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PURPOSE

To identify magnetic resonance imaging (MRI)-based morphologic features of the distal tibiofibular
syndesmosis and talocrural joint associated with ankle sprains and to determine which parameters
are specifically linked to an increased risk of ligament tears after sprains.

METHODS

This retrospective study included ankle MRI examinations performed between January 2022 and
November 2025. Two analytic datasets were constructed: Dataset 1 compared patients with ankle
sprains and MRI-confirmed ligament tears to healthy controls with completely normal ankle MRiIs;
Dataset 2 compared controls, patients with sprains but no ligament tears, and patients with sprains
and ligament tears. Standardized morphometric measurements of the distal tibiofibular syndes-
mosis and talocrural joint were obtained, including absolute and ratio-based parameters. Group
comparisons were performed using appropriate univariable tests with multiple-comparison cor-
rection. Multivariable logistic regression was used to identify independent predictors of ligament
tears. Inter-reader reliability was assessed using intraclass correlation coefficients and Bland-Alt-
man analysis.

RESULTS

In Dataset 1, compared with healthy controls, tibiofibular clear space and the fibular notch depth-
to-tibial thickness ratio were significantly higher in patients with ankle sprains and ligament tears,
whereas the lateral malleolar height-to—talar articular width ratio was significantly lower (all P <
0.05). Multivariable analysis demonstrated that tibiofibular clear space and the fibular notch depth-
to-tibial thickness ratio were independent predictors. In Dataset 2, tibiofibular clear space, fibular
notch depth-to-tibial thickness ratio, and lateral malleolar height-to-talar articular width ratio
differed significantly across three groups (all P < 0.05). Notably, only the lateral malleolar height-
to-talar articular width ratio independently differentiated patients with sprains and ligament tears
from those without tears (P = 0.025). Model discrimination was moderate to good (area under the
curve: 0.699 and 0.785).

CONCLUSION

Specific MRI-based morphologic features are associated with both ankle sprain susceptibility and
an increased risk of ligament tears. Among these, the lateral malleolar height-to-talar articular
width ratio appears to be a morphometric parameter associated with an increased likelihood of
ligament tears.

CLINICAL SIGNIFICANCE

MRI-based morphometric assessment, particularly the lateral malleolar height-to-talar articular
width ratio, may help identify patients with ankle sprains who are at an increased risk for ligament
tears and support more individualized clinical management.
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ateral ankle sprain is among the most
Lcommon musculoskeletal injuries in

athletes, as well as in general popula-
tions, and represents a major source of mor-
bidity worldwide.? The typical mechanism
is forced inversion combined with internal
rotation. It frequently occurs during sudden
cutting or landing maneuvers, particularly in
sports activities.>* Despite being considered
a relatively benign trauma, it is associated
with high recurrence, chronic symptoms,
and instability, eventually leading to long-
term consequences such as post-traumatic
osteoarthritis.

Anatomical and biomechanical factors
play an important role in the mechanism
of ankle sprains. The ankle joint has a com-
plex structure and limited osseous stabili-
ty; therefore, its integrity depends on liga-
mentous structures.® The distal tibiofibular
syndesmosis, in particular, contributes sub-
stantially to mortise stability; even minor
widening of the syndesmosis can change
joint mechanics and increase the risk of in-
stability.” Additionally, variations in the ta-
locrural joint have been shown to influence
the susceptibility to lateral sprains, lateral
malleolar fractures, or chronic instability.®®
In parallel, recent studies have demonstrat-
ed that chronic ankle instability is accom-
panied by functional changes that may be
associated with underlying osseous mor-
phology.™

Although several investigations have
explored structural risk factors for ankle
sprains, most prior studies have focused on
either sprain history with ligament injury vs.
non-sprain group (not a completely healthy
control group) comparisons or on differenti-
ating sprains from fractures.®'"'® Important-
ly, very few have incorporated a well-defined

* Distal tibiofibular syndesmosis and talocru-
ral joint morphology show measurable dif-
ferences on magnetic resonance imaging
(MRI) in patients with ankle sprains and lig-
ament tears.

* Tibiofibular clear space and the fibular notch
depth-to-tibial thickness ratio is increased
in patients with lateral ankle sprains.

* The lateral malleolar height-to-talar ar-
ticular width ratio is the parameter that
independently differentiates patients with
sprains and ligament tears from those with-
out tears.

* Detailed MRI-based morphometric assess-
ment may improve anatomical risk stratifi-
cation in patients with ankle sprains.

control group with completely normal mag-
netic resonance imaging (MRI), and previous
research has rarely attempted to examine
which morphological features increase the
risk of sprains vs. those that contribute to the
presence of ligament tears.

