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Abstract

Objective: This study aims to identify early and longitudinal microstructural changes in white matter tracts in patients with severe traumatic brain injury (TBI)
using tract-based spatial statistics (TBSS) and fully automated tractographic methods.

Methods: Participants were 16 adult TBI patients with a Glasgow Coma Scale (GCS) score <7 and 16 age- and gender-matched healthy controls. Magnetic reso-
nance imaging (MRI) scans were performed using a 3 Tesla scanner, following the high-angular resolution diffusion imaging (HARDI) protocol. Diffusion tensor
imaging (DTI) parameters [fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD)] were calculated. TractSeg was
used for automated segmentation of white matter tracts, including the arcuate fasciculus (AF), anterior thalamic radiation (ATR), corpus callosum, cingulum, cor-
ticospinal tract (CST), superior longitudinal fasciculus (SLF), and inferior longitudinal fasciculus (ILF). Statistical comparisons between groups and longitudinal
analyses within the patient group were conducted using #-tests and Wilcoxon signed-rank tests, with significance thresholds adjusted for multiple comparisons.
Results: In the acute phase, TBSS revealed widespread decreases in FA and AD, and increases in MD and RD in several white matter tracts including the ATR,
CST, cingulum, and corpus callosum. Tractography also showed decreased FA and increased RD and MD in several tracts. Longitudinal analysis indicated per-
sistent decreases in FA and increases in RD over time, while tractography did not show significant longitudinal changes.

Conclusion: The study demonstrates significant early white matter damage in severe TBI patients, with continued microstructural changes observed longitudinally.
Keywords: Diffusion tensor imaging (DTI), longitudinal analysis, tract-based spatial statistics (TBSS), traumatic brain injury (TBI), white matter microstructure

INTRODUCTION

Traumatic brain injury (TBI) is a significant cause of morbidity and mortality in young patients.! Diffuse axonal injury involves axonal disruptions
in trauma patients and may not be visible on computed tomography or conventional magnetic resonance imaging (MRI) sequences if there is no
accompanying hemorrhage. Diffusion-weighted imaging (DWI) has become widely used in recent years for its ability to demonstrate microstruc-
tural changes in tissues not detectable on conventional MRI.2 Diffusion tensor imaging (DTI) allows for the visualization of white matter tracts by
altering diffusion gradients in specific directions. Fractional anisotropy (FA) is 1 of the key parameters of DTI, providing highly sensitive informa-
tion about the integrity of white matter tracts. The literature indicates that DTI can detect microstructural abnormalities in TBI that are not apparent
on conventional MRI sequences, with studies spanning at least 20 years. These studies have shown decreases in FA and increases in mean diffu-
sivity (MD) in these patients, particularly in commissural fibers such as the corpus callosum.? Diffusion tensor imaging has successfully revealed
microstructural changes in mild, moderate, and severe TBL.*°

Trauma is a process that triggers neuroinflammation. Encephalomalacia and gliosis develop in these patients, and increased neuroinflammation can
exacerbate the existing brain injury. Therefore, identifying microstructural changes in the chronic phase of TBI is crucial for patient management.®
However, there are very few longitudinal studies investigating microstructural changes in TBI. In the existing studies, the focus has primarily been
on mild TBL” Furthermore, the degree of neuroinflammation in mild TBI is not the same as in severe TBL.® Thus, studying longitudinal changes
in severe TBI is of significant importance.

Several methods exist to investigate microstructural changes in tissues using DTI. The traditional region of interest (ROI) method involves
marking specific areas using certain atlases and examining the average DTI parameters in these regions. Studies using this method in TBI
have found widespread decreases in FA and increases in MD, particularly in areas where commissural fibers pass.”!® However, this method is
dependent on the observer and only includes measurements from specific white matter regions.'' Another method, tract-based spatial statistics
(TBSS), is largely user-independent and allows for voxel-wise group comparisons across the entire brain by automatically transferring white
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matter tracts onto a white matter skeleton and taking local maxima.'?
Tract-based spatial statistics has become a popular alternative to the
ROI method because it mitigates some of the subjective elements
involved in manual ROI selection. By projecting all participants’
white matter tracts onto a common skeleton, TBSS enables a more
standardized comparison across subjects, facilitating voxel-wise
statistical analyses of the entire brain. Many studies have shown
microstructural changes throughout the brain in TBI using TBSS."
However, TBSS can introduce bias through statistical measurements
taken at local maxima and may produce incorrect calculations in
crossing fibers.!*

Another advantage of DTI is its non-invasive ability to visualize white
matter tracts, which is particularly useful in preoperative planning for
tumor patients. Traditional DTI typically employs a maximum b-value
between 800 and 1000 s/mm?. However, this b-value range has limi-
tations, particularly when it comes to accurately depicting complex
fiber configurations such as crossing or kissing fibers. Lower b-val-
ues may result in a loss of directional information in regions with
complex fiber architecture, leading to inaccuracies in tractography,
especially in areas like the centrum semiovale where multiple fiber
bundles intersect.' Recently, the use of high-angular resolution diffu-
sion imaging (HARDI) with higher b-values and constrained spheri-
cal deconvolution (CSD) has been shown to produce better results
compared to classical tractography using lower b-values.'® Identifying
white matter tracts traditionally involves a labor-intensive process
requiring manual selection of multiple parameters, including start
and end points and voxel transition angles, which depends heavily
on the operator’s experience. Recently developed deep learning-based
algorithms, such as TractSeg using CSD, can automatically segment
white matter tracts.'” There are a lot of studies in the literature inves-
tigating tractographic changes in TBI, and most of these studies have
utilized classical DTI techniques.'® A recent study demonstrated that
tractography using CSD might better reveal changes in TBI compared
to classical tractography methods."” However, the number of studies
investigating tractographic changes in TBI using CSD-based tractog-
raphy is quite limited.

Our study has several objectives. First, the aim is to reveal early micro-
structural changes in the white matter of patients with severe TBI
(Glasgow Coma Scale [GCS] < 7) using TBSS and fully automatic
tractographic methods. Our second objective is to identify longitudinal
microstructural changes in these patients.

MAIN POINTS

e This study reveals significant early microstructural damage in the
white matter tracts of severe TBI patients, with notable decreases in
fractional anisotropy (FA) and axial diffusivity (AD), and increases in
mean diffusivity (MD) and radial diffusivity (RD).

* Longitudinal analysis indicates persistent and progressive white mat-
ter damage over time, characterized by continued decreases in FA and
increases in RD, underscoring the chronic nature of brain injury in
severe TBI patients.

e Tract-based spatial statistics (TBSS) effectively detected both acute
and chronic microstructural changes, while constrained spherical
deconvolution (CSD)-based tractography proved more sensitive to
acute damage, highlighting the importance of advanced imaging tech-
niques for comprehensive TBI assessment.
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MATERIAL AND METHODS

Participants

This observational study utilized clinical and MRI images licensed under
the Creative Commons Attribution 4.0 International (CC-BY 4.0) from a
public dataset (https://openneuro.org/datasets/ds003367).%° Ethics com-
mittee approval was received from the “blinded for review” Ondokuz
Mayis University Clinical Research Ethics Committee (Approval No:
OMUKAEK 2024295 Date: 5/7/2024). The cohort included 16 adult
patients with TBI, a GCS score of less than 7, who did not open their
eyes and completely recovered from this coma state after 6 months (Age
[Median: 27.5; Inter Quantile Range (IQR): 21.5-33], Gender [12 Male,
4 Female]), and 16 age- and gender-matched healthy controls (Age
[Median: 27; IQR: 21-35], Gender [12 Male, 4 Female]). Follow-up
MRI examinations were available for 9 of these patients (Median: 206
[190-370] days). All subjects consisted of individuals who did not have a
pre-existing neurodegenerative disease or a history of TBL.2%?! Informed
consent was obtained from participants by researchers while collecting
data within the scope of the open science project. The findings are pre-
sented in accordance with the strengthening the reporting of observa-
tional studies in epidemiology (STROBE) guidelines.?

MRI Acquisition and Preprocessing

Magnetic resonance imaging scans were performed using a Siemens 3
Tesla Skyra device with a 32-channel head coil. Following the HARDI
protocol, 60 slices (b=2000 s/mm?) and 10 slices with b=0 were
acquired with a thickness of 2 mm. Other sequence parameters were
defined as per previous literature.?!

Initially, an average b=0 image was generated from the diffusion
images, and a brain tissue mask was created using SynthStrip.>* Eddy
current artifact and motion artifact corrections were applied using
FMRIB Software Library (FSL) eddy.* Images were aligned to the
Montreal Neurological Institute (MNI-152) template, and FA, MD,
radial diffusivity (RD), and axial diffusivity (AD) maps were generated
using FSL dti_fit. All FA and MD images were evaluated by a radiolo-
gist with 8 years of experience.

Preprocessed diffusion-weighted images were analyzed using
TractSeg, which performed fully automated segmentation of key white
matter tracts, including the arcuate fasciculus (AF), anterior thalamic
radiation (ATR), corpus callosum, cingulum, corticospinal tract (CST),
superior longitudinal fasciculus (SLF), and inferior longitudinal fas-
ciculus (ILF) (Figure 1).!” For each segmented tract, the average val-
ues of FA, MD, AD, and RD were automatically calculated using the
fslstats tool.?

Statistical Analysis

Tract-Specific Analysis

For the comparison of FA, MD, RD, and AD values in the tracts seg-
mented by TractSeg between the early period of the patient group and
the control group, either the #-Test or the Mann—Whitney U test was
used, depending on the normality of the distribution. For the com-
parison of early and late findings within the patient group, either the
paired #-test or the Wilcoxon signed-rank test was employed based on
the distribution. Given that 32 parameters were investigated for each
individual, the alpha threshold was set at 0.05/32, which is approxi-
mately 0.0016.

Tract-Based Spatial Statistics

In accordance with the main TBSS pipeline (https://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/TBSS/UserGuide),'? FA images were aligned to the MNI
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Figure 1. White matter tracts segmented using TractSeg (images from sub-TCRc007).

template and subsequently to the FMRIB-58 FA template. Average FA
skeleton images were then created. Differences between the patient and
control groups were assessed using a #-test, and longitudinal changes
were evaluated using a paired #-test. To determine the significance of
threshold-free cluster enhancement, a Monte Carlo simulation with
n=35000 iterations was performed.?® A P-value of less than .05 was con-
sidered statistically significant. Tracts showing significant differences
were identified using the Johns Hopkins University (JHU) white matter
atlas Tractography Atlas within FSL’s autoaq.”’

RESULTS

Cross-Sectional Analysis

Tract-Based Spatial Statistics (TBSS)

Our TBSS results indicate widespread decreases in FA (Minimum
P=.002) and AD (Minimum P=.002), along with increases in
MD (Minimum P=.004) and RD (Minimum P=.002) in traumatic
coma patients. These changes were observed bilaterally in the ATR,
CST, cingulum, forceps major and minor, OR, ILF, SLF, and UF
(Figure 2).

Healthy > Traumatic Coma

Healthy > Traumatic Coma

LA

4

/ .'13
\I \‘}

Figure 2. White matter tracts showing changes in early post-traumatic brain injury patients compared to healthy controls according to TBSS (P <.05). AD, axial
diffusivity; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics.
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Tractography Findings

According to the tractography results, there was a decrease in FA
observed in the bilateral AF, CST, ATR, cingulum, SLF, UF, and cor-
pus callosum fibers. An increase in MD was found in the left AF, bilat-
eral ATR, and left UF fibers. Additionally, there was an increase in RD
detected in the bilateral AF, bilateral ATR, bilateral cingulum, corpus
callosum, and bilateral UF fibers (P < .0016). No significant changes
in AD were observed between the groups in the identified white matter
tracts (Figure 3).

