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Abstract
Background  Destabilizing injuries to the deltoid ligament have relied on radiographic stress examination for 
diagnosis, with a focus on medial clear space widening. Increasingly, Portable ultrasound has also been used in 
the clinical setting, allowing dynamic and non-invasive evaluation at the point of care. The aim of this study was 
to determine whether portable ultrasound can detect medial sided instability associated with supination-external 
rotation type ankle injuries during the gravity stress, weightbearing, and external rotation stress.

Methods  Ten fresh-frozen cadaveric ankles were used in this study. Assessment of medial clear space distances with 
portable ultrasound was first performed with all structures intact, and later with sequential transection of the anterior 
inferior tibiofibular ligament (Stage I), Weber B fibular fracture (Stage II), posterior inferior tibiofibular ligament (Stage 
III), superficial deltoid ligament (Stage IVa), and the deep deltoid ligament (Stage IVb). In all scenarios, four loading 
conditions were considered; (1) a gravity stress test with the ankle positioned in a neutral position; (2) a gravity 
stress test with the ankle positioned in a plantarflexed position; (3) an external rotation stress test; and (4) simulated 
weightbearing condition.

Results  Among all four loading conditions, all medial clear space values increased as the supination-external rotation 
ankle injury stage progressed (Spearman’s rank correlation ranged from 0.43 to 0.90, P <.001). The medial clear space 
values measured with the portable ultrasound during; (1) gravity stress test in neutral ankle position, (2) gravity stress 
test in plantarflexed ankle position, (3) weightbearing, and (4) external rotation stress test were significantly increased 
between intact stage vs. stage IVb (P =.036), as well as between stage III vs. IVb (P ranged from 0.015 to 0.047).

Conclusions  Portable ultrasonography is a feasible tool for diagnosing medial ankle instability in supination-external 
rotation ankle injury. The medial clear space measurements assessed with portable ultrasound during the gravity 
stress test, weightbearing, and the external rotation stress test well correlated with the supination-external rotation 
ankle injury staging. Besides, the portable ultrasound method can differentiate the supination-external rotation ankle 
injury stage IVb from the intact stage, as well as differentiating the supination-external rotation ankle fracture without 
deltoid ligament injury (III) from the supination-external rotation stage with complete deltoid ligament injury (IVb).
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Introduction
The critical treatment distinction in supination external 
rotation (SER) ankle fractures lies in the ability to iden-
tify whether the injury has rendered the ankle unstable. 
In the setting of a displaced bimalleolar fracture, or when 
the tibiotalar joint is clearly subluxated, operative treat-
ment is strongly recommended [1–4]. In the setting of 
an isolated lateral malleolar fracture, however, stabil-
ity is predicated by whether the deep deltoid ligament is 
intact [5]. The deep deltoid ligament is critical towards 
preventing lateral talar shift and external rotation of the 
talus. Still, numerous studies have demonstrated that 
patient symptoms, physical examination, and static imag-
ing techniques are not able to accurately diagnose the 
injury of the deltoid that results in medial ankle instabil-
ity [5–9]. 

Several imaging modalities that do allow for a dynamic 
examination are currently being used to diagnose medial 
sided ankle instability. Manual external rotation stress 
radiographs, gravity stress radiographs, and weightbear-
ing radiographs are commonly used techniques [5, 7, 
10–14]. However, there is no consensus on which load-
ing condition is considered the best for evaluating medial 
ankle instability in SER ankle injuries and current clini-
cal practice varies based on clinician preference [1, 15–
17]. With advances in ultrasound technology, including 
improved accuracy of image details as well as the abil-
ity to provide dynamic, multiplanar, real-time films, the 
potential for evaluating musculoskeletal conditions is 
rapidly increasing. Few studies have explored the feasi-
bility and accuracy of the US examination of the deltoid 
ligament in the setting of ankle fractures showing prom-
ising results [18–20]. However, these studies explored 
the injured vs. uninjured state of the deltoid ligaments, 
such as fluid, hematoma, discontinuity of the ligament, 
and did not assess the ability of ultrasound to diagnose 
medial-sided ankle instability related to ligament injury.