Thus, the specific MRI-based anatomical
characteristics that either promote initial in-
juries or determine whether sprains evolve
into ligament tears remain insufficiently
understood. Identifying anatomical fea-
tures associated with the presence of tears
may have important clinical implications,
including earlier risk stratification, targeted
prevention strategies, and more individual-
ized rehabilitation or treatment planning. To
address this gap, this study aims to identi-
fy MRI-based morphological parameters of
the distal tibiofibular syndesmosis and ta-
locrural joint that are associated with ankle
sprains and to determine which anatomical
features are specifically linked to ligament
tears.

Methods

This retrospective study was conduct-
ed in accordance with the principles of the
Declaration of Helsinki and was approved
by the Kog University Biomedical Research
Ethics Committee (approval number:
2025.503.IRB2.226, date: 10.11.2025). Writ-
ten informed consent, including permission
for the anonymized use of imaging data for
research purposes, was obtained from all pa-
tients before radiologic evaluation as part of
routine clinical practice at our institution.

Study participants

Patients who had an ankle MRI at Kog
University Hospital, a tertiary care institu-
tion, between January 2022 and November
2025 were reviewed retrospectively. Individ-
uals were included if the clinical referral or
preliminary diagnosis indicated lateral an-
kle sprains or if their MRI reports contained
terms such as “lateral ankle sprain” or “lateral
ankle injury” A control group was formed
from patients examined during the same pe-
riod who had no history of ankle trauma in
the MRI referral indications and whose MRI
reports were interpreted as completely nor-
mal. Both pediatric and adult patients were
eligible. Patients were excluded if they had a
history of lower extremity surgery, fractures,
tumors, infection, or marked degenerative
joint disease. Additional exclusion criteria
included injuries resulting from pronation-
external rotation or pronation-abduction
mechanisms, suboptimal MRI image quality,
and cases with unclear or inconsistent trau-
ma mechanisms. Based on these criteria, two
analytic datasets were constructed: the first
compared patients with ligament tears and
sprains with healthy controls, and the second
compared healthy controls, patients with
sprains without ligament tears, and patients
with sprains and ligament tears (Figure 1).

Magnetic resonance imaging protocol

MRI examinations were performed us-
ing a 3.0-T scanner (MAGNETOM Skyra; Sie-
mens Healthineers, Erlangen, Germany) or
a 1.5-T scanner (MAGNETOM Aera; Siemens
Healthineers), with a dedicated 16-channel

Enrolled: 203 ankle MRI examinations (January 2022 — November 2025)

37 patients: fractures

Exclusion
A

2 patients: prior lower extremity surgery

2 patients: tumors or infection

»| 18 patients: marked degenerative changes
16 patients: different injury mechanisms
5 patients: unclear trauma mechanism

3 patients: nondiagnostic image quality

A 4

Final patient cohort: 120 patients with a clinical history of ankle sprain

!

}

77 patients with ligament tear

A dP[Ue [euriou AJaInud yiim s[enpiaipur ¢¢ :dnoag joayuo))

43 patients with no ligament tear

Figure 1. Flowchart of the study. MRI, magnetic resonance imaging.
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phased-array coil optimized for high-resolu-
tion ankle imaging. Patients were positioned
supine in a neutral position to avoid plantar
flexion or dorsiflexion. The protocol included
axial and sagittal T1-weighted spin-echo se-
quences, as well as axial, coronal, and sagittal
fat-suppressed proton density sequences. In
all cases, imaging was obtained on the same
day or within a few days after the traumatic
event and, therefore, generally reflects the
acute phase of injuries.

Image analysis

All MRI examinations were independent-
ly reviewed by two radiologists with 10 and
15 years of experience, who were blinded
to clinical details and patient groups. Mor-
phometric MRI measurements included the
angle between the anterior and the poste-
rior facets, the anterior and posterior facet
lengths of the fibular notch, the fibular notch
depth, tibial and fibular thickness, medial and
lateral malleolar articular surface heights, ta-
lar articular surface width, the length of the

tibial incisura, the anterior and posterior
widths of the tibiofibular syndesmosis, and
the tibiofibular clear space (Figures 2 and
3). As described in previous morphometric
MRI studies, axial measurements of the dis-
tal tibiofibular syndesmosis were obtained
from images acquired approximately 10 mm
above the tibial subchondral bone and par-
allel to the tibial plafond, where the anteri-
or tibial tubercle and the fibular incisura are
most clearly defined."” The line for the length
of the tibial incisura was drawn tangentially

Figure 2. Magnetic resonance imaging (MRI)-based morphometric measurements of the distal tibiofibular syndesmosis. Axial MRI images demonstrating
morphometric measurements: (a) anterior facet length, (b) posterior facet length, (c) fibular notch depth, (d) angle between the anterior and posterior facets, (e)

tibial thickness, and (f) fibular thickness.