Longitudinal Analysis

Tract-Based Spatial Statistics

In the longitudinal analysis, over time, there was a decrease in FA (min-
imum P=.026) and an increase in RD (minimum P=.022) observed in
the white matter tracts, including the bilateral ATR, bilateral CST, bilat-
eral cingulum, forceps major and minor, bilateral Inferior Frontoccipital
Fasciculus (IFOF), bilateral ILF, and bilateral SLF fibers (Figure 4).
A more limited area showed an increase in MD (minimum P=.028).
Axial diffusivity did not show any changes over time.

Longitudinal Analysis

Tractography Findings

In the longitudinal analysis, no significant differences were observed in
the white matter tracts.

DISCUSSION

This study investigated the acute and chronic changes in the brains
of patients in comas with severe TBI. Our findings demonstrate wide-
spread decreases in FA and AD, and increases in MD and RD in white
matter areas in the acute phase of severe traumatic coma, as revealed
by TBSS analysis. Tractography analysis also indicated reduced FA
and increased RD and MD along white matter tracts in these patients.
Longitudinal analysis revealed that this white matter damage continued
progressively even after the patients regained consciousness.

0.00045|

Diffusion tensor imaging changes in TBI have been a subject of
research for many years.> Previous studies have similarly shown that
DTl is a sensitive method for detecting TBI. Fractional anisotropy, the
most commonly used parameter in DTI, showed widespread reduction
in the acute phase in our study, consistent with the literature.?** The
non-specific decrease in FA can be due to myelin loss, axonal loss,
or crossing fibers.’*® Experimental studies in rats have suggested that
RD could be a specific indicator of myelin integrity.>! As myelin integ-
rity decreases, water molecules diffuse more in directions other than
the primary fiber orientation. Studies have shown that an increase in
RD, consistent with myelin damage, has been present since the early
stages of trauma, and these findings are consistent with our study.’>*
Mean diffusivity is also a non-specific parameter affected by many
factors disrupting fiber integrity. Similar to the literature, our study
found widespread increases in MD in TBI, indicating early axonal and
myelin loss.?

Traumatic brain injury is not just an acute process. A study in mice
showed early post-trauma axonal damage, microglia and astrocyte
activation, and early axonal damage associated with decreased AD,
consistent with our study.* In the chronic phase, neuroinflammation
increases, leading to axonal degeneration, more pronounced demy-
elination, and gliosis.** Palacios et al’s” study in patients with mild
TBI found widespread FA decreases and MD increases early after
trauma, similar to our study, but no FA and MD changes in longitu-
dinal analysis. However, that study showed longitudinal increases in
neurite density index and free water fraction from Neurite Orientation
Dispersion and Density Imaging (NODDI) parameters. NODDI is
more sensitive to microstructural changes than conventional DTI.** In
the study conducted by Veeramuthu and colleagues on patients with
mild TBI, a decrease in FA along with an increase in MD and RD was
detected in the early stages of TBI. Similar to our study, the longitudi-
nal analysis demonstrated that the progressive decrease in FA and the
increase in MD and RD continued.* A recent study shows that there

Figure 3. Box-plot representation of changes in FA, MD, RD, and AD in white matter tracts segmented by tract-specific statistics in the early period of trauma.
AD, axial diffusivity; AF, arcuate fasciculus; CG, cingulum; CST, corticospinal tract; FA, fractional anisotropy; HC, healthy control; ILF, inferior longitudinal
fasciculus; MD, mean diffusivity; OR, optic radiation; RD, radial diffusivity; SLF, superior longitudinal fasciculus; TBI, traumatic brain injury; UF, uncinate

fasciculus.
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Figure 4. White matter tracts showing changes longitudinally in longitudinally post-traumatic brain injury patients according to TBSS (P <.05). AD, axial
diffusivity; FA, fractional anisotropy; MD, mean diffusivity; RD, radial diffusivity; TBSS, tract-based spatial statistics.

is a longitudinal increase in enlarged perivascular spaces in patients
with TBI, along with a longitudinal increase in the DTI-ALPS index.*
These combined findings indicate that microstructural changes in
trauma patients continue longitudinally.

The optimal tractographic algorithm for investigating microstructural
changes in TBI is not yet clearly established.’” Tallus et al’s" study
showed that using CSD-based tractographic methods, as in our study,
rather than classical tractographic methods, is more successful in
revealing tractographic changes in TBI. However, that study did not
use b-values compatible with HARDI. Our study used a tractographic
algorithm with b-values compatible with HARDI. Therefore, CSD-
based tractography using high b-values is useful in detecting acute
traumatic injury. However, AD decreases, an indicator of acute trau-
matic axonal injury, were not shown with CSD-based tractography, but
were detected with TBSS. Additionally, longitudinal changes detected
with TBSS were not shown with CSD-based tractography. Future stud-
ies using multi-shell multi-tissue spherical convolution tractography
may address these limitations.

Most studies to date have focused on microstructural changes in mild
TBI. However, our study shows that progressive white matter damage
continues in severe head trauma. Despite clinical improvement, pro-
gressive demyelinating processes and gliosis continue, and voxel-based
analysis methods like TBSS may be useful in tracking these processes.

Our study has several limitations. First, it is based on data shared for
use by all scientists through the open science project, leading to lim-
ited patient data. Clinical examination findings of the patients were
not available, so DTI findings could not be correlated with cognitive
data. The small number of patients makes it difficult to generalize these

findings. However, our study may pave the way for large-scale mul-
ticenter studies in the future. Despite using DTI-based tractography,
incorporating multi-shell b-values, NODDI, diffusion kurtosis, and
other advanced DTI methods could deepen our findings.

In conclusion, our study shows that early axonal loss and changes con-
sistent with myelin damage occur in TBI. Even after patients regain
consciousness, gliotic processes, neuroinflammation, and demyelinat-
ing processes in the brain continue in the long term. While CSD-based
tractography methods are useful for assessing acute damage, TBSS is
successful in evaluating both acute and chronic damage.
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Abstract

Objective: Several methods are used to diagnose mediastinal lymphadenopathy, which may result from many benign and malignant etiologies. Various radio-
diagnostic imaging methods, bronchoscopy, mediastinoscopy, and thoracoscopy are used for diagnosis and management. This study attempted to enhance the
diagnostic reliability of diffusion-weighted magnetic resonance imaging (MRI) for characterizing mediastinal lymph nodes and to identify conventional MRI
sequences that could be beneficial.

Methods: A retrospective investigation was conducted on 40 patients exhibiting mediastinal lymphadenopathy as shown on chest MR, including 27 with malig-
nant and 13 with benign origins. The patients underwent echoplanar diffusion-weighted MRI, and apparent diffusion coefficient (ADC) maps were generated.
The ADC values for lymph nodes located in the mediastinal region were computed. Additionally, statistical analysis was carried out, and the ADC values were
connected to the findings of the histopathological examinations.

Results: The average assessment of the lymph nodes’ ADC value that were malignant was found to be considerably lower (P <.001) compared to the value for
lymph nodes that were benign. With a cut-off point of 1.50 x 10~ mm?/s, the ADC variable is now being utilized. In the process of differentiating benign lymph
nodes from malignant nodes, we were able to acquire a sensitivity rate of 85% and a specificity rate of 77%. The sensitivity and specificity values of short axis
diameter measurements in this differentiation are 61% and 85%, respectively.

Conclusion: Apparent diffusion coefficient levels are essential in differentiating between benign and malignant mediastinal lymphadenopathies.

Keywords: ADC value, chest MRI, diffusion-weighted imaging, lymph node

INTRODUCTION

Mediastinal lymphadenopathy can result from diverse infectious (tuberculosis), inflammatory (sarcoidosis), and neoplastic (lung cancer, lym-
phoma, and extrathoracic cancer) diseases. The assessment of mediastinal lymphadenopathy is critical for efficient treatment and precise progno-
sis. Metastasis of lung cancer to mediastinal lymph nodes serves as a significant prognostic factor in staging.' Accurate diagnosis necessitates the
integration of clinical, radiological, and pathological findings for effective management.’

The most effective approach in the staging of lymphadenopathy and differentiating between malignant and benign conditions in the mediastinum
remains contentious. Diagnostic radiological imaging techniques, including computed tomography (CT) and magnetic resonance imaging (MRI),
as well as invasive interventional procedures such as bronchoscopy, mediastinoscopy, and thoracoscopy, together with nuclear medicine imaging
methods like positron emission tomography (PET), are employed in diagnosis.'?

Computed tomography remains the primary imaging method for assessing thoracic abnormalities. The morphological characteristics, including the
location, size, and distribution of lymph nodes, can be assessed via CT imaging. The evaluation of mediastinal lymph nodes via CT has historically
relied on anatomical characteristics, particularly the measurement of the short diameter. Nonetheless, the sensitivity and specificity of this method
have demonstrated low levels (nearly 60%).** F-18-deoxyglucose (FDG) uptake in lymph nodes during PET examinations is an alternative method
for assessing lymphadenopathy that does not definitively confirm malignancy. Infectious or inflammatory lymphadenopathies show FDG uptake
similar to malignant lymph nodes.>* Surgical procedures like mediastinoscopy or thoracotomy are effective yet invasive and carry possible risks.’

Magnetic resonance imaging is another method employed to ascertain the existence and dimensions of lymph nodes. Standard MRI sequences are
unable to differentiate between malignant and benign lymph nodes. Nonetheless, this distinction can be achieved through particular techniques,
including diffusion-weighted imaging (DWI) and magnetization transfer imaging.>* Besides differentiating between benign and malignant lymph-
adenopathy, MRI offers advantages over CT and PET, including superior soft tissue visualization and the absence of ionizing radiation.®
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Diffusion-weighted imaging evaluates diffusion restrictions by
detecting the microscopic Brownian movements of water within bio-
logical tissues, thereby reflecting the characteristics of those tissues.
Measurement of the apparent diffusion coefficient (ADC) values
allows for the achievement of a quantitative evaluation of the water
molecule diffusion that occurs in these nodes.” Lymphadenopathies that
are malignant have much lower ADC values as compared to lymph
nodes that are benign.® This is the most effective non-invasive tech-
nique for distinguishing between benign and malignant mediastinal
lymphadenopathy. It also provides the opportunity to initiate early
treatment while awaiting the pathological diagnosis from invasive
procedures.® Previously, numerous studies have shown the efficacy
of DWI in the characterization of mediastinal lymphadenopathy.'3+8
Recently, Ramamoorthy et al® established that the ADC value is the
paramount criterion for differentiating both benign and malignant
mediastinal lymphadenopathies.

The purpose of this research was to enhance the diagnostic reliabil-
ity of DWI for the characterization of mediastinal lymph nodes and to
identify conventional MRI sequences that could be beneficial.

MATERIAL AND METHODS

This retrospective investigation obtained approval from the Erzincan
University Ethics Committee (Number: 412235 2024-17/15 Date:
December 16, 2024). All patients participating in the trial provided
signed informed consent.