Currently, no study has used ultrasound to dynamically 
evaluate the medial clear space (MCS) of the ankle when 
performing a gravity stress test (GST), an external rota-
tion stress test or with weightbearing. As a predicate to 
using ultrasound to diagnose tibiotalar instability after 
an SER ankle fracture, we developed a novel ultrasound 
evaluation technique aiming to quantify medial ankle 
instability using ultrasound. This study aims to per-
form such measurements during the GST, external rota-
tion stress test, and weightbearing in a cadaveric model 
of SER ankle injuries to (1) identify the relationship 
between the ultrasonographic MCS measurements and 
a sequentially created SER ankle injury model, (2) evalu-
ate if the ultrasonography can detect a difference in MCS 

distance between an uninjured ankle and an SER injury 
type IV, and (3) investigate if the ultrasonographic MCS 
measurements can differentiate between the SER ankle 
injury with and without complete deltoid ligament rup-
ture, as well as between the SER ankle injury with partial 
deltoid ligament injury and with complete deltoid liga-
ment rupture. We hypothesize that there is a correlation 
between the ultrasonographic MCS measurements, and 
the sequentially created SER ankle injury model. We also 
hypothesize that there is an increase in ultrasonographic 
MCS distances between the uninjured ankle and the 
ankle with SER type IV injury, as well as between the SER 
ankle injury with and without complete deltoid ligament 
rupture, and between the SER ankle injury with partial 
deltoid ligament rupture and with complete deltoid liga-
ment rupture when measured with the ultrasound.

Methods
Specimen preparation
Ten fresh-frozen below-knee amputated cadaveric speci-
mens with intact proximal tibiofibular joint. The mean 
age at the time of death was 46 (range 32 to 56) years. 
Five were males, and five were females. Specimens were 
thawed at room temperature 24 h prior to the start of the 
experiment. Bone and soft tissue were carefully handled 
and maintained to simulate in vivo conditions. Before 
testing, ankle fluoroscopic images (anteroposterior, lat-
eral, and mortise) were obtained in each specimen. In 
case a specimen showed signs of previous ankle trauma 
or severe degenerative changes, the cadaver was excluded 
from the study.

Sequential transection of ligaments or bones and loading 
conditions
All specimens underwent an identical sequence of liga-
mentous and bony transection. The assessment was per-
formed first with all ankle ligaments and fibula intact and 
later with sequential transection of the anterior inferior 
tibiofibular ligament (AITFL) (SER injury stage I), Weber 
B fibular fracture (SER injury stage II), the posterior infe-
rior tibiofibular ligament (PITFL) (SER injury stage III), 
the superficial deltoid ligament (SER injury stage IVa), 
and the deep deltoid ligament (SER injury stage IVb) [21, 
22]. In all scenarios, four loading conditions were consid-
ered, including a GST in ankle neutral position, a GST in 
ankle plantarflexed position, an external rotation stress 
test, and weightbearing.

Description of the ultrasonographic gravity stress test
To perform the GST, the specimen was placed in a lat-
eral decubitus position with the most distal half of the 
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leg, ankle, and foot off the end of the table, allowing the 
weight of the foot and ankle to create a lateral force across 
the ankle joint [12, 23]. The measurements were obtained 
with the ankle held in neutral dorsiflexion (0 degrees) as 
well as with the ankle plantarflexed (15 degrees) [24]. An 
electronic goniometer was used to ensure that the ankle 
position was set and standardized in a proper position 
during the test (Fig. 1A and B).

Description of the ultrasonographic weightbearing
Simulated weightbearing with an axial load force of 
750 N was performed. The amount of force used in this 
study was based on previous cadaveric studies [25, 26]. 
The 750  N axial loading force, which corresponds to 
150  kg of weight for a two-legged stance, would repre-
sent the upper limit of weightbearing conditions for most 
individuals. The force was applied through a wooden 
block that was attached to the tibial plateau of the speci-
men (Fig.  1C). All applied forces were measured and 

standardized using a digital force gauge DFS2-R-0200 
with an accuracy of 0.1% of full scale.

Description of the ultrasonographic external rotation 
stress test
Before testing, specimens were secured to a board 
beneath the leg with the use of two 5.0-mm Schanz pins 
placed from anterior to posterior into the proximal, mid-
dle third of the tibia. An external rotation stress test of 
the ankle was performed under 45Nm torque. The force 
was applied to the foot using a bone hook with the ankle 
positioned in neutral dorsiflexion. The bone hook was 
placed medially at the first metatarsal shaft (Fig. 1D). The 
45 N (4.5Nm torque) used in this study was based on pre-
vious literature [11, 27, 28], that concluded that 45 N was 
sufficient to detect the medial-sided ankle instability dur-
ing the radiographic external rotation stress test without 
exceeding the level of rotational force that can cause a 
fibular fracture or further ligamentous damage [29].