Figure 3. Magnetic resonance imaging (MRI)-based morphometric measurements of the ankle. Coronal and axial MRI images demonstrating morphometric
measurements: (a) talar articular surface width, (b) medial malleolar articular surface height, (c) lateral malleolar articular surface height, (d) length of the tibial
incisura, (e) anterior width of the tibiofibular syndesmosis, (f) posterior width of the tibiofibular syndesmosis, and (g) tibiofibular clear space.
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between the most prominent portions of the
anterior and posterior tibial tubercles. Using
this reference, the anterior and posterior
widths of the tibiofibular syndesmosis were
measured from the intersections of this line
with the tibial tubercles to the closest point
of the fibula. The tibiofibular clear space was
defined as the true distance between the fib-
ula and the deepest point of the tibial inci-
sura. Coronal measurements of the talocrural
joint were obtained at the level where the
talar articular surface was maximally visual-
ized. A reference line parallel to the superior
cortical surface of the talus was first drawn,
along which the talar articular surface width
was measured. The lateral and medial malle-
olar articular surface heights were then mea-
sured as the perpendicular distances from
this reference line to the distal margins of the
respective malleoli.

In addition to these absolute measure-
ments, ratio-based parameters were calculat-
ed to normalize forinter-individual variations.
These included the anterior-to-posterior fac-
et length ratio, the lateral malleolar height-
to-talar articular width ratio, the fibular
notch depth-to-tibial thickness ratio, the
fibular notch depth-to—fibular thickness
ratio, the medial malleolar articular surface
height-to-talar articular surface width ra-
tio, the lateral malleolar articular surface
height-to—medial malleolar articular surface
ratio, and the ratio of the anterior width of
the tibiofibular syndesmosis to the posterior
width. Ligament tears include injuries of the
anterior talofibular ligament (ATFL), the pos-
terior talofibular ligament, and the deltoid
ligament. Additionally, incidental talar dome
osteochondral defects (OCDs) were noted.
Ligament injuries were evaluated based on
standard MRI criteria: Grade 1 injuries, rep-
resenting ligament sprains without fiber dis-
ruption, were classified as sprains, whereas
grade 2 (partial tears) and grade 3 (complete
tears) injuries were categorized as ligament
tears for the statistical analysis. All measure-
ments were first performed independently
by both radiologists, and these independent
readings were used to assess inter-reader
agreement. Subsequently, the measure-
ments were jointly reviewed, and consensus
values were determined for each case, which
were then used for the statistical analyses.

Statistical analysis

All statistical analyses were performed
using IBM SPSS Statistics (version 28.0; IBM
Corp., Armonk, NY, USA). Normality was as-
sessed using the Shapiro-Wilk test. Group
comparisons in Dataset 1 were performed

using the Mann-Whitney U test or Student’s
t-test for continuous variables and chi-
square or Fisher’s exact tests for categorical
variables. Primary and exploratory parame-
ters were evaluated using raw P values and
false discovery rate (FDR)-adjusted q values
to account for multiple testing. A multivari-
able logistic regression model was used to
identify independent predictors of ligament
tears, adjusting for age, sex, and laterality,
and results were reported as odds ratios with
95% confidence intervals (Cls). Model perfor-
mance was quantified using the receiver op-
erating characteristic (ROC) the area under
curve (AUQ). In Dataset 2, differences among
controls, patients with sprains only, and pa-
tients with sprains and ligament tears were
evaluated using the Kruskal-Wallis test, fol-
lowed by Holm-adjusted pairwise compar-
isons. A separate binary logistic regression
model was applied to identify predictors of
ligament tears among patients with sprains.
For parameters that remained significant in
multivariable analysis, optimal cut-off values
were determined using ROC analysis based
on the Youden index (sensitivity + specifici-
ty — 1). The Youden index was used to iden-
tify statistically optimal thresholds; however,
clinical application may prioritize sensitivity
or specificity depending on the clinical con-
text. For all analyses, a P value < 0.05 was
considered statistically significant.

Inter-reader agreement for morphomet-
ric measurements was assessed using the
intraclass correlation coefficient (ICC) [two-
way random model, absolute agreement; ICC
(2,1)]. Given the distributional characteristics
of ratio-based parameters, Cls were estimat-
ed using bootstrap resampling with 2,000
iterations. Bland-Altman analysis was addi-
tionally performed to investigate the accept-
able interval for the inter-reader differences.

Results

A total of 203 ankle MRI examinations
with a preliminary diagnosis of lateral ankle
sprains, or with a report including terms such
as “lateral ankle sprain” or “lateral ankle in-
jury,” performed between January 2022 and
November 2025, were initially reviewed. Of
these, 2 patients with prior lower extremi-
ty surgery, 37 with fractures, 2 with tumors
or infection, 18 with marked degenerative
changes, 16 with pronation-external rota-
tion or pronation-abduction injury mecha-
nisms, 5 with unclear trauma mechanisms,
and 3 with non-diagnostic trauma were ex-
cluded according to the predefined criteria.
The final study cohort consisted of 120 pa-
tients with a clinical history of ankle sprains.