All imaging reports of contrast-enhanced chest MRI examinations
conducted at our hospital’s radiology clinic from January 2021 to
November 2024 will be scanned utilizing the search term “mediasti-
nal lymphadenopathy”. Patients presenting with mediastinal lymph-
adenopathy will be evaluated by one of the authors, and those having
diagnostic MR images, DWI sequences, and histopathological sam-
pling of lymph nodes performed within a maximum of 1 month after
MRI scanning and whose results are received from our hospital will be
included in the study. Patients demonstrating motion artifacts in MR
images, those for whom DWI images could not be obtained due to
inadequate MR examinations stemming from factors such as claustro-
phobia, and individuals from whom histopathological sampling results
were unachievable were excluded from the study.

The MRI scans were performed utilizing a 1.5 Tesla MRI device
using a body phased-array coil (Siemens, Aera, Germany). During the
entirety of the examination, patients were positioned in the supine pos-
ture. In order to acquire DW images, a single-shot echo-planar imaging
sequence was utilized. These images were taken along the axial plane.

MAIN POINTS

¢ Computed tomography, magnetic resonance imaging (MRI), bron-
choscopy, mediastinoscopy, thoracoscopy, and positron emission
tomography are used for the evaluation and management of mediasti-
nal lymphadenopathy.

¢ Magnetic resonance imaging, including diffusion-weighted sequences,
serves as a non-invasive technique to ascertain the etiology of medi-
astinal lymphadenopathy.

« In addition to apparent diffusion coefficient measurement in mediasti-
nal lymph nodes, evaluation of short-axis diameters and T2 heteroge-
neity increases diagnostic accuracy in characterization.
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The DW MRI series encompassed the following parameters: on a scan
that was triggered by respiration, every slice had a thickness of 6 mil-
limeters. In the process of obtaining the DWI sequence, images with 2
different b values were obtained. These values were determined to be
b =0b and =400 s/mm?, respectively. Measurements and findings on
DWI were performed on images with a b factor of 400 s/mm?. The field
of view was 360-400 mm, TR=3800 ms, TE=70 ms, and the matrix
dimensions were 128 x 128. Images of ADC maps were generated
automatically from each DW image, and quantitative measurements
were carried out at workstations with the assistance of the Syngo® MR
software system (Siemens, Germany).

A radiologist with 20 years of experience in thoracic radiology will
then conduct a retrospective examination of the images without knowl-
edge of the histopathological diagnosis or additional case details. The
largest mediastinal lymph node will be identified in each patient. The
localization, dimensions (particularly the short diameter), and appear-
ance on standard MR sequences will be documented, and ADC values
will be evaluated. The ADC values of these lymphadenopathies will be
computed using the region-of-interest (ROI) placed. The width of the
ROI circle will vary from 1 to 2 cm?. The mean of 3 distinct ADC value
measurements from the largest lymph node identified in each patient
will be documented. The diameters of the short axis of the lymph
nodes were also incorporated into the assessment. Furthermore, associ-
ated parenchymal lung pathologies depicted in the images will also be
recorded. The contribution of ADC values and other MRI sequences to
the diagnosis of benign or malignant lymphadenopathy will be evalu-
ated by comparing the measured values with histopathological results.

Utilizing SPSS for Windows, version 24.0 (IBM SPSS Corp.; Armonk,
NY, USA), the data were analyzed. The numerical parameters demon-
strating a normal distribution that is normal were reported as mean +
standard deviation. The parameters that deviated from normal distribu-
tion of normality were reported as maximum and minimum values. The
categorical parameters were presented as either numbers or percentages.
The mean ADC values of the numeric variables across the diseased cat-
egories were analyzed using an ANOVA test with a 1-way design. The
diagnostic performance of the testing method was assessed by receiver
operating characteristic (ROC) curve analysis, shown by positive and
negative predictive values, sensitivity, and specificity. In lymph nodes
with a heterogeneous structure due to necrotic components, ROI place-
ment was performed away from the necrotic area. The statistical signifi-
cance of the results was determined by a P-value lower than .05.

RESULTS

Chest MRI scans of 52 patients with mediastinal lymphadenopathy
reported within the specified time frame were analyzed. We excluded
Four patients whose chest MR images were not sufficient for our
evaluation and 8 patients who did not have histopathological sampling
results of lymph nodes within 1 month after MRI at the hospital were
excluded. Consequently, 40 patients who met the criteria were incorpo-
rated in the study. Twenty-six (65%) patients were male and the overall
mean age was 55.4 + 15.3 years.

Histopathological findings showed granulomatous diseases (tuberculo-
sis and sarcoidosis) in 10 patients, metastatic bronchogenic carcinoma
in 8 patients, non-Hodgkin lymphoma in 7 patients, Hodgkin lym-
phoma in 6 patients, metastatic lymph nodes from distant regions in
6 patients, and reactive lymphoid hyperplasia in 3 patients. The mean
ADC values measured according to these pathologies are shown in
Table 1.



Table 1. Mean ADC Values of Mediastinal Lymphadenopathy
Mean + SD

Histopathological Diagnosis n (x10— mm?/s)
Granulomatous diseases

Tuberculosis 4 1.94 +0.44

Sarcoidosis 6 1.78 £ 0.35
Metastatic bronchogenic carcinoma

SCLC 3 1.19+0.27

NSCLC 5 1.35+0.15
Non-Hodgkin lymphoma 7 0.89+0.23
Hodgkin lymphoma 6 0.95+0.13
Metastatic lymph nodes from distant

Breast cancer 3 0.99 +0.28

Thyroid carcinoma 1 1.08

Esophageal cancer 1 0.95

Renal cell carcinoma 1 1.11
Reactive lymphoid hyperplasia 3 2.10+£0.46

There were 13 patients presented with benign conditions, yielding a
mean ADC value, as determined by the largest lymph nodes that are the
largest at 1.90 & 0.45 x 1073 mm?/s. Conversely, the average ADC value
of lymphadenopathies in 27 individuals with malignancy was 1.05 +
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0.25 x 107 mm?/s. Comparative analysis of these data revealed that
the assessed ADC levels effectively distinguished between benign and
malignant lymphadenopathies (P < .001). Our attempts to differentiate
between malignant lymph nodes based on their etiology, such as lym-
phoma or metastasis, using ADC measurements yielded no significant
results.

Non-Hodgkin’s lymphoma exhibited the lowest mean ADC values,
whereas granulomatous lymphadenopathy resulting from tuberculosis
demonstrated the highest mean ADC values.

In the ROC analysis, utilizing a threshold of 1.50 x 107 mm?/s for the
ADC variable, we observed a sensitivity of 85%, a specificity of 77%,
a positive predictive value of 78.7%, and a negative predictive value of
83.7% in differentiating benign from malignant lymph nodes.

The mean short-axis diameter of lymph nodes was 2.86 + 1.02 cm (range:
0.7-7.5 cm). All of the subcentimetric ones belonged to reactive lymph
nodes. The mean short-axis diameter of the lymph nodes in the benign
group was 1.71 + 0.55 cm. In the malignant group, the average short-
axis diameter was 3.41 = 0.98 cm. Benign and malignant lesions could
be differentiated based on short-axis diameter (P = .03). The evaluation

Figure 1. A 38-year-old patient with sarcoidosis. (A) Coronal T2W magnetic resonance (MR) image shows multiple bilateral hilar lymphadenopathy (red arrows);
(B) axial post-contrast TIW MR image shows hyper-enhancing right upper paratracheal lymph node (yellow arrow); (C) b=800 s/mm? diffusion-weighted MR
image shows hyperintense right upper paratracheal lymph node (yellow arrow); (D) in the ADC map image, the mean ADC value of this lymph node was measured

as 1.64 x 107 mm?/s.
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Figure 2. A 65-year-old patient with non-small cell lung cancer. (A) An axial post-contrast T1W magnetic resonance (MR) image shows a hyper-enhancing right
upper lobe lung mass (red asterisk); (B) an axial T2ZW MR image shows right hilar lymphadenopathy (red arrow); (C) A b=800 s/mm? diffusion-weighted MR
image shows hyperintense right hilar lymphadenopathy (red arrow); (D) in the ADC map image, the mean ADC value of this lymph node was measured as 1.08x

10 mm?/s.

of lymphadenopathies based on short-axis diameters for the purpose
of distinguishing between benign and malignant lymphadenopathies
showed a sensitivity of 61% and a specificity of 85%, respectively.

The signal intensities of lymph nodes assessed in T1 and T2-weighted
conventional MR sequences exhibited no significant difference
between benign and malignant groups.

Figures 1 and 2 show chest MRI images of patients with sarcoidosis
and non-small cell lung cancer (NSCLC), respectively.

DISCUSSION

Different methods are employed in diagnosing mediastinal lymphade-
nopathy, which may arise from numerous benign and malignant etiolo-
gies. Computed tomography is primarily utilized for the identification
of mediastinal lymphadenopathy, with only morphological characteris-
tics being recognized. The gold standard for definitive diagnosis is his-
topathological sampling via mediastinoscopy, an invasive procedure.
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Recent studies utilizing ADC measurements in MRI have produced
encouraging outcomes in lesion characterization.*

In the present study, the mean ADC measurement for malignant lymph
nodes was substantially reduced (P < .001) compared to the values for
benign lymph nodes. The primary cause is believed to be the hyper-
cellularity of malignant lesions. Hypercellularity reduces the diffusion
area of extracellular water molecules, resulting in lower ADC values in
malignant lesions.!"”

Compared to histopathology results, the measurement of ADC values
has 85% sensitivity and 77% specificity for the characterization of
mediastinal lymphadenopathy (benign and malignant). Wu et al'! con-
ducted a meta-analysis in which they compared the lymphadenopathies
of patients with NSCLC with the lymph nodes of healthy persons. They
found that the pooled sensitivity for DWI parameters was assessed
to be 72%, while the specificity was around 95%. In comparison to
our investigation, the specificity in this meta-analysis was greater;



nevertheless, our approach has shown higher sensitivity. Increased sen-
sitivity is a significant parameter in cancer diagnosis.

In our investigation, we determined 1.50 x 10~ mm?/s as the ideal cutoff
ADC threshold for distinguishing benign from malignant lymph nodes
according to the ROC curve. Different results have been obtained using
different threshold values in the literature. Diverse results have been
produced with varying threshold ADC values in the literature. Sigovan
et al' found sensitivity 68.2% and specificity of 84.6% for benign and
malignant lymph node differentiation with a cutoff ADC value of 1.28
x 107 mm?s. In another study, Abdel Razek et al* reported sensitivity
and specificity rates of 96.4% and 71.4%, respectively, for differentiat-
ing between benign and malignant lymph nodes, using a cutoff ADC
value of 1.85 x 10 mm?s. These results show that an increase in the
ADC value used as a threshold for mediastinal lymph node character-
ization enhances sensitivity while diminishing specificity. This factor
must be considered while establishing the threshold value.

The ADC value of metastatic lymphadenopathies was higher than that
of lymphoma in our analysis; however, this difference was not statisti-
cally significant. Moreover, this present research observed no substan-
tial variation in ADC values for lymphadenopathy between Hodgkin
and non-Hodgkin lymphoma, although Sabri et al'? found notable
differences in ADC values for both lymphoma types in a prior study.
Research findings utilizing diffusion MRI and ADC measures for
textural analysis of mediastinal lymphadenopathy indicate that ADC
values are the most significant parameter for identifying lymph nodes
affected by lymphoma.” These studies highlighted that lymphoma
exhibited the lowest mean ADC value among malignant pathologies.
The primary benefit of this circumstance in clinical practice is signif-
icant at this juncture. Lymphoma involvement can be identified if a
specific threshold value is established by assessing tiny lymph nodes,
which are challenging to diagnose, by ADC measurement.