Fig. 1  Experimental setups during medial clear space evaluation
Loading experimental setups; 1 A) a gravity stress test in neutral ankle position, 1B) a gravity stress test in plantarflexed ankle position, 1 C) A simulated 
weightbearing with an axial load force of 750 N, 1D) An external rotation stress test under 45Nm torque
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Ultrasonographic medial clear space measurement
In all loading scenarios, medial side assessment was per-
formed using a portable ultrasound device (2D-gray scale 
B mode, Butterfly IQ ultrasound device, Butterfly Net-
work, USA). The ultrasound images were taken using 
Butterfly IQ-Ultrasound software Version 1.15.0. Sub-
sequently, Image J program (NIH, Bethesda, Maryland, 
USA).

was used to measure the MCS distances from the 
recorded P-US images. Three different MCS measure-
ment values, including anterior-perpendicular-MCS, 
anterior-oblique-MCS, and inferior-MCS, were con-
sidered in this study accordingly to three planes of talar 
motion. During each stress maneuver, the anterior-per-
pendicular-MCS measured with the P-US represents 
the lateral shift of the talus. The anterior-oblique-MCS 
measured with the P-US represents the talar external 
rotation. The inferior-MCS measured with the P-US rep-
resents the talar eversion.

Prior to P-US examination, the landmarks for ultra-
sound probe positioning were identified. After mounting 
the cadaveric. Specimens, the fluoroscopy was used to 
find the tibiotalar joint line level (Fig. 2A). A marker was 
then used to draw two lines, one along the joint line level 

and another at about 1 cm below and parallel to the joint 
line level (Fig. 2B). To measure the MCS using P-US, the 
line representing 1 cm below joint line level was used as a 
first landmark for assessing the MCS from the anterome-
dial aspect of the ankle joint with the middle of the P-US 
probe positioned on this line and perpendicular to the 
medial gutter. At this anteromedial landmark, the ante-
rior-perpendicular-MCS and anterior-oblique-MCS were 
evaluated on a transverse plane using the P-US. Then, the 
fluoroscopy was used to define the second landmark as 
the furthest distance from the joint line level at which the 
medial malleolus still articulated with the talus. At this 
inferomedial landmark, the inferior-MCS distance was 
assessed on a coronal plane using the P-US with the mid-
dle of the probe positioned perpendicular to this defined 
point (Fig. 2C).

When evaluated from the anteromedial aspect of the 
ankle joint (Fig.  3A), the anterior-perpendicular-MCS 
distance was measured from the transverse P-US images 
as represented by the perpendicular distance, drawn 
starting from the lateral border of the medial malleolus’s 
hyperechoic bone contours to the medial border of the 
talus’s hyperechoic bone contours (Fig.  3B and C). This 
anterior-perpendicular-MCS distance represents the 

Fig. 2  Identification of ankle joint line level and landmark for the portable ultrasound assessment
2 A) The tibiotalar joint line is defined using fluoroscopy and labeled with a marker pen
2 B) Two lines are drawn, one along the joint line level (two-headed arrows) and another at about 1 cm below and parallel to the joint line level (thick 
line). The following line is used as a first landmark for assessing the MCS from the anteromedial aspect of the ankle joint with the middle of the P-US probe 
positioned on this line and perpendicular to the medial gutter
2 C) The tip of the medial malleolus is identified and outlined using fluoroscopy. The medial malleolar tip, where the furthest distance from the joint line 
level at which the medial malleolus still articulated with the talus, is used as a landmark for assessing the MCS from the inferomedial aspect of the ankle 
joint with the middle of the P-US probe placed perpendicular to this landmark
 Two-headed arrows represent the ankle joint line level. Thick lines represent the landmark for the anteromedial aspect assessment. One-headed arrow 
represent the landmark for the inferomedial aspect assessment
(Abbreviations: MCS, medial clear space; P-US, portable ultrasound)
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lateral talar translation. With the same ultrasonographic 
image, the anterior-oblique-MCS distance was also 
measured in mm as represented by the oblique distance 
drawn starting from the lateral border of the medial mal-
leolus’s hyperechoic bone contours to the anteromedial 
edge of the talus’s hyperechoic bone contours (Fig.  3D 
and E). This anterior-oblique-MCS distance represents 
the talar external rotation.