Among these, 77 patients (64.2%) had liga-
ment tears, which were confirmed by MRI,
whereas 43 patients (35.8%) had no ligament
tears. Additionally, 55 individuals with en-
tirely normal ankle MRIs were included as a
control group.

The mean age of the cohort was 37.1
years (median: 38 years). Among all groups,
98 patients (56.0%) were women and 77
(44.0%) were men. The sprained or evaluated
side was the left ankle in 70 patients (40.0%)
and the right ankle in 105 patients (60.0%).
No bilateral examinations were included. The
mean age was 38.2 years (median: 41 years)
in the group with ligament tears, 37.7 years
(median: 38 years) in the group with sprains
without tears, and 35.2 years (median: 34
years) in the control group. Sex distribution
was 46 women and 31 men in the group
with ligament tears, 24 women and 19 men
in the group with sprains without tears, and
28 women and 27 men in the control group.
Baseline comparisons demonstrated no sig-
nificant differences between groups in terms
of age or sex distribution (P > 0.05).

Among the 120 patients with ankle
sprains, ATFL tears were the most common
injury type and were identified in 73 patients
(60.8%). Posterior talofibular ligament tears
were noted in 10 patients (8.3%), and deltoid
ligament tears were identified in 20 patients
(16.7%). All patients with deltoid ligament
tears also had concomitant lateral ligament
tears, and no isolated deltoid ligament tears
were observed. Additionally, four patients
had grade 1 OCD, 3 patients had grade 2, and
3 patients had grade 3.

Patients with lateral ankle sprains and liga-
ment tears vs. healthy controls

Dataset 1 compared patients with ankle
sprains and MRI-confirmed ligament tears
with healthy individuals who had entirely
normal ankle MRIs to identify morpholog-
ical features associated with ligamentous
injuries. In this dataset, patients with ankle
sprains and MRI-confirmed ligament tears
demonstrated significantly greater tibiofibu-
lar clear space than the controls (P = 0.005).
The fibular notch depth-to-tibial thickness
ratio was significantly higher and the lateral
malleolar height-to-talar articular width ra-
tio was significantly lower in the group with
ligament tears than in the healthy controls
(P = 0.034 and P = 0.019, respectively) (Ta-
ble 1). Among exploratory variables, several
parameters reflecting distal tibiofibular mor-
phology showed FDR-significant differences.
The anterior and posterior widths of the ti-
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biofibular syndesmosis, as well as the later-
al-to-medial malleolar height ratio, were sig-
nificantly greater in the group with sprains
and ligament tears than in the healthy con-
trols. Conversely, the medial malleolar artic-
ular surface height and the medial malleolar
height-to-talar width ratio were significantly
lower in the group with sprains and ligament
tears than in the healthy controls (Table 2).

In the multivariable logistic regression
model for Dataset 1, tibiofibular clear space
remained a strong and statistically signifi-
cant predictor (P = 0.004), with greater val-
ues independently associated with lateral
ankle sprains and ligament tears. The fibular
notch depth-to-tibial thickness ratio also
demonstrated an independent association
(P < 0.001). The lateral malleolar height-to-
talar articular width ratio showed a border-
line association after covariate adjustment

(P = 0.046). The overall performance of the
final model was good; the AUC was 0.785, in-
dicating good discriminatory ability.

ROC analysis was additionally performed
to identify optimal thresholds for the param-
eters that remained significant in multivari-
able analysis. For the tibiofibular clear space,
a cut-off value of 4.3 mm yielded 66% sen-
sitivity and 67% specificity for discriminating
ankles with tears from controls (AUC: 0.644).

Table 1. Primary morphometric parameters (Dataset 1): comparison of patients with ligament tear vs. healthy controls