Despite the lack of significant findings in our study, existing literature
demonstrates that the heterogeneity shown in T2-weighted MRI images
is much more prevalent in malignant lymph nodes.”'* Ramamoorthy
et al’ reported that T2 heterogeneity has a sensitivity of 72.2% and a
specificity of 84% in distinguishing malignancies from benign lymph
nodes in the mediastinum. According to these results, T2 heterogeneity
provides lymph node characterization with a precision close to ADC
measurement.

It has been shown in the research, along with several studies in the lit-
erature, that short-axis diameter assessment may effectively distinguish
between benign and malignant lymphadenopathies. Although it is not
as high as ADC measurement, its sensitivity and specificity are promis-
ing.>** Based on these findings, we may enhance diagnostic sensitivity
and specificity by combining T2 heterogeneity and short-axis diameter
measurements with ADC data.

The diffusion MRI images acquired from all patients in the investi-
gation were obtained prior to the administration of various therapies.
Recent literature indicates that the monitoring of ADC values has been
effective in assessing treatment response, particularly in malignant
lymph nodes. Besides alterations in lymphadenopathy size, diffusion
MRI and ADC values can provide insights into the cellular composi-
tion of the lymph node. Usuda et al'> demonstrated that diffusion MRI
outperformed CT in assessing the treatment response of malignant
lymph nodes. The absence of post-treatment imaging data constitutes
an important constraint in our research.
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This research has a few limitations to consider. First of all, since a
retrospective single-center study was conducted, the generalizability of
the results is weak. The sample size is fairly limited, and the incidence
of patients with lymphadenopathy due to benign causes is notably low.
This may impact the efficacy and reliability of statistical analyses.
Further study involving larger cohorts is essential for strengthening the
statistical significance of these results. When it comes to the differen-
tial diagnosis of mediastinal lymphadenopathies, the combination of
ADC values with biological markers that have the potential to affect
the accuracy of diagnosis has not been carried out.

Apparent diffusion coefficient levels are useful in distinguishing
benign and malignant mediastinal lymphadenopathies. Consequently,
unnecessary utilization of mediastinoscopy, an invasive diagnostic pro-
cedure, may be spared.
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Abstract

Objective: The severity of branch pulmonary artery stenosis and associated flow restriction can be assessed using catheter angiography and lung perfusion scin-
tigraphy. However, these techniques are time-consuming and have various limitations. This study aims to establish a ratio of the narrowed-to-total pulmonary
artery area to assess flow restriction.

Methods: A net flow of the right and left pulmonary arteries was calculated by phase-contrast magnetic resonance imaging (MRI), and the cross-sectional area
was calculated at the narrowest point of the branch pulmonary artery using multiplanar reconstruction images from magnetic resonance angiography. A right-to-
left pulmonary artery flow ratio between 61/39 and 43/57 was considered normal. The narrowed-to-total pulmonary artery area ratio was calculated to establish
a threshold for physiologically significant branch pulmonary artery stenosis.

Results: A total of 272 patients were included in the study. About 136 patients diagnosed with branch pulmonary artery stenosis were compared with 136 patients
exhibiting normal branch pulmonary artery flow. The patients with branch pulmonary artery stenosis exhibited a significantly reduced narrowed-to-total pulmo-
nary artery area ratio, with values of 0.46 and 0.38, respectively, showing a statistically significant difference (P <.00001). A branch-to-total pulmonary artery
area ratio of <0.40 exhibited a sensitivity of 67.65% and a specificity of 91.91% in detecting branch pulmonary artery stenosis, as confirmed by the calculated
area under the curve of 0.86 with a 95% CI ranging from 0.813 to 0.899 (P <.0001). The positive predictive value was 84.79%, and the negative predictive value
was 80.99%.

Conclusion: A narrowed-to-total pulmonary artery area ratio of <0.40, measured by cross-sectional imaging, can help identify patients who may need catheter
angiography, especially when cardiac MRI is unavailable or flow measurement is not possible.

Keywords: Cardiac magnetic resonance imaging, magnetic resonance angiography, phase contrast imaging, pulmonary artery stenosis, tetralogy of Fallot

INTRODUCTION

Tetralogy of Fallot is the most common cyanotic congenital heart disease and usually requires surgical correction during the first years of life.!
Branch pulmonary artery stenosis, which is one of the most common complications, occurs in 20%-40% of patients after surgical repair, either due
to the primary nature of the disease or secondary to surgical interventions.>

Evaluating the severity of branch pulmonary artery stenosis following surgical correction is crucial, as branch pulmonary artery stenosis not only
exacerbates pulmonary insufficiency but also serves as a key predictor of outcomes and exercise capacity.>*

The current standard care for patients with branch pulmonary artery stenosis involves a series of time-consuming diagnostic procedures, which
include catheter angiography and Tc-99-labeled macro-aggregated albumin perfusion scintigraphy. However, both conventional catheter angiogra-
phy and lung scintigraphy have some limitations in evaluating branch pulmonary artery stenosis. Conventional catheter angiography is not able to
assess preferential pulmonary blood flow, while Tc-99 scintigraphy may produce false-negative results in bilateral stenosis or false-positive find-
ings in cases of multi-vessel distal obstructions, parenchymal diseases, or aortopulmonary collaterals.’

The anatomic evaluation of the pulmonary artery by echocardiography, computed tomography, and magnetic resonance angiography remains a
widely used method for determining the hemodynamic significance of stenoses and assessing the need for angioplasty or stenting.®* However, it
was demonstrated that the branch pulmonary artery diameter ratios fail to predict flow discrepancies.’


http://orcid.org/0000-0003-0594-9314
http://orcid.org/0000-0002-7895-4942
http://orcid.org/0000-0002-6652-8380
http://orcid.org/0009-0007-4617-6932
http://orcid.org/0009-0001-8121-2157
http://orcid.org/0009-0009-5359-9882
http://orcid.org/0009-0005-6495-6647
http://orcid.org/0000-0001-7881-1274
http://orcid.org/0000-0002-4899-6025
http://orcid.org/0000-0002-2176-5278
mailto:sercinbas2005@gmail.com

Curr Res MRI 2024;3(3): 83-89

On the other hand, phase-contrast magnetic resonance imaging (MRI)
offers a reliable, non-invasive alternative for evaluating branch pulmo-
nary artery stenosis and flow characteristics without ionizing radiation
or radionuclides.'*'* However, long examination time, the requirement
for anesthesia, high cost, and the need for trained personnel are the
most important limitations to its widespread use. Therefore, this study
aims to establish a ratio of the narrowed to the total pulmonary artery
cross-sectional area derived from magnetic resonance angiography
(MRA) for branch pulmonary artery stenosis that indicates blood flow
restriction, using phase-contrast MRI in children following Tetralogy
of Fallot repair.

METHODS

Ethics Committee of Istanbul Medeniyet University (Date 25.12.2019,
Approval Number: 2019/052) approved this retrospective, single-cen-
ter study, and the requirement for informed consent was waived.

Study Population

A total of 532 patients who underwent a cardiac MRI with phase con-
trast MRI and MRA between January 2015 and July 2020 were ret-
rospectively analyzed. Magnetic resonance imaging examinations with
poor image quality were excluded. In patients with multiple studies, the
most recent eligible examination was used. Patients with right ventricle-
to-pulmonary artery conduit, left-to-right shunt, major aortopulmonary
collaterals, or those who had pulmonary artery interventions (stenting,
balloon dilatation, or pulmonary valve replacement) were excluded.

The patients who had total surgical correction with a native right ven-
tricular outflow tract and a branch pulmonary artery higher than 20
mmHg were accepted as the branch pulmonary artery stenosis group.

Patients with no branch pulmonary artery stenosis, with a Doppler gra-
dient lower than 20 mmHg reported within 6 months before the MRI
examination, were accepted as a control group.

The demographic data and the surgical information for these patients
were obtained from the national health information system. The inclu-
sion and exclusion criteria of the study are presented in the flowchart
(Figure 1).

Magnetic Resonance Imaging Protocol and Evaluation

All cardiovascular MRI examinations were conducted using a 1.5-Tesla
scanner (Signa HDx; GE Medical Systems, Milwaukee, WI, USA,
and Siemens Avanto, Erlangen, Germany) equipped with a 32-chan-
nel phased-array abdominal coil and electrocardiographic gating.
Intravenous sedation was not administered during the examination. The

MAIN POINTS

e Accurately detecting significant branch pulmonary artery stenosis in
cross-sectional imaging remains challenging when flow assessment
by phase-contrast magnetic resonance imaging is unavailable, delay-
ing appropriate intervention.

e Anarrowed-to-total pulmonary artery area ratio of < 0.40 reliably dis-
tinguished significant stenosis, with almost 68% sensitivity and 92%
specificity.

e Measuring the narrowed-to-total pulmonary artery area ratio on
cross-sectional imaging provides a rapid, noninvasive tool to identify
clinically relevant stenosis, guiding timely referral for intervention
and potentially improving patient outcomes.
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images were acquired during 1 or 2 breath-holds of 8-12 seconds dura-
tion, depending on the heart rate during the end-expiratory breath-hold.
The duration of the examination varied between 15 and 30 minutes.

The examinations and evaluations were conducted by a radiologist
with at least 10 years of experience in congenital cardiac imaging.
A 3-plane localizer was initially obtained through the thorax using a
steady-state free precession sequence. Subsequently, cine steady-state
free precession sequences were acquired for 2-chamber, 4-chamber,
and short-axis views for all patients.

Time-resolved contrast-enhanced MRAs were obtained using a gradi-
ent echo inversion recovery sequence with Electrocardiography (ECG)
gating following injection of a gadolinium-based contrast at a dose of
0.2 mmol/kg. The imaging parameters of the MRA included TR: 4.0-
4.4 ms; TE: 2.2-2.3 ms; flip angle: 15°; receiver bandwidth: 31.25 kHz;
field-of-view: 360-440 x 360-440 mm?; acquisition voxel size: 2 x 2
x 2-2.2 x 2.2 x 2.2 mm?®; number of excitations: 4, hyperkat accelera-
tion=6-8x and temporal resolution 31-63 milliseconds.

Phase contrast MRI was performed for flow measurements through the
right and left branch pulmonary arteries. Each image set was obtained
with retrospective gating and comprised 25 reconstructed cardiac
phases according to the heart rate. The optimal velocity encoding value
for the pulmonary artery was calculated using the Bernoulli equation
based on the gradients reported in the echocardiography report. The
phase contrast MRI was performed with retrospective ECG gating and
the following imaging parameters: TR/TE, 25/6 milliseconds; slice
thickness, 6 mm; flip angle, 30°; receiver bandwidth, 31.25 kHz; rect-
angular field of view, 260 to 400 mm; matrix, 256 x 256; and num-
ber of excitations, 2. The phase contrast MRI of the right and the left
pulmonary arteries is prescribed at the midpoint perpendicular to the
vessels by the double-oblique technique. The slice location was deter-
mined by the reconstructed multiplanar images of MRA. To decrease
the turbulent artifact, the imaging planes were located distal to the ste-
notic area if present.

The subjects’ weights and height were recorded to calculate the body
surface area, and all measurements were indexed.