When evaluated from the inferomedial aspect of the 
ankle joint (Fig.  3F), the inferior-MCS distances were 
measured from the coronal P-US images as represented 
by the perpendicular distances, drawn starting from the 
medial border of the talus’s hyperechoic bone contours 
at the level of the medial malleolar tip to the lateral bor-
der of the medial malleolus’s hyperechoic bone contours 
(Fig.  3G and H). This inferior-MCS distance represents 
the talar eversion.

Fig. 3  P-US probe positioning and medial clear space distance measurements
3 A) The P-US probe was placed perpendicular to the anteromedial aspect of the medial gutter at the defined landmark for assessing the anterior-per-
pendicular-MCS and anterior-oblique-MCS. The anterior-perpendicular-MCS distance was measured in mm as represented by the perpendicular distance, 
drawn starting from the medial border of the talus’s hyperechoic bone contour to the lateral border of the medial malleolus’s hyperechoic bone contour 
(3 B, 3 C). The anterior-oblique-MCS distance was measured in mm as represented by the oblique distance drawn starting from the lateral border of the 
medial malleolus’s hyperechoic bone contours to the anteromedial edge of the talus’s hyperechoic bone contours (3 D, 3 E)
3 F) The P-US probe was placed perpendicular to the inferomedial aspect of the medial gutter at the defined landmark for assessing the inferior-MCS. 
The inferior-MCS distances were measured in mm as represented by the perpendicular distances, drawn starting from the medial border of the talus’s 
hyperechoic bone contours at the level of the medial malleolar tip to the lateral border of the medial malleolus’s hyperechoic bone contours Fig.  3G, 3H)
Thick lines represent MCS distances
(Abbreviations: MCS, medial clear space; M, medial malleolus; T, Talus; P-US, portable ultrasound)
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Reproducibility and reliability assessment
To assess the interobserver reliability of the P-US mea-
surements, two orthopedic foot and ankle surgeons 
independently performed the MCS measurements in 
three randomly selected specimens. After three months, 
the recorded ultrasonographic MCS images of the three 
specimens were remeasured by the same orthopedic sur-
geons to assess the intraobserver reliability. From this 
data, the inter and intraobserver reliability was assessed 
using the interclass correlation coefficients (ICC) derived 
from a two-way mixed effects model analysis of variance 
for absolute agreement. A two-way mixed effects model 
was used, because the two observers were not randomly 
selected, and both observers scanned the same sub-
jects. Interpretation of the ICC values were interpreted 
as follows: ICC < 0.4, poor; 0.4 < ICC < 0.59, acceptable; 
0.6 < ICC < 0.74, good; and ICC > 0.74, excellent [30]. 

Statistical analysis
All MCS measurements were reported with median and 
interquartile range (IQR) in millimeter (mm). The data 
of the intact joint in each loading condition was desig-
nated as the baseline value. To investigate the correlation 
between the ultrasonographic MCS measurements and 
the SER ankle injury stages, a Spearman’s rank correla-
tion was used. In order to achieve 90% statistical power 
for detecting a correlation with large effect size (r =.5) 
between the ultrasonographic MCS measurements and 
the SER ankle injury stages with an overall two-tailed 
type-1 rate of 2.5%, we would need a minimum of 48 
observations. In each specimen, the ultrasonographic 
MCS measurements were measured in the intact state, 
as well as in five SER ankle injury stages, resulting in six 
observations. Thus, to answer the hypothesis, we would 
need eight specimens. Accounting for 20% exclusion of 
specimen due to signs of previous ankle trauma or severe 

degenerative changes, the total amount included in this 
study was 10 specimens.

To detect a difference in measured MCS distances for 
each stress test and each injury stage to the intact stage, a 
Wilcoxon signed-rank test was performed for each imag-
ing modality. P values were adjusted for multiple com-
parison using the Holm-Bonferroni method. A 2-sided P 
value of less than 0.05 was considered statistically signifi-
cant. The sample size calculation was based on the previ-
ous cadaveric study by Ashraf et al. [21] investigated MCS 
values using radiographic images of the ankle in a neu-
tral position in a gravity stress test condition and found 
a mean and standard deviation (SD) of 4.33 ± 0.72  mm 
for the SER ankle injury stage III-b (with only superficial 
deltoid rupture) and a mean and SD of 7.11 ± 1.03  mm 
for the SER ankle injury stage IV (with complete del-
toid rupture). In order to achieve 95% statistical power 
for detecting a difference of 2.78 mm in MCS distances 
(4.33 ± 0.72 vs. 7.11 ± 1.03 mm, 0.3 correlation) among the 
MCS measurements, with an overall two-tailed Type-1 
rate of 2.5% for a Wilcoxon signed-rank test, we need at 
least six specimens. The sample size calculation was per-
formed using G*Power Version 3.1.9.4. All analyses were 
performed with Stata 13.0 for Mac (StataCorp LP, Col-
lege Station, TX, USA).