Healthy controls Ligament tear group

Parameter Difference Test Pvalue
Median (IQR) Median (IQR)
e 4.1 4.6 +0.50
Tibiofibular clear space (mm) (3.7-4.6) (4.0-5.3) higher MWU 0.005
X - . . 0.094 0.107 +0.0116
Fibular notch depth-to-tibial thickness ratio (0.074-0.117) (0.084-0.131) Righer t-test 0.034
. . . 0.866 0.833 -0.0469
Lateral malleolar height-to-talar width ratio (0.798-0.969) (0.763-0.917) lower t-test 0.019
. . . 0.845 0.794 . X
Anterior-to-posterior facet length ratio (0.614-1.176) (0.613-1.100) No significant difference ~ MWU 0.773
Angle between anterior and posterior facets (°) 12200 2 No significant difference MWU 0.780
9 P (128.8-142.8) (127.2-142.5) 9 :
IQR, interquartile range; MWU, Mann-Whitney U.
Table 2. Exploratory morphometric parameters (Dataset 1): multiple-comparison-adjusted analysis (FDR corrected)
Healthy controls Ligament tear group
Parameter FDR q value Effect
Median (IQR) Median (IQR)
Medial malleolar articular surface height (mm) 1.2 o 1.7x10° Lower
9 (9.6-12.9) (7.4-10.9) :
Anterior width of tibiofibular syndesmosis (mm) 2 es 0.0148 Higher
4 (1.7-2.5) (1.9-3.2) . 9
Posterior width of tibiofibular syndesmosis (mm) a2 2 2.0x10° Higher
Y (3.9-4.8) (4.7-5.8) : g
. . . . 0.433 0.358 ”
Medial malleolar height-to-talar width ratio (0.363-0.493) (0.307-0.416) 2.0x10 Lower
. . . 1.985 2.384 - .
Lateral-to-medial malleolar height ratio (1.809-2.345) (1.991-3.015) 2.74x 10 Higher
Anterior facet length of fibular notch (mm) [ U] ns -
9 (8.8-11.9) (8.7-12.4)
. . 12.0 12.5
Posterior facet length of fibular notch (mm) (10.1-13.5) (108-143) ns -
X 35 3.9
Fibular notch depth (mm) (2.8-4.5) (33-4.8) ns -
i . 38.0 36.8
Tibial thickness (mm) (35.0-41.0) (35.1-40.1) ns -
X . 12.8 131
Fibular thickness (mm) (11.9-13.9) (11.9-14.4) ns -
. . 226 21.7
Lateral malleolar articular surface height (mm) 212-235) (19.9-23.0) ns -
. . 259 26.0
Talar articular surface width (mm) (23.2-28.) (23.9-28.4) ns -
T 21.1 220
Length of tibial incisura (mm) (19.6-22.9) (19.8-24.3) ns -

ns, non-significant; FDR, false discovery rate; IQR, interquartile range.
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For the fibular notch depth-to-tibial thick-
ness ratio, the optimal threshold was 0.099,
yielding 60% sensitivity and 58% specificity,
although its discriminatory performance was
limited (AUC: 0.609).

Healthy controls vs. patients with sprains
without ligament tears vs. patients with
sprains with ligament tears

Dataset 2 was used to evaluate differ-
ences between three groups (healthy con-
trols, patients with sprains without ligament
tears, and patients with sprains and tears)
and to identify parameters linked to both
sprain susceptibility and an increased risk of
ligament tears after sprains. In this evalua-
tion, significant differences were observed
for tibiofibular clear space (P = 0.021), the
fibular notch depth-to-tibial thickness ratio
(P =0.044), and the lateral malleolar height-
to-talar articular width ratio (P = 0.012)
(Table 3). For the tibiofibular clear space,

post-hoc comparisons demonstrated a sig-
nificant difference between controls and
the group with ligament tears (Holm-adjust-
ed P=0.0143), whereas no significant differ-
ences were observed between controls and
patients with sprains without tears or be-
tween those with sprains without tears and
those with sprains and tears. Also, for the
lateral malleolar height-to-talar articular
width ratio, a significant difference was ob-
served between patients with sprains with-
out tears and those with sprains and tears
(Holm-adjusted P = 0.0209), whereas com-
parisons involving the control group were
not significant; this is more consistent with
an increased risk of tears rather than sprain
susceptibility. No significant differences
were observed for the remaining primary
parameters. Among exploratory variables,
several demonstrated robust groupwise
differences after FDR correction, many of
which exhibited graded changes from con-

trols to patients with sprains without tears
and finally to patients with sprains and tears
(Table 4).

In the logistic regression model restrict-
ed to patients with ankle sprains, the later-
al malleolar height-to-talar articular width
ratio was the only independent predictor
of ligament tears (P = 0.025), whereas oth-
er parameters did not reach significance
(P > 0.05). The discriminatory performance
of the model was moderate, with an AUC
of 0.699. ROC analysis further identified an
optimal threshold for the lateral malleolar
height-to—talar articular width ratio. A cut-
off value of < 0.86 was associated with an in-
creased likelihood of ligament tears among
patients with sprains, yielding a sensitivity of
62% and a specificity of 65% according to the
Youden index-based threshold.

Table 3. Primary morphometric parameters (Dataset 2): Comparison among controls, patients with sprains without ligament tears, and

patients with sprains with ligament tears

Parameter Control Sprain without tear Sprain with tear P value Holm-adjusted pairwise results
Median (IQR) Median (IQR) Median (IQR)
Control vs. tear+: 0.0143
Tibiofibular clear space (mm) ol ad “ 0.0217 Control vs. tear—: ns
(3.7-4.6) (3.7-5.2) (4.0-5.3)
Tear— vs. tear+: ns
Fibular notch depth-to-tibial 0.094 0.110 0.107 0.0442 All pairwise ns
thickness ratio (0.074-0.117) (0.087-0.136) (0.084-0.131) :
Lateral malleolar height-to-talar 0.866 0.906 0.833 0.0126 Z?r:t_r (;Silzefer;;ﬁ'?éog
articular width ratio (0.798-0.969) (0.811-0.977) (0.763-0.917) . : :
Control vs. tear—: ns
Anterior-to-posterior facet length 0.845 0.877 0.794 -
ratio (0614-1.176)  (0.691-1.194) (0613-1.100) 004 All pairwise ns
Angle between anterior and posterior 134.9 134.4 133.6 0.8043 Al sErtRe 5

facets (°)

(128.8-142.8)

(124.8-143.3) (127.2-142.5)

ns, non-significant; IQR, interquartile range.