Branch Pulmonary Artery Magnetic Resonance Imaging/
Magnetic Resonance Angiography Measurements

Multiplanar reconstructions of the MRA on the pulmonary artery
phase were used to measure branch pulmonary artery cross-sectional
areas in 2 orthogonal dimensions at the narrowest point on a dedi-
cated workstation. The pulmonary artery phase of the MRA was used
for measurements. The cross-sectional diameter of the branch pulmo-
nary artery was determined at its narrowest point using multiplanar
reconstruction images derived from MRA. The longest and the shortest
diameters of the vessel were measured and recorded for both pulmo-
nary arteries from the inner-to-inner contour of the vessel. The formula
for calculating the cross-sectional area of the branch pulmonary artery
is provided below. This formulation is derived based on the area cal-
culation of the ellipse.

Area=[n x Ry X R,] /4
Rq= minor radius,
R, = major radius,

n~3.14
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Figure 1. Flow chart showing the patient selection with inclusion and exclusion criteria. BPA, branch pulmonary artery; LPA, left pulmonary artery; MRA,
magnetic resonance angiography; MRI, magnetic resonance imaging; RPA, right pulmonary artery; RVOT, right ventricular outflow tract; TGA, transposition of

great arteries; Tetralogy of Fallot, transposition of great arteries.

For the flow analysis of the branch pulmonary arteries, the contours
of the left and right pulmonary arteries were automatically contoured
and manually corrected, propagated through all cardiac phases. The
distribution of blood flow between the right and left pulmonary arteries
was calculated as the net right pulmonary artery flow volume divided
by the total net flow volume of both pulmonary arteries, expressed as a
percentage. A right-to-left pulmonary artery flow ratio was calculated,
with a range of 61:39 to 43:57 considered physiologically normal,
based on established literature values.'* The measurement and the cal-
culation are represented in Figures 2 and 3 for the patients in the con-
trol and branch pulmonary artery stenosis groups. The patients were
divided into 6 groups according to age: Group 1, 1-8 years; Group 2,
8-18 years; Group 3, 19-30 years; Group 4, 30+ years. All the mea-
surements and evaluations were performed using dedicated software
(Philips IntelliSpace V 11.0, Philips Medical Imaging Systems, Leiden,
the Netherlands).

Statistical Analysis

The obtained data were analyzed using SPSS version 20.0 software
(IBM Corporation, Armonk, NY, USA). The median values (interquar-
tile range, 25th—75th percentiles) were used to present the descriptive
values. Differences between patient groups were evaluated with non-
parametric paired tests to account for data matching (Kruskal-Wallis
and Mann—Whitney U test). Pearson correlation coefficients were used
to assess the correlation of the narrowed-to-total pulmonary artery
area ratio with age and gender. Simple linear regression on each set
of measurements was used to generate prediction equations relating to
the narrowed-to-total pulmonary artery area ratio; goodness of fit was
assessed with R2. A narrowed-to-total branch pulmonary artery area
ratio with a discriminatory value suggestive of unilateral branch pul-
monary artery stenosis and its receiver operating characteristic (ROC)
area under the curve was calculated. A P-value of less than .05 was
considered significant.

RESULTS

In this retrospective study, 272 patients with a male-to-female ratio
of 1.6:1 (105 female and 167 males) were included. The median age
was 16 years (11-21). One hundred thirty-six patients (F/M= 83/53)

exhibiting normal branch pulmonary artery flow, who served as the
control group, with a mean age of 15.5 years (12-22), were included in
the study, alongside 136 patients (F/M= 84/52) diagnosed with branch
pulmonary artery stenosis, with a mean age of 16 years (11-20), for
comparison.

The diameter of the right pulmonary artery and left pulmonary artery
was 17 mm (2-20) and 15 mm (5-15) in the control group vs. 15 mm
(5-18) and 12.5 mm (5-16) in the branch pulmonary artery stenosis
group. The cross-sectional area of the right pulmonary artery and left
pulmonary artery was 209.5 mm? (73-314) and 176 mm? (73-296) in
the control group vs. 164 mm? (64-314) and 113 mm? (52-225) in the
branch pulmonary artery stenosis group.

There was a statistically significant difference between control and
branch pulmonary artery stenosis groups regarding left pulmonary
artery diameter, cross-sectional area, and z-score (P = .006, P=.002,
and P < .00001, respectively). However, no statistically significant
difference was found in terms of right pulmonary artery diameter,
cross-sectional area, and z-score (P = .522, P=.495, and P=.317,
respectively). No statistical difference was found for gender in terms
of the cross-sectional area of the right pulmonary artery and left pul-
monary artery (P=.697 and P=.741, respectively) in the control group
and branch pulmonary artery stenosis group (P=.810 and P=.471,
respectively). Demographic findings and the details of the measure-
ments are presented in Table 1.

The narrowed-to-total pulmonary artery area ratio was 0.46 vs. 0.38
in the control group and patients with branch pulmonary artery steno-
sis. There was a statistically significant difference between the control
and branch pulmonary artery stenosis group regarding the narrowed-
to-total pulmonary artery area ratio (P < .00001). No statistical differ-
ence was found between genders in the control group of patients with
branch pulmonary artery stenosis (0.44 in boys and 0.43 in girls, P =
.968) and (0.37 in boys and 0.36 in girls, P = .794). The difference in
the narrowed-to-total pulmonary artery area ratio between control and
branch pulmonary artery stenosis groups was statistically significant
across all age groups (Table 2).
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Figure 2. (A-D) A 19-year-old female in the control group. Measurement of the right pulmonary artery (A) and left pulmonary artery (B) in multiplanar

reconstructed images of MRA. Phase contrast MRI measurement for the right pulmonary artery (C) and left pulmonary artery (D). The area for the right and left
pulmonary arteries are calculated as 194 mm? ((3.14 x 13.8 x 17.9)/4) and 234 mm? ((3.14 x 17.5 x 17)/4), respectively. The narrowed-to-total pulmonary artery
area ratio is calculated as 0.45 (194/428). Net right and left pulmonary artery flows are measured as 15 mL and 21 mL, respectively. The right-to-left pulmonary

artery flow ratio is calculated as 42/58%, which is accepted within the normal range.

In the branch pulmonary artery stenosis group, no statistical difference
was found in terms of the narrowed-to-total pulmonary artery area
ratio between the 4 groups (P=.055). Also, no statistical difference
was found between patients younger (0.39, 0.33-0.43) and older (0.37,
0.30-0.41) than 18 years old (P =.173).

The linear regression analysis revealed the following equation:
Y=0.3929+-0.001475x. The model’s R* value was 0.02799 and
P=.0516, suggesting that age has a minimal but non-significant
effect on the ratio.

A ratio of <0.40 exhibited a sensitivity of 67.65% and a specificity of
91.91% in detecting branch pulmonary artery stenosis, as confirmed
by the calculated area under the curve (AUC) of 0.86 with a 95% CI
ranging from 0.813 to 0.899 and a P-value of <.0001. The estimated
positive predictive value (PPV) was 84.79%, and the negative predic-
tive value (NPV) was 80.99 % (Figure 3, 4).

DISCUSSION

This study demonstrated the narrowed-to-total pulmonary artery area
ratio as a novel indicator for assessing flow restriction in patients with
branch pulmonary artery stenosis. For the first time, this ratio was
shown to effectively discriminate patients with clinically significant
branch pulmonary artery stenosis without additional diagnostic tech-
niques. A threshold value of 0.4 was identified, enabling the differen-
tiation of patients with physiologically significant stenosis from those
without. This finding highlights the potential of this ratio as a simple
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and non-invasive metric for clinical decision-making in evaluating
branch pulmonary artery stenosis.

Different imaging modalities, such as Doppler echocardiography, cath-
eter angiography, or MRI/MRA, have been used to diagnose branch
pulmonary artery stenosis. While catheter angiography is considered
the gold-standard imaging technique for evaluating anatomical and
gradient changes in branch pulmonary artery stenosis and guides the
treatment (balloon dilation, stenting) to improve pulmonary blood
flow, it carries various limitations, such as exposure to ionizing radia-
tion, the need for iodinated contrast agents, and the inability to quantify
flow and cardiac function effectively.>!s

Tc-99m-labeled macro-aggregated albumin perfusion scintigraphy is
accepted as a gold-standard non-invasive imaging method for assess-
ing lung perfusion.®'® However, it is prone to false-negative results in
cases of bilateral BPA stenosis or false-positive findings in patients
with multi-vessel distal stenosis, parenchymal diseases, or aortopul-
monary collaterals.'!® Additionally, in patients with cavopulmonary
connections, preferential drainage of caval blood into the right or left
pulmonary artery can limit the accuracy of this technique." In recent
years, phase-contrast MRI has emerged as an effective alternative to
radiation-containing perfusion scintigraphy for precisely quantifying
differential pulmonary blood flow.!® As reported by Fratz et al'’, phase-
contrast MRI has been shown to provide more accurate evaluations of
pulmonary perfusion ratios compared to lung perfusion scintigraphy,
particularly in patients with congenital heart disease, such as those with
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Figure 3. (A-D) A 13-year-old male patient with repaired tetralogy of Fallot.
Measurement of the right pulmonary artery (A) and left pulmonary artery (B) in
multiplanar reconstructed images of MRA. Phase contrast MRI measurement
for the right pulmonary artery (C) and left pulmonary artery (D). The area for
the right and left pulmonary arteries are calculated as 283 mm? ((3.14 x 19.7 x
18.3)/4) and 125 mm? ((3.14 x 12.2 x 13.1)/4), respectively. The narrowed-to-
total pulmonary artery area ratio is calculated as 0.31 (125/407). Net right and
left pulmonary artery flows are measured as 45 mL and 21 mL, respectively.
The right-to-left pulmonary artery flow ratio is calculated as 68/32%, accepted
as a diminished preferential pulmonary flow towards the left lung.

Fontan-like circulation. The role of phase-contrast MRI and other non-
invasive imaging techniques in diagnosing branch pulmonary artery
stenosis is growing in importance.'?> Studies have demonstrated the
accuracy of phase-contrast MRI in correlating differential blood flow
with lung scintigraphy in adults with normal branch pulmonary artery
anatomy."® Furthermore, recent research has provided robust documen-
tation of branch pulmonary artery blood flow in patients with pulmo-
nary incompetence, highlighting its value in this population.!#2%2!

Although MRA has demonstrated a strong correlation with the gold-
standard invasive catheter angiography in assessing the great vascular

Table 1. Demographic Findings and the Details of the Branch Pulmonary
Artery Measurements of the Study Cohort

BPA Stenosis

Parameters Control Group Group P
Number of Patients (n) 136 136 -
Male: Female Ratio 83:53 (1.5:1) 84:52 (1.6:1) -
Median Age (years) 15.5 (12-22) 16 (11-20) -
Pulmonary Artery Diameter

RPA Diameter (mm) 17 (2-20) 15 (5-15) 522

LPA Diameter (mm) 15(5-18) 12.5(5-16) .006*
Pulmonary Artery Cross Sectional Area

RPA Area (mm?) 209.5 (73-314) 164 (64-314) 459

LPA Area (mm?) 176 (73-296) 113 (52-225) .002%*

Pulmonary Artery Diameter Z-score
RPA Z-score 1.96 (1.08-2.23) 1.57 (0.89-2.80) 317
LPA Z-score 1.49 (0.45-2.12) 1.96 (-0.53-1.57)  <.00001

Results are presented as median (Interquartile range, 25th-75th percentiles). P is the
P-value of Mann—Whitney U test analysis.