Results
MCS values measured with the P-US increased as the 
SER ankle injury stage progressed. The Spearman’s rank 
correlation coefficient ranged from 0.43 to 0.90 (P <.001), 
which indicate moderate to strong positive correlations 
between the ultrasonographic MCS measurements and 
the sequentially created supination-external rotation 
ankle injury model (Table 1).

All MCS values, including the anterior-perpendicular 
MCS, anterior-oblique MCS, and inferior MCS measured 

Table 1  Correlation between portable ultrasound measurements and sequentially created supination-external rotation ankle injury 
model
P-US vs. sequentially created SER ankle injury model Spearman Rank Correlation P Value
Anterior-perpendicular-MCS during GST-N 0.81 < 0.001
Anterior-perpendicular-MCS during GST-PF 0.77 < 0.001
Anterior-perpendicular-MCS during weightbearing 0.60 < 0.001
Anterior-perpendicular-MCS during ER stress test 0.85 < 0.001
Anterior-oblique-MCS during GST-N 0.79 < 0.001
Anterior-oblique-MCS during GST-PF 0.76 < 0.001
Anterior-oblique-MCS during weightbearing 0.43 < 0.001
Anterior-oblique-MCS during ER stress test 0.90 < 0.001
Inferior-MCS during GST-N 0.76 < 0.001
Inferior-MCS during GST-PF 0.77 < 0.001
Inferior-MCS during weightbearing 0.60 < 0.001
Inferior-MCS during ER stress test 0.82 < 0.001
Significant adjusted P values are in bold for Spearman’s rank correlation

Abbreviations: P-US = portable ultrasound, SER = supination external rotation, GST-N = gravity stress test in neutral ankle position, GST-PF = gravity stress test in 
ankle plantarflexed position, ER = external rotation, MCS = medial clear space
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with the P-US during; (1) the GST in neutral ankle posi-
tion, (2) the GST in plantarflexed ankle position, (3) 
weightbearing, and (4) the external rotation stress test, 
significantly increased between intact stage vs. stage IVb 
(P =.036) (Table 2). When compared between SER ankle 
injury stage III vs. IVb and stage IVa vs. IVb, the P-US 
MCS values measured during the GST and external rota-
tion stress test significantly increased when the injury 
progressed from stage III to IVb (P ranged from 0.015 to 
0.031) or from IVa to IVb (P ranged from 0.015 to 0.028) 
(Table 3). Notably, MCS values measured with the P-US 
during weightbearing were significantly increased only 
between intact stage vs. stage IVb (P =.036) and between 
stage III vs. stage IVb (P ranged from 0.031 to 0.047), but 
not between stage III vs. IVb (P ranged from 0.083 to 
0.28). Interobserver (0.97; 95% confidence interval: 0.96 
to 0.98) and intraobserver reliability (0.95; 95% confi-
dence interval: 0.94 to 0.96) for the P-US MCS measure-
ments were all substantial.

Discussion
In recent years, dynamic P-US is increasingly being used 
to evaluate musculoskeletal injuries at the point of care. 
The objectives of this cadaveric study were to assess the 
relationship between the ultrasonographic MCS mea-
surements and a sequentially created SER ankle injury 
model, as well as to determine whether the dynamic 
ultrasonography can detect medial side instability in SER 
type ankle fracture. We found moderate to strong posi-
tive correlations between the P-US MCS measurements 
and the sequentially created SER ankle injury model for 
the assessment of medial ankle instability. By assessing 
the MCS using P-US during the GST, weightbearing, or 
the external rotation stress test, SER ankle fracture with 
complete deltoid ligament rupture (IVb) can be differen-
tiated from the uninjured ankle or other SER ankle injury 
stages (I to IVa).