Table 4. Exploratory morphometric parameters (Dataset 2): FDR-corrected comparison among the three groups

Parameter Control Sprain without tear ~ Sprain withtear FDR g Pattern/effect direction
Median (IQR) Median (IQR) Median (IQR) value
. . P . 4.2 4.7 5.2 Monotonic
Posterior width of the tibiofibular syndesmosis (mm) (3.9-4.8) (43-5.5) (4.7-58) 0.000009 (Control< tear=< teart]
. . . . 0.433 0.346 0.358 . .
Medial malleolar height-to-talar width ratio (0.363-0.493) (0.316-0.418) (0.307-0.416) 0.000012 Lower in sprain groups
. . . 1.985 2417 2.384 . . .
Lateral-to-medial malleolar height ratio (1.809-2.345) (2.233-2.880) (1.991-3.015) 0.000061 Higher in sprain groups
Medial malleolar articular surface height (mm) Ul £ 2L 0.000076 Lower in sprain groups
9 (9.6-12.9) (7.7-11.4) (7.4-10.9) : prain group
. . 22.6 23.1 21.7 . . .
Lateral malleolar articular surface height (mm) 212-235) (212-24.8) (19.9-23.0) 0.0271 Higher in sprain groups
. . . . 2.0 23 25 Monotonic 1
Anterior width of the tibiofibular syndesmosis (mm) (1.7-2.5) (1.7-2.7) (1.9-3.2) 0.0348 (Control < tear— < tear+)
Other variables - - - ns No pattern

ns: non-significant; FDR: false discovery rate; IQR, interquartile range.
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Inter-reader reliability

Inter-reader agreement for morphomet-
ric measurements ranged from fair to good.
The highest agreement was observed for the
fibular notch depth-to-tibial thickness ratio,
with an ICC of 0.77 (95% Cl: 0.70-0.83). Tibio-
fibular clear space demonstrated moderate
agreement (ICC: 0.65, 95% Cl: 0.53-0.74),
whereas the angle between the anterior
and posterior facets showed good agree-
ment (ICC: 0.72, 95% Cl: 0.55-0.88). The an-
terior-to-posterior facet length ratio exhib-
ited moderate agreement (ICC: 0.58, 95% Cl:
0.41-0.71). In contrast, the lateral malleolar
height-to-talar articular width ratio showed
lower inter-reader agreement (ICC: 0.27,
95% Cl: 0.18-0.37). Bland-Altman analyses
demonstrated good agreement for the an-
terior-to-posterior facet length ratio and the
fibular notch depth-to-tibial thickness ratio,
whereas the lateral malleolar height-to-talar
articular width ratio showed a small system-
atic bias with wider inter-reader variability
(Figures 4 and 5).

Discussion

In this study, we systematically evalu-
ated distal tibiofibular and talocrural joint
morphology on MRI to determine which
anatomical features increase the risk of an-
kle sprains and which parameters are spe-
cifically associated with an increased risk of
ligament tears. Unlike previous research that
typically examined either sprain-vs.-control
differences or post-injury structural varia-
tions in isolation, our study incorporated a
well-defined three-group design, allowing
both sprain-related and tear-related features
to be identified within the same analytical
framework. Across datasets, tibiofibular clear
space and the fibular notch depth-to-tib-
ial thickness ratio emerged as consistently
elevated in patients with ligament tears, in-
dicating a broader syndesmotic openness
and deepening that characterize ankles with
confirmed tears (Figure 6). Most notably,
the lateral malleolar height-to-talar width
ratio distinguished tear risk, highlighting a
lateral talocrural configuration that appears
specifically relevant to an increased risk of
tears rather than sprain susceptibility alone

Inter-reader Reliability (ICC Forest Plot)
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Figure 4. Inter-reader reliability analysis. ICC, intraclass correlation coefficient; Cl, confidence interval;
ANGLE_APF, angle between anterior and posterior facets; R-AB, anterior-to-posterior facet length ratio; R-1J,
lateral malleolar height to talar articular width ratio; R-DE, fibular notch depth to tibial thickness ratio; TCS,

tibiofibular clear space.
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(Figure 7). In addition, several exploratory pa-
rameters related to syndesmotic width and
malleolar geometry—including anterior and
posterior tibiofibular syndesmotic width, the
lateral-to-medial malleolar height ratio, me-
dial malleolar articular surface height, and
the medial malleolar height-to-talar width
ratio—also demonstrated FDR-significant
differences. These findings further support
the presence of structural differences in dis-
tal tibiofibular configuration among patients
with ligament tears.