BPA, branch pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery.

*P value is significant if <.05.

structures, offering the benefit of avoiding both radiation exposure and
iodinated contrast agents." Ordovas et al’ also demonstrated that the
right-to-left pulmonary artery diameter ratio fails to predict flow dis-
crepancies. Greenberg et al?2 suggested that branch pulmonary arteries
are usually oval-shaped, potentially leading to inaccuracies in single-
diameter measurement methods. The non-circular shape of the branch
pulmonary artery and the findings of Greenberg et al** provide meth-
odological support for using cross-sectional area measurements in this
study, ensuring greater accuracy in evaluating stenosis severity. The
current study introduces a more robust approach: the BPA-ratio, calcu-
lated as the narrowed-to-total pulmonary artery cross-sectional area, to
establish a clinically useful threshold for intervention.

This ratio serves as a reliable indicator of branch pulmonary artery
stenosis, offering a clear threshold that can be used to determine the
need for intervention. The results indicate that negative test outcomes
demonstrate high accuracy in excluding branch pulmonary artery ste-
nosis, which reduces the need for phase-contrast MRI and its associ-
ated technical limitations, thereby preventing unnecessary invasive

Table 2. Comparison of Narrowed-to-Total BPA Area Ratio of the Control and
the BPA Stenosis Groups by Age Groups

Narrowed-to-Total

Study Groups N BPA Area Ratio P
Total Control 136 0.46 (0.43-0.48) <.00001
BPA stenosis 136 0.38 (0.32-0.42)

Group 1 Control 9 0.48 (0.44-0.50) .002
(2-8 years) BPA stenosis 9 0.34 (0.28-0.41)

Group 2 Control 81 0.45 (0.43-0.48) <.00001
(9-18 years)  BPA stenosis 81 0.39 (0.34-0.43)

Group 3 Control 32 0.45(0.43-0.48) <.00001
(19-30 years)  BPA stenosis 32 0.37 (0.32-0.42)

Group 4 Control 14 0.45 (0.43-0.47) 00016
(31- years) BPA stenosis 14 0.34 (0.24-0. 38)

Results are presented as median (Interquartile range, 25th-75th percentiles). P is the
P-value of Mann—Whitney U test analysis.

BPA, branch pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery.

*P value is significant if <.05.
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Figure 4. A discriminative narrowed-to-total pulmonary artery area ratio <
0.40 demonstrates a positive predictive value of 70.5% and a negative
predictive value of 80.99% for identifying branch pulmonary artery stenosis in
repaired tetralogy of Fallot. This threshold’s receiver operating characteristic
(ROC) curve yields an area under the curve (AUC) of 0.85, indicating its
strong utility in ruling out branch pulmonary artery stenosis.

procedures. Conversely, positive results are clinically significant and
should be corroborated with confirmatory tests, such as phase-contrast
MRI or perfusion scintigraphy. The ratio provides valuable support in
classifying patients and enhancing the treatment process. By establish-
ing a precise ratio that correlates with clinically significant stenosis,
the study offers a useful tool for clinicians, enabling them to make
informed decisions regarding the timing and treatment options.

Another significant contribution of this study is the introduction of the
branch-to-total pulmonary artery area ratio as a practical diagnostic
metric. MRA offers a non-invasive alternative to evaluate the sever-
ity of branch pulmonary artery stenosis without ionizing radiation or
radionuclides, making it a practical tool in routine radiology practice.

Magnetic resonance imaging is an appropriate cross-sectional imaging
modality for long-term follow-up, particularly in patients with congen-
ital heart disease, as it enables comprehensive evaluation of simultane-
ous anatomical and physiological changes without radiation exposure.
Additionally, it allows for monitoring disease progression and assess-
ing intervention effectiveness over time, thereby supporting long-term
patient management.

The study has several limitations, including its retrospective nature,
single-center, and small sample size study population. Further research
involving prospective data from multiple institutions in large patient
cohorts would be valuable in various populations. Another limita-
tion is the lack of confirmation of branch pulmonary artery stenosis
through cardiac catheterization or lung scintigraphy. However, obtain-
ing such confirmation would be particularly challenging, especially
for the control group, as these procedures involve deep sedation or

anesthesia in young children and exposure to radiation and radionu-
clides. These ethical considerations could render such a study unfea-
sible. Furthermore, the study population was inherently selective, as
all participants had congenital pulmonary arterial stenoses and were
referred for MRI to assess hemodynamic significance. The inter- or
intraobserver variability was not assessed in this study as phase-con-
trast MRI is a well-validated technique.'>'* Additionally, all cardiac
MRI examinations were performed using an institutionally approved
clinical protocol and evaluated by experienced radiologists in car-
diovascular imaging.*'** Another limitation of this study is that the
estimated area was calculated using the ellipse area formula based on
2 diameters. However, area measurements obtained from multiplanar
reconstructions would increase the software dependence. In a busy
radiology practice, calculating the area using the ellipse formula may
offer a more practical alternative.

In conclusion, a narrowed branch-to-total pulmonary artery area
ratio of 0.40, measured using cross-sectional imaging, can assist
in identifying patients who may require catheter angiography,
mainly when cardiac MRI is unavailable or flow measurement is
not feasible. This study refines an existing methodology by incor-
porating both morphological and flow-based parameters in stenosis
evaluation. It can serve as a valuable reference in daily radiology
practice, guiding the referral of patients for further investigations
without the need for radiation exposure or advanced traditional
imaging techniques.
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Abstract

Objective: The purpose of this study is to determine whether osteoarthritis (OA) is associated with meniscus volume and pathologies in young and middle-aged
individuals.

Methods: This study assessed 155 knee magnetic resonance images (MRIs) and X-rays from 138 participants aged 18-65. The knee X-ray examination was
employed to identify OA, whereas the knee MRI was utilized to evaluate meniscal diseases. The volume of the meniscus was measured using ITK-SNAP
software.

Results: There was a strong correlation between age and OA (P <.001). A link was identified between medial and lateral meniscus disease and age (P <.001,
P=.002, respectively). Osteoarthritis was identified as being linked to both medial and lateral meniscus diseases (P < .001, P=.007 respectively). Medial
meniscus extrusion was identified as being correlated with OA (P <.001). Neither medial nor lateral meniscus volumes showed significant correlations with OA
(P=.236, P=.501 respectively). The inter-reader agreement for meniscal volume measurements was assessed using intraclass correlation coefficients (ICCs).
ICCs for inter-reader agreement was 0.84.

Conclusion: In cases of meniscal disorders, including meniscal extrusion, even in the absence of OA symptoms, the patient should be considered at risk for OA
and monitored accordingly. Given the aging population that is predicted to rise over the next several years, this strategy will also help to manage the condition
more affordably.

Keywords: ITK-SNAP, meniscus volume, osteoarthritis

INTRODUCTION

Knee osteoarthritis (OA) is a complex, multifactorial condition that impacts the entire joint and is a leading cause of disability globally.'
Osteoarthritis, a prevalent degenerative musculoskeletal disorder, is associated with numerous risk factors including advanced age, female sex,
malalignment, obesity, genetic predispositions, and trauma.>* Osteoarthritis is a prevalent source of pain and impairment in the aged population.*
Given the rising older population due to increased life expectancy, the significance of this disease will escalate in the coming decades. An essential
first step in preventing this disease, which impacts both individuals and society, is to comprehend it and identify its risk factors and causes.

The growing acknowledgment of the relationships among the structural tissues of the knee joint has led researchers to classify several OA phe-
notypes based on biochemical and imaging results.> Articular cartilage degeneration and changes in subchondral bone are the leading biomarkers
of OA.® The meniscus is a fibrocartilaginous structure that is crucial for absorbing, transferring, and dispersing mechanical stress within the knee
joint. It has been demonstrated that the lack of a functional meniscus exposes the knee’s articular cartilage to pathologic stresses, leading to degen-
eration.”® A robust causal link between meniscus injury and the structural development of OA is well acknowledged.’ Therefore, especially when
investigating knee OA, it is important to evaluate the joint space, subchondral sclerosis, and osteophytes, as well as assess meniscus pathologies,
particularly in early-stage cases.

Research has been attempted to elucidate the influence of meniscal modifications on the start of OA, emphasizing factors such as volume, extru-
sion, thickness (height), and tibial coverage that describe meniscal architecture.!®!? In the magnetic resonance imaging (MRI) Osteoarthritis Knee
Score, extrusion and meniscal morphology were rated as semi-quantitative parameters.!* However, meniscus volume is not yet included in this
scoring system.
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Liu et al'* and Atik et al'® have conducted studies revealing the rela-
tionship between meniscus structure, pathologies, and OA in elderly
patients. Given that advanced age is a risk factor for OA, the study
was designed to focus on young and middle-aged adults. Thus, the aim
was to examine the correlation between meniscus pathology and OA
while controlling for the positive impact of age on the progression of
OA. The purpose of this study is to determine whether OA is associ-
ated with meniscus volume and pathologies in young and middle-aged
individuals.

METHODS

Study Population

This is a single-center, retrospective, and cross-sectional study. This
research has been approved by the ethical committee of Bandirma
Onyedi Eyliil University School of Medicine(Decision: January 2,
2025, no: 2024-12-05). The study was conducted in acordance with the
Declaration of Helsinki. Written informed consent was obtained from
patients who participated in this study.

Patients who underwent knee MRI at the hospital from December 2023
to June 2024 were retrospectively examined using Picture Archiving
and Communication Systems. Patients aged 18-65 who had both knee
MRI and knee radiography (RG) were identified. The study excluded
trauma patients, individuals who had knee surgery for any reason, those
with metabolic disorders, osteoporotic patients, oncology patients, and
patients with suboptimal imaging quality. The screening resulted in the
inclusion of 155 knee MRIs and knee X-rays from 138 participants
aged 18-65 in the research.

Radiological Evaluation

This study analyzed Anteroposterior (AP) knee RG in the extended
position. The RGs were evaluated using the Kellgren Lawrence (KL)
classification system for OA. Accordingly, grade 0 is normal; grade 1
is suspicious osteophyte formation; grade 2 is significant osteophyte
formation with normal joint space; grade 3 is osteophytes, narrowing
of the joint space, and subchondral sclerosis; grade 4 is a reduction in
joint space or ankylosis with multiple osteophytes, significant sclero-
sis, and erosion.!® Patients were classified as having knee OA if their
KL score was greater than or equal to 2. Patients were categorized into
2 groups according to the presence or absence of OA (Figure 1). The
assessment was performed by 2 experienced radiologists. In instances
of interpretative inconsistency or ambiguous cases, the images were
re-assessed, and a consensus final decision was reached. The knee RG
was used to measure the joint space.

Magnetic resonance imaging (MRI) was used to assess meniscus dis-
cases. All MR images were acquired using a 1.5 Tesla MRI device
(GE 1.5T, 60 cm, SIGNA™ Creator/Explorer, China, 2017). The MRI

MAIN POINTS

e Osteoarthritis is a prevalent source of pain and impairment in the aged
population.

e An essential first step in preventing this disease, which impacts both
individuals and society, is to comprehend it and identify its risk factors
and causes.

