related to the correction angle;
instead, they assumed that rotation of the distal tibia would occur because of the influence
of the 3D anatomic complexity of the tibia and the state of peripheral soft tissue, especially
the semitendinosus and gracilis tendons [10]. Moreover, Jang et al. reported that a greater
opening width and tuberosity osteotomy angle during MOWHTO showed a tendency for
greater internal rotation of the distal tibia [14]. Similarly, Kim et al. reported that the distal
tibial fragment was externally rotated after MOWHTO, and this degree was related to the
opening gap width [42]. In line with these previous studies, we confirmed the relationship
between the correction angle, tibial osteotomy angle, and preoperative flexion contracture
with the degree of realignment; however, these results were not statistically significant. In
addition, we confirmed that the degree of deformation did not affect functional outcomes
in the first year after surgery; this result was also not statistically significant (Table 4).

As tibial rotation changes after high tibial osteotomy, several studies have reported that
the posterior tibial slope also changes after high tibial surgery. The axis of the osteotomy
hinge has been studied as a significant determinant in determining the change in the
posterior tibial slope during MOWHTO [13,19,20,22,23,43]. Theoretically, the internally
rotated osteotomy hinge axis may decrease the posterior tibial slope, and the externally
rotated hinge axis may increase the posterior tibial slope. Wang et al. reported that the
posterolateral osteotomy axis increased the posterior tibial slope after MOWHTO more than
the lateral osteotomy axis [23]. Claire et al. reported that the distalization–flexion position
of the hinge axis also increased the posterior tibial slope in addition to the external rotation
of the osteotomy axis [20]. Therefore, MOWHTO should be performed in a way that the axis
of osteotomy rotates internally and angulates proximalization–extension simultaneously
to prevent changes in the posterior tibial slope, but this is challenging. The surgeon also
paid much attention to not changing the posterior tibial slope in this study, but the result
showed that the angle increased by an average of about 0.8 degrees after MOWHTO, which
was a statistically significant change before and after surgery. Therefore, it is necessary to
pay more attention to the determination of the hinge axis of osteotomy, keeping in mind
that the posterior tibial slope may change after MOWHTO.

Research using computer simulation is a research method that is more convenient and
can obtain faster results than research conducted in a laboratory or on patients. Various in
silico studies have also been reported by realizing bones or surgical instruments as images
using 3D CT reconstruction in orthopedics [44–48]. Recently, a finite element analysis on the
pressure applied to the knee cartilage according to the correction angle after HTO surgery
has been published. The study reported that the desired alignment was achieved under a
valgus hypercorrection of 4.5◦ that significantly unloads the medial compartment, loads
the lateral compartment, and arrests the progression of osteoarthritis [49]. In addition to
this, it is possible to conduct research (using computer stimulation) on how much rotation
of the distal tibia occurs and how the slope changes due to the influence of the correction
angle, osteotomy axis, opening gap width, and soft tissue. It is also necessary to study the
change in pressure applied to the knee joint and ankle joint by considering the change in
the mechanical axis due to high tibial osteotomy and the rotation and slope change of the
tibia by various factors simultaneously. It will be helpful to find the optimal correction
angle and osteotomy axis when performing HTO surgery by considering both the slope
and rotation as well as the change in mechanical axis.

An advantage of the EOS system is the reconstruction of 3D data based on biplanar
radiographs (Figure 2); therefore, it is regarded as a new diagnostic method for femoral and
tibial torsion measurements that can replace preoperative radiographs and CT. Visualization
of the spinal geometry is enabled by the 3D reconstruction by the EOS system in the
horizontal plane view from above, which provides the surgeon with more information
in orthopedic surgery, especially in scoliosis surgery. The EOS system can help patients
with multiple abnormalities, especially when they are present simultaneously [50]. In
addition, because the radiation exposure of the EOS system is significantly lower than that
of X-ray or CT, alignment measurement using EOS imaging is advantageous for children
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and adolescents, especially patients who need various orthopedic imaging studies [51].
Dietrich et al. reported that the radiation dose is 50% lower in the EOS system than in X-ray
imaging for the entire lower limb [52]. CT involves a fairly high radiation dose because of
the broad scanning area. In addition, EOS imaging and various parameters can be acquired
simultaneously [53].

The EOS system can be used in various ways, including preoperative planning and
postoperative alignment evaluation in spine and lower extremity surgery. Orfeuvre et al.
published a study using the EOS system to evaluate postoperative nonunion in patients
with femur shaft fractures who underwent intramedullary nailing [54]. Peeters et al.
evaluated pedicle size using the EOS system in scoliosis patients [55]. Evaluating pelvic tilt
and the position of the acetabulum using the EOS system after total hip arthroplasty was
studied by Loppini et al. [56].

The EOS system’s 3D model reconstruction requires accurate landmarks of the bone
and is influenced by the standing position before taking an image [57]. In this study, the
correct standing position was achieved by standing with one foot slightly anterior to the
other. If this is not performed, superimposed knees can negatively affect the identification
of the anatomical landmarks of the femur and tibia on the lateral image [35]. However,
Cho et al. evaluated the reliability of lower extremity alignment measurements using
the EOS imaging system as the patient stood with feet placed parallel in an even weight-
bearing posture. They confirmed a significant difference in the tibial and femorotibial
rotation [58]. Therefore, we used the adjusted standing position in our implementation of
the EOS system.

Our study has a few limitations. First, the number of enrolled patients was relatively
low and the patient population lacked diversity; however, the study was conducted only
with pure data, and it was statistically reasonable. Second, only two orthopedists inter-
preted the CT results, which can introduce bias. Third, the follow-up period of 1 year was
short. However, this study had the advantage of being a prospective study, unlike other
previous studies that compared the EOS system and CT, which were retrospective. We
also simultaneously compared the EOS system and CT and investigated the postoperative
outcomes of MOWHTO.

In conclusion, this study confirmed the possibility that the EOS system could replace
CT in measuring changes in several parameters pre- and postoperatively. Furthermore, we
confirmed that the distal tibia tended to be internally rotated after MOWHTO; however,
we found no significantly related parameters related to deformation caused by MOWHTO.
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