Several of our findings are supported by
prior MRI-based morphometric studies in-
vestigating distal tibiofibular and talocrural
anatomy in lateral ankle instability. Vieira et
al."" demonstrated that syndesmotic geom-
etry and malleolar-talar relationships play
a critical role in ankle sprain susceptibility,
reporting significant alterations in fibular
notch-related ratios and malleolar parame-
ters in patients with sprains. Similarly, Ataog-
lu et al.”® showed that variations in anterior
and posterior facet lengths, tibial thickness,
and fibular notch-based ratios were associ-
ated with arthroscopically proven ankle in-
stability. Our findings are in line with these
observations, particularly with respect to
the fibular notch depth-to-tibial thickness
ratio and lateral malleolar height-to-talar
width ratios, supporting the concept that
reduced osseous containment predisposes
the ankle to instability. However, import-
ant distinctions differentiate our study from
these earlier works. Both Vieira et al."" and
Ataoglu et al.” primarily focused on compar-
ing patients with unstable or sprain-positive
ankles to control groups, without stratifying
patients according to ligament integrity. By
separately analyzing patients with sprains
with and without MRI-confirmed ligament
tears, our study extends this framework and
demonstrates that although several mor-
phometric parameters are already altered in
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Figure 5. Bland-Altman plots for ratio-based measurement. R-AB, anterior-to-posterior facet length ratio; R-DE, fibular notch depth to tibial thickness ratio; R-1J,

lateral malleolar height to talar articular width ratio.
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Figure 6. Axial ankle magnetic resonance imaging of a 48-year-old patient presenting with an ankle sprain demonstrates a complete tear of the anterior talofibular
ligament (arrow in Figure 6a). Quantitative morphometric assessment (Figure 6b and 6¢) shows an increased tibiofibular clear space (a: 6.9 mm), exceeding the
identified cut-off value of 4.3 mm. Additionally, the fibular notch depth (b)-to-tibial thickness (c) ratio is elevated (0.15), surpassing the threshold value of 0.099.

304 mm

Figure 7. Axial and coronal ankle magnetic resonance imaging of a 46-year-old man presenting with an
ankle sprain demonstrates a tear of the anterior talofibular ligament (arrow in Figure 7a). Morphometric
analysis (Figure 7b) reveals a decreased lateral malleolar height (a)-to-talar articular width (b) ratio of 0.79,
which falls below the identified cut-off value (< 0.86) associated with an increased likelihood of ligament
tears.

patients with sprains, only a subset—most
notably the lateral malleolar height-to-ta-
lar articular width ratio—is independently
associated with a ligament tear rather than a
sprain alone. Additionally, our inclusion of ti-
biofibular clear space and anterior-posterior
syndesmotic width measurements provided
further insight into syndesmotic openness,
parameters that were not evaluated in prior
studies.

In another study, Lee et al.® reported that
the medial malleolar length-to—talar width
ratio was associated with lateral ankle frac-
tures in the ankle injury group. In our study,
however, we found that lateral malleolar-
related measurements demonstrated sig-
nificant groupwise differences and showed

changes from controls to injured groups.
Unlike Lee et al.® whose analysis primarily
focused on the presence of sprains and lig-
ament tears, our study further evaluated
progression within injured patients. In this
context, we identified the lateral malleolar
height-to-talar articular width ratio as a spe-
cific discriminator of an increased risk of tears
rather than sprain susceptibility alone.

Fibular position and syndesmotic config-
uration have been increasingly recognized
as key contributors to ankle instability. Pri-
or works have demonstrated that altered
fibular positioning is associated with lateral
ankle instability.”>'® For example, Berkowitz
and Kim' reported that a more posteriorly
positioned fibula within the ankle mortise

was significantly more common in patients
undergoing lateral ankle stabilization pro-
cedures, suggesting that fibular malposi-
tion may be associated with an increased
risk of chronic ankle instability. Also, Liu
et al.'® showed that specific shapes of the
distal tibiofibular syndesmosis, particular-
ly a shallow incisura, were associated with
an increased risk of recurrent lateral ankle
sprains. Although these studies primarily re-
lied on qualitative classification or positional
assessment, our work extends this concept
by quantitatively integrating syndesmotic
width, fibular notch depth, and ratio-based
morphometric parameters within a unified
analytical framework. In our cohort, fibular
notch depth-related ratios were significant-
ly increased in patients with ligament tears,
supporting the role of syndesmotic open-
ness and reduced fibular containment in lig-
ament failure.