* In cases of meniscal disorders, including meniscal extrusion, even in
the absence of osteoarthritis symptoms, the patient should be consid-
ered at risk for osteoarthritis and monitored accordingly.
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evaluation was conducted with the knee in an extended posture. The
assessment was performed utilizing a knee MRI protocol including
coronal T1, sagittal fat-suppressed proton-weighted, coronal fat-sup-
pressed proton-weighted, and axial fat-suppressed proton-weighted
sequences. The anterior and posterior horns of the lateral and medial
menisci were assessed individually for each knee. Patients were cat-
egorized into 3 groups according to the condition of their meniscus:
normal, degenerated, or torn. In addition, the presence of extrusion in
the meniscus was evaluated with the coronal plane of MRI. Unaware
of the patients’ clinical and X-ray scans, 2 experienced radiologists
prospectively reinterpreted each MRI. When there were uncertain or
inconsistent interpretations, the images were reexamined, and a final
conclusion was made by consensus.

The ITK-SNAP software was employed to evaluate the volume of the
meniscus.'” Magnetic resonance scans were uploaded to the software,
and measurements were obtained using a three-dimensional (3D)
region of interest. Measurements were obtained in the sagittal plane
and subsequently validated with additional sequences. Segmentation
was conducted from lateral to medial on all sections where the
meniscus was visible (Figure 2). The volume measures were conducted
independently by 2 radiologists who were oblivious to the patient’s
radiological results.

Statistical Analysis

Descriptive statistics were applied to analyze the baseline characteristics.
The Chi-square (y?) test and Fisher’s exact y* test were applied in the
evaluation of qualitative data. After testing for normality, statistical
significance was calculated using an independent sample t-test for
comparisons between 2 groups or one-way ANOVA for comparisons
among 3 or more groups when the data were normally distributed. For
non-normally distributed data, the Mann—Whitney U test was used for
2-group comparisons, and the Kruskal-Wallis test was applied for 3 or
more groups. The Pearson correlation test was used to assess the linear
relationship between normally distributed continuous variables, while
the Spearman correlation test was used for those without a normal
distribution. Interobserver agreement was assessed using the intraclass
correlation coefficient (ICC). The significance of the ICC values was
interpreted as follows: <0.50 poor, 0.50-0.75 moderate, 0.75-0.90
good, and >0.90 excellent reliability. All statistical analyses were
performed using IBM SPSS software (IBM SPSS Corp.; Armonk, NY,
USA, version 23), and a significance level of P < .05 was considered.

RESULTS

There were 57 (36.7%) male patients and 98 (63.2%) female patients.
In this investigation, radiographic evidence of knee OA was identified
in 84 (54.1%) of the 155 cases evaluated (KL grade > 2). The charac-
teristics of the study group are presented in Table 1.

There was a strong correlation between age and OA (P <.001). It was
found that as people age, OA becomes more common. There was a
correlation found between gender and OA (P=.004). Osteoarthritis
is more frequently detected in females. A link was identified between
medial and lateral meniscus disease (degeneration and tear) and age
(P <.001, P=.002, respectively). The prevalence of medial meniscus
disease was higher. Osteoarthritis was identified as being linked to both
medial and lateral meniscus diseases (P <.001, P=.007 respectively).
Medial meniscus extrusion was identified as being correlated with OA
(P < .001). Lateral meniscus extrusion was not significantly associ-
ated with OA (P=.5). Medial meniscus diseases and medial joint space
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Figure 1. A 56-year-old female patient. The RG of the knee showed OA (A). Subchondral sclerosis (yellow arrow), joint space narrowing (yellow arrow), and
osteophyte formation (white arrow) are noted. The fat-suppressed proton density-weighted MR sequence indicates medial meniscus extrusion in the coronal plane
(B) and a horizontal tear of the posterior horn of the medial meniscus in the sagittal plane (C), as shown by arrows.

were found to be significantly correlated (P < .015). A correlation was
demonstrated between gender and the volume of the medial and lat-
eral meniscus (P <.001). The volume of the meniscus was determined
to be larger in males. Neither medial nor lateral meniscus volumes
showed significant correlations with OA (P=.236, P=.501 respec-
tively) (Table 2). The inter-reader agreement was assessed for meniscal
volume measurements using ICCs. Intraclass correlation coefficient for
interreader agreement was 0.84.

I Medial Meniscus

Lateral Meniscus

Figure 2. Example of meniscus segmentation. (A) Three-dimensional
representation of the left knee and coronal perspective of meniscus
segmentation. (B) Meniscus in 3D from segmentation (lateral meniscus is
blue; medial meniscus is purple).
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DISCUSSION

Knee OA is a degenerative musculoskeletal disease that can be caused
by a variety of reasons. Radiography is used to make the diagnosis of
OA. Osteoarthritis results can also be assessed using MRI. Meniscus
diseases present a substantial risk for the onset and advancement of OA
and are relatively common in knee MRI studies.'®

Radiography was used to evaluate knee OA in this study. Knee OA was
diagnosed in 54.1% of patients, with a notable increase in frequency
associated with advancing age. This study revealed that women
exhibited OA outcomes more frequently than males. It was discovered
that these findings aligned with previous research.>*!*

In this study, it was discovered that meniscus diseases are more com-
mon in people with OA than in those without OA, and they also
increase with age. It was found that 54.9% of individuals without
OA had meniscus pathology, whereas 82.1% of patients with OA had
meniscus pathology. In studies that include elderly patients in the study
group, these rates are elevated.'>!” In contrast to these studies, the

Table 1. Patient Characteristics and Features of the Knee Joint

Characteristics n=155
Age, mean (range) years 45.6 (19-64)
Gender female/male (%) 98 (63.2%)/57
(36.7%)
OA (%)
Yes 84 (54.1%)
No 71 (45.8%)

Medial joint space, mean (range) mm 5.2 (1.53-12.8)

Lateral joint space, mean (range) mm 6.1(2.28-11.3)

Medial meniscus (%)

Normal 47 (30.2%)

Degeneration 71 (45.8%)

Tear 37 (23.8%)
Lateral meniscus (%)

Normal 126 (81.2%)

Degeneration 20 (12.9%)

Tear 9 (5.8%)
Medial meniscus extrusion

Yes 34 (21.9%)

No 121 (78%)
Lateral meniscus extrusion

Yes 2 (1.2%)

No 153 (98.7%)

Medial meniscus volume, mean (range) mm? 1745 (964-3822)

Lateral meniscus volume, mean (range) mm?® 1317 (552-2905)

OA, osteoarthritis.




Table 2. The Relationship Between Osteoarthritis and the Other Parameters

Patient with  Patient without
OA OA
N2, Mean” N*, Mean” P

Age® 52 37 <.001*
Gender*

Female 62 36 .004*

Male 22 35
Medial meniscus disease? 69 39 .007*
Lateral meniscus disease® 23 6 <.001*
Medial meniscus voliime (mm?)® 1793 1689 236
Lateral meniscus volume (mm?)°® 1298 1341 .501
Medial meniscus extrusion? 31 3 <.001*
Lateral meniscus extrusion® 2 0 5
OA, osteoarthritis.
*P<.05.

There are numbers and average values in this data. For example, among those marked with a,
there are 62 women with oa, while the average age ofpatients with oa (marked with b) is 52.

I noticed a mistake in the numbers in the age line. I corrected that too.

reduced prevalence of meniscus pathology in patients without OA in
this research can be attributed to the fact that the patients were under
65 years of age.

The prevalence of medial meniscus pathology was higher than that of
lateral meniscus diseases. Compared to the lateral meniscus, the medial
meniscus is more vulnerable to injury and extrusion because of its ana-
tomical characteristics and relative lack of mobility.® The increased
prevalence of medial meniscus diseases relative to the lateral meniscus
in the current study has been linked to this condition.

A strong correlation between OA and medial meniscus extrusion was
discovered. Medial meniscus extrusion was seen more often in patients
with OA than in those without the condition. In a review made by
Ghouri et al?!, it was identified that meniscal extrusion is a risk fac-
tor for knee OA cartilage structural progression independently of age,
gender, and BMI.

Osteoarthritis and both medial and lateral meniscus volume did not
significantly correlate in the current research. Previous studies indicate
that a greater initial meniscal volume and alterations in volume over
time are associated with OA.*>** Individual anatomical variations in
the meniscus have been documented in healthy knees.?* To the authors’
knowledge, there is no established normal range for meniscus volume
for this reason. Given the absence of a standard range for meniscus vol-
ume, it was determined that a solitary measurement in a cross-sectional
study would be inadequate and that temporal changes would provide
more significant knowledge. This has been assumed to be the cause of
the lack of any correlation between OA and meniscus volume.

A theory states that the extruded meniscus outside the joint edge has the
chance to expand since the bones that comprise the joint do not com-
press it.>* Okazaki et al*® and Nebelung et al?’ established that altera-
tions in meniscus volume, both in vitro and in vivo, could be triggered
by variations in load on the meniscus. Baseline meniscus extrusion was
positively correlated with changes in meniscus volume, according to
Xu et al®, but they found no correlation between changes in menis-
cus volume and radiographic knee OA. It can be concluded from this
data that changes in meniscus volume are not the mechanism by which
meniscus extrusion affects OA. Therefore, it is possible to think that

Tanisman et al. Meniscus and osteoarthritis

an extrusion of the meniscus first leads to a larger meniscus, which
then causes radiographic knee OA. According to Xu et al?*, this theory
requires testing in cohorts with younger participants.

The findings of this investigation, which excluded those aged 65 and
older, confirm that meniscal extrusion influences OA before alterations
in meniscus volume occur. Nevertheless, due to the retrospective nature
of this investigation, the impact of extrusion on meniscus volume could
not be assessed. This hypothesis requires validation through extensive
randomized controlled studies, including young patients.

There were several limitations to this study. The main limitation of
this study is its retrospective design. The impact of temporal variations
in meniscus volume on OA was not detected. The second limitation
is that clinical findings and concerns from patients were not included
in the study. Thirdly, the actual incidence of meniscal extrusion may
be understated because all MRI studies evaluated extrusion while the
subject was supine and not bearing any weight.

Osteoarthritis impacts the entire joint and is a leading cause of disabil-
ity globally. Thus, it is critical to identify it early and restrict its pro-
gression. In cases of meniscal disorders, including meniscal extrusion,
even in the absence of OA symptoms, the patient should be considered
at risk for OA and monitored accordingly. Given the aging population
that is predicted to rise over the next several years, this strategy will
also help to manage the condition more affordably.
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Abstract

Coalescent mastoiditis, a severe form of acute mastoiditis, involves the breakdown of bony septae in the mastoid air cells, leading to abscess formation and
potential intracranial complications. Despite its rarity due to antibiotic use, timely diagnosis is critical. Computed tomography (CT) is essential for detecting
bone erosion, while magnetic resonance imaging (MRI) is superior for evaluating soft tissue involvement and intracranial extensions. This case report describes
a 32-year-old male with coalescent mastoiditis successfully managed with intravenous antibiotics and abscess drainage, highlighting the crucial role of imaging
in guiding treatment and preventing severe complications.

Keywords: Coalescent mastoiditis, high-resolution CT, MRI

INTRODUCTION

Coalescent mastoiditis is a severe form of acute mastoiditis characterized by the breakdown of bony septae within the mastoid air cells, leading to
the formation of abscesses and potential intracranial complications.' It is more common mainly in early childhood? This condition is often a pro-
gression from acute otitis media (AOM), particularly when initial treatment is inadequate or delayed. The frequency of coalescent mastoiditis has
decreased significantly with the use of antibiotics for treating ear infections. It is now relatively rare, occurring in less than 1% of cases of AOM
that progress to mastoiditis.’ Imaging plays a crucial role in diagnosing and assessing the extent of coalescent mastoiditis. Direct radiography is
insufficient to show changes in bone structure; therefore, it has a limited place in the diagnosis of coalescent mastoiditis. Instead, more advanced
imaging methods, such as CT and MRI, are preferred. Computed tomography (CT) provides detailed images of bony structures, making it essential
for diagnosing the erosion of mastoid air cells. Magnetic resonance imaging (MRI) is superior for evaluating soft tissue involvement and intracra-
nial complications, such as abscesses or thrombosis.* Early recognition and prompt intervention are essential to prevent serious complications and
improve patient outcomes. This case report highlights the imaging findings of a patient with coalescent mastoiditis and its complications.

CASE PRESENTATION

The patient provided written informed consent for their anonymized information to be included in this case report. A 32-year-old male presented
to the emergency department with a 5-day history of worsening ear pain, fever, and progressive hearing loss in the left ear. Physical examination
revealed a temperature of 38.5°C and tenderness and swelling over the left mastoid process.

Initial laboratory workup showed elevated white blood cell count (12 000 pL) and C-reactive protein levels (20 mg/dL), indicating an acute inflam-
matory response. Given the clinical suspicion of mastoiditis, a high-resolution CT scan of the temporal bones was performed. Imaging revealed
destruction of the bony septae in the left mastoid air cells, opacification of the mastoid antrum, middle ear cavity, and erosion of the medial and
lateral mastoid cortex. MRI with contrast was subsequently obtained to further assess the extent of the infection and its complications. The MRI
demonstrated peripheral enhancing collections in the mastoid antrum. These collections showed diffusion restriction consistent with abscess. There
was soft tissue inflammation inferior to the mastoid bone. There were peripheral enhanced and diffusion-restricted collections adjacent to the mas-
toid outer cortex, consistent with subperiosteal abscess. There was erosion of the sigmoid plate. Therefore, we suspected sigmoid sinus thrombosis;
however, contrast filling in the sigmoid sinus was observed, indicating that there was no thrombosis (Figures 1 and 2).
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Figure 1. Axial high resolution temporal bone CT scan shows opacification and destruction of mastoid air cells. (A) Axial TIW contrast-enhanced images show
peripheral contrast enhancement in the same area, (B) DWI (C) and ADC map images (D) shows diffusion restriction in this peripheral enhancing collection in
mastoid air cells consistent with abscess.

The patient was admitted to the hospital and started on intravenous anti-
biotics, and mastoidectomy performed successfully. Postoperatively,
the patient showed significant clinical improvement, with resolution of
fever and reduction in ear pain and swelling. At the one-month follow-
up, the patient had no residual symptoms, and repeat imaging showed
complete resolution of the infection.

DISCUSSION

The diagnosis of coalescent mastoiditis is challenging due to its non-
specific early symptoms that can be confused with less severe infec-
tions. For example, it may be confused with AOM or cellulitis, which
presents with localized ear pain and tenderness. Additionally, the dis-
ease is often not recognized until severe complications arise. When
imaging patients with coalescent mastoiditis, it is crucial to be vigilant

MAIN POINTS

» Coalescent mastoiditis is an advanced form of acute mastoiditis result-
ing from inadequate treatment of acute otitis media, characterized by
the erosion of mastoid air cell septa and the potential for serious intra-
cranial complications.

¢ Computed tomography is crucial for identifying bony destruction
in the mastoid air cells, while magnetic resonance imaging is essen-
tial for assessing soft tissue involvement and ruling out intracranial
complications.

« Early diagnosis and prompt treatment are vital to prevent severe out-
comes and ensure patient recovery.

for potential complications. Thin-section CT scans are essential for
detecting bone destruction and resorption of mastoid air cell septa,
which indicate the severity of the infection. In our patient, extensive
opacification of the mastoid air cells and widespread bone erosion
were noted, extending to both the inner and outer cortex of the mastoid
bone. MRI can be complementary for assessing soft tissue involve-
ment, although it is less accurate for bone changes.>® Recognizing
complications such as subperiosteal abscess, facial nerve palsy, and
intracranial extensions like meningitis or brain abscesses is vital for
appropriate management and prognosis.”® The incidence of subperi-
osteal abscess in coalescent mastoiditis is approximately % 50.*'" In
contrast-enhanced sections, it is seen as a peripheral enhancing col-
lection adjacent to the bone and restricts diffusion. If not treated, it
may lead to intracranial complications. Intracranial complications
have been reported between 6.8% and 23%. Facial nerve paralysis
occurs due to direct inflammation of the nerve or through external
pressure caused by inflammation. Labyrinthitis occurs when bacteria
advance from the middle ear cavity into the labyrinth cavity through
the round window. It may present as nausea, vomiting, hearing loss,
dizziness, vertigo, and nystagmus.? In our patient, there was erosion of
the outer cortex of the mastoid bone and the formation of subperiosteal
abscesses in the adjacent area. Despite the erosion of the inner cortex
of the mastoid bone, there was no evidence of intracranial extension
of the disease.

In addition to the challenges of early diagnosis, the management of
coalescent mastoiditis requires a multidisciplinary approach to address
potential complications effectively. Imaging plays a pivotal role, with

Figure 2. Axial high resolution temporal bone CT scan shows destruction of the mastoid inner and outer cortex. (A) Axial TIW contrast-enhanced images show
bony cortical defect and enhancement adjacent to the mastoid cortex, (B) DWI images (C) and ADC map images (D) shows diffusion restriction consistent with
subperiosteal abscess. In addition, inner cortex erosion was seen (black arrow).
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CT scans being crucial for assessing the extent of bone involvement
and MRI providing valuable information on soft tissue structures. This
comprehensive imaging approach is essential for planning appropri-
ate surgical interventions and medical treatments. Our case highlights
the importance of early and accurate imaging to detect both common
and severe complications, ensuring timely and targeted management
strategies.

In conclusion, coalescent mastoiditis, though rare, remains a signifi-
cant clinical entity that necessitates high vigilance and expertise in
diagnosis and management. The combination of imaging techniques,
careful clinical monitoring, and prompt intervention can significantly
improve patient outcomes. This case underscores the critical role of
multidisciplinary care and the need for continuous vigilance in patients
presenting with symptoms suggestive of severe ear infections. Early
recognition and treatment are paramount to preventing the potentially
devastating complications associated with coalescent mastoiditis.
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Dacryocystocele is frequently thought to be a congenital disorder and is characterized by a dilated lacrimal sac. It is an uncommon illness in adults,
nevertheless. It manifests as a painless protrusion beneath the medial ligament in the medial orbital area. Its mechanism consists of an acquired
obstruction at the level of Krause's valve or an obstruction at the level of Rosenmuller’s valve, which is proximal to the common canaliculus.'?

In this study, a rare adult case of dacryocystocele was presented with magnetic resonance (MR) images of a 59-year-old woman. After obtaining
written informed consent from the patient, the MR images were presented along with the clinical data of the patient in this article.

The patient was admitted to our institutional hospital with pain in the medial orbital region. The physical examination showed swelling and ery-
thema in this area. Additionally, there was swelling and hyperemia in the medial epicanthic folds of the orbita. There was no positive finding in
specular orbital values or corneal topography metrics. Pachymetry test-corneal thickness and all biometric tests were normal. Anterior chamber
and vitreous humor were within normal ranges in the examination. Physical examination also indicated a mass in the medial, naso-orbital region
with a relatively dark color suspected to be cystic mass located below the medial epicanthus and canthal region, indicating a pathologic condition
in the nasolacrimal sac. With gentle pressure over the mass, a mucopurulent discharge was observed. The findings were consistent with dacryocys-
titis, and an antibiotheraphy has been planned. Findings of the infection have regressed; however, the mass in the naso-orbital region has been still
remained, and the clinicians concluded that the patient should undergo MR examination.

The MR imaging indicated a lesion with smooth contours, observed with hypointense signals in T1-weighted images and hyperintense in fat-
saturated T2-weighted images. After injection of the contrast medium, there was an obvious enhancement, especially in the peripheral regions of
the lesion. The radiology report revealed an infected dacryocystocele (Figures 1-4).

The differential diagnosis for a patient with nasal obstruction includes congenital bone abnormalities such as choanal atresia as well as masses like
encephalocele, glioma, hemangioma, and dermoid cyst.** These medical conditions can be diagnosed by endoscopy, computed tomography (CT),
MR imaging, and the tear secretion test for differential diagnosis.

Adult cases of dacryocystocele should be treated as obstructions of the nasolacrimal duct, and before undergoing external dacryocystorhinostomy,
an intranasal inspection should be carried out.®* Endoscopic marsupialization of the nasal cyst combined with stent implantation appears to be
the best course of treatment, similar to what is observed in pediatric patients. External dacryocystorhinostomy is also used as another option for
treatment.”

While congenital dacryocystocele has been identified as a distinct disease, dacryocystocele in the medial orbital region is a rather uncommon con-
dition. Almost all cases of congenital dacryocystocele occur in pediatric individuals, and the condition has a unique natural history, set of clinical
characteristics, mode of disease, and course of treatment. Both functional blockage of the common canaliculus and obstruction of the distal naso-
lacrimal duct promote lacrimal sac dilatation. When there is an obstruction of the nasolacrimal duct, secretions may build up in the lacrimal sac,
causing it to dilate and block the common canaliculus. A second explanation for dacryocystocele is folds in the common canaliculus brought on by
a dilated lacrimal sac and a malfunctioning Rosenmuller's valve as a result of inflammation and edema.® Antibiotics, massage, and cold compresses
are used to treat children with dacryocystocele. If these treatments are insufficient, intranasal endoscopic marsupialization of the cyst along with
lacrimal route probing and irrigation might be a better option.’
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Figure 1. T2-weighted coronal plane consecutive MR images indicate the hyperintense lesion consistent with dacryocystocele (yellow arrows).

Adult cases of dacryocystocele have been reported in previous litera-
ture.'” One of its clinical manifestations is a painless protrusion of the
orbit's medial area beneath the medial ligament. The disorder can be
diagnosed by MR imaging, CT, endoscopy, and the lacrimal secretion
test.!! The nasolacrimal duct blockage in adults is comparable with dac-
ryocystocele in children regarding the mechanism of occurrence of the

illness. In addition, chronic dacryocystitis is one of the complications
of the dacryocystocele.'?

Dacryocystorhinostomy and nasolacrimal stent placement have been
used as treatment options for dacriocystoocele.” Distinguishing
dacryocystocele from a lacrimal sac tumor may be essential before

Figure 2. Sagittal plane T2-weighted MR images showing the lesion with well-defined borders (yellow arrows).
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Figure 4. Axial and coronal plane enhanced T1-weighted images indicate the lesion with peripheral enhancement.

the surgical procedure. Studies including CT, MR imaging, and
ultrasound imaging are useful in the diagnosis of adult dacryocys-
tocele. By displaying the dacryocystocele in the lacrimal sac and
helping to distinguish it from other masses that may affect the
medial canthus in adults, CT can accurately diagnose the condition

100

anatomically. A solid mass can be observed on CT scans of orbital
tumors in the medial orbital region, such as rhabdomyosarcoma,
neurofibroma, lymphangioma, or hemangioma. Although CT pro-
vides a clear image of the cortical borders of the bone, MR images
have also been used for this investigation to measure the lesion and



surgical planning using the superiority of this imaging modality on
soft tissue contrast.
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