Although most primary morphometric
parameters demonstrated good to moderate
inter-reader agreement, the lateral malleolar
height-to-talar articular width ratio showed
comparatively lower ICC values in this study.
This finding likely reflects the composite
nature of this parameter, which may be in-
fluenced by slice selection variability. In con-
trast, other parameters rely on more sharp-
ly defined boundaries, resulting in higher
reproducibility. Importantly, despite lower
reproducibility, consensus measurements
still demonstrated that the lateral malleolar
height-to-talar articular width ratio emerg-
es as an independent predictor of ligament
tears in multivariable analyses. For improved
standardization and to facilitate potential
clinical application in future studies, we de-
scribe the measurement approach in detail.
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On coronal MRIs, a reference line was first
drawn parallel to the superior cortical sur-
face of the talus at the level where the talar
articular surface was maximally visualized.
The talar articular width was measured along
this line. On the same slice, the lateral mal-
leolar articular height was measured as the
perpendicular distance from this reference
line to the distal tip of the lateral malleolus.
The inferior boundary of the measurement
corresponded to the level where the talo-
fibular ligament originates from the fibula.
All measurements were initially performed
independently by two radiologists for in-
ter-reader reliability analysis, and the values
used for the final statistical analyses were ob-
tained through consensus.

An additional consideration when inter-
preting our findings is the potential influ-
ence of post-traumatic changes on certain
morphometric measurements. Parameters
reflecting syndesmotic width, especially
tibiofibular clear space, may partially repre-
sent secondary widening related to ligament
disruption rather than purely predisposing
anatomical configurations. In contrast, fib-
ular notch depth-related measurements or
the lateral malleolar height-to-talar articular
width ratio represent geometric relation-
ships between bony structures. Furthermore,
the observation that the lateral malleolar
height-to—talar articular width ratio differ-
entiates patients with sprains and ligament
tears from those without tears supports its
potential role as a predisposing anatomical
factor rather than solely a consequence of
trauma.

This study has several limitations. First,
it has a retrospective design and was per-
formed at a single institution. However, the
sample size was considered adequate for
the regression analyses. Second, MRI exam-
inations were performed on both 1.5-T and
3.0-T scanners. Although the same routine
institutional protocol was used, this may
still have introduced technical variability.
However, as the evaluated parameters pri-
marily represent osseous morphometric
measurements, substantial effects of field
strength differences on these measure-
ments are unlikely. Third, the healthy con-
trol group includes individuals with entirely
normal ankle MRIs, but no long-term clini-
cal follow-up was performed. Therefore,
we cannot definitively confirm that none
of these individuals would later sustain an
ankle sprain. Fourth, our study did not in-
clude clinical information such as activity
levels or dynamic/weight-bearing assess-
ments, which may have provided additional

insights. Neurological conditions that could
predispose patients to ankle sprains were
not systematically evaluated due to the ret-
rospective design. In addition, further anal-
ysis according to partial vs. complete tears
was not performed because of the limited
sample size. Future studies with larger co-
horts may help clarify this point. Another
limitation is the inclusion of both pediatric
and adult patients, which may introduce
heterogeneity related to skeletal maturity
and epiphyseal closure status. Although age
was included as a covariate in the analyses,
subgroup analyses according to maturity
were not performed. Finally, although the
cohort size was relatively large, subgroup
analyses may have been underpowered to
detect smaller effect sizes.

In conclusion, this study indicates that
specific MRI-based morphologic features of
the distal tibiofibular syndesmosis and ta-
locrural joint are associated with both sus-
ceptibility to ankle sprains and an increased
risk of ligament tears. From a clinical per-
spective, the identified morphometric pa-
rameters may represent different stages of
structural predisposition and injury. The fib-
ular notch depth-to-tibial thickness ratio
appears to reflect an underlying anatomical
predisposition related to reduced osseous
containment of the distal tibiofibular joint.
Tibiofibular clear space may partly repre-
sent secondary widening associated with
ligament disruption and, therefore, may
reflect structural changes in ankles with
confirmed tears. Finally, the lateral malle-
olar height-to-talar articular width ratio,
which independently differentiated pa-
tients with sprains and ligament tears from
those without tears, may represent a transi-
tion indicator for increased susceptibility to
ligament tears following a sprain. Although
these parameters alone cannot determine
clinical outcomes, together they provide
complementary morphologic information
that may help improve structural risk strati-
fication. Reporting markedly abnormal val-
ues may help identify patients at higher risk
of ligament tears following ankle sprains.
However, the discriminatory performance
of these morphologic parameters was
moderate to good, and the findings should
be interpreted cautiously until validated in
independent cohorts. Future prospective
studies incorporating clinical and function-
al outcomes are required to validate these
findings and to confirm the clinical utility
of these morphometric parameters in risk
stratification and individualized manage-
ment.
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