Results in the current study and data presented in 
previous literature confirmed that the deltoid ligaments 
contribute to tibiotalar joint stability on the medial side 
in the SER ankle fracture [1–5, 31, 32]. Most of the pre-
vious researches used radiographic imaging for assessing 
medial ankle instability in isolated fibular fracture. Cor-
respondingly, we found that the MCS values as measured 
with the P-US increased as the SER ankle injury stage 
progressed and that these values significantly correlated 
with the SER injury staging (P <.001) (Table 1). Our find-
ings underscore that ultrasonography has reached a level 
of technological maturity capable of evaluating medial 
side ankle injuries as an alternative to radiography. Prior 
studies have explored the feasibility and accuracy of using 
ultrasound to examine the deltoid ligament in the setting 
of ankle fractures [18–20]. These studies only examined 
the quality of the deltoid ligament, i.e., injury, including 

fluid, hematoma, discontinuity of the ligament, and evi-
dence of articular pouch on the medial side of the ankle 
that approaches the tibialis posterior tendon. Although 
deltoid injury could be diagnosed with these ultrasono-
graphic signs, this examination does not answer the fun-
damental question of whether the deltoid ligament injury 
has rendered the ankle unstable.

With our P-US evaluating technique, three planes of 
talar motion can be evaluated. During the stress maneu-
vers, the anterior-perpendicular-MCS measured with the 
P-US represents the lateral shift of the talus. The ante-
rior-oblique-MCS measured with the P-US represents 
the talar external rotation. The inferior-MCS measured 
with the P-US represents the talar eversion. Our results 
found that, as the staging of injury progress, multidirec-
tional instability on the medial side of the ankle, includ-
ing lateral talar shift, talar external rotation and talar 
tilting occur simultaneously (Table 1).

Notably, the correlations found between the MCS val-
ues measured during weightbearing vs. the injury stag-
ing were moderate (r ranged from 0.43 to 0.60), while 
the correlations were strong when the MCS values were 
measured during the GST and external rotation stress 
test (r ranged from 0.76 to 0.90). This is likely due to the 
difference in forces applied to the ankle during the stress 
maneuvers. According to the concept of Lauge-Hansen 
SER ankle fracture [31], the injury results from the rota-
tional force that renders ligamentous and bony dam-
age in a circular pattern starting from the lateral aspect, 
which is the AITFL to the medial aspect which is the 
deltoid ligament. As stress is applied to an injured ankle, 
the medial ankle instability, as represented by the MCS 
values, may gradually increase during the GST or exter-
nal rotation stress test. These loading conditions likely 
simulate the ankle fractures mechanisms, which could 
result in a better correlation coefficient. In contrast, dur-
ing weightbearing, the stability of the tibiotalar joint is 
likely provided by the bony congruency. The majority 
of force passes directly from the talar dome to the tibial 
plafond regardless of the presence of the fibular lateral 
buttress [17]. Stewart et al. performed a cadaveric study 
to evaluate the effect of deltoid incompetence on the sta-
bility of ankle mortise with an applied axial loading [16]. 
They found that the weightbearing radiographs cannot 
illustrate medial-sided ankle instability as relative to the 
forces applied with the GST or manual external rotation 
stress test. Although the correlation between the MCS 
values measured during weightbearing vs. the sequen-
tially created SER ankle injury model was moderate, as 
the injury progressed to the last stage (IVb), the MCS val-
ues increased and became significantly larger when com-
pared to the uninjured stage (P =.036).

One critical consideration for the effective clinical care 
of patients with isolated lateral malleolar fractures is 
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Table 2  Portable ultrasonographic medial clear space measurements during the gravity stress test, weightbearing and the external 
rotation stress test in the sequentially created SER ankle injury model
SER 
injury
Stage

Loading conditions Anterior-perpendic-
ular-MCS in mm
(Median, IQR)

Adjusted
P Value
(vs. intact 
stage)

Inferior-MCS
in mm
(Median, IQR)

Adjusted
P Value
(vs. intact 
stage)

Anterior-oblique-
MCS
in mm
(Median, IQR)

Adjusted
P Value
(vs. intact 
stage)

Intact GST-N 3.5
(2.8–4.4)

Ref 3.7
(3.4–3.8)

Ref 6.9
(5.9–7.2)

Ref

GST-PF 4.0
(3.7–4.4)

Ref 4.2
(3.9–4.7)

Ref 8.6
(8.1–9.1)

Ref

Weightbearing 3.0
(1.9–3.4)

Ref 2.7
(2.2–3.2)

Ref 4.9
(4.5–5.8)

Ref

ER stress test 3.7
(3.2–4.6)

Ref 4.3
(3.9–4.5)

Ref 7.1
(6.1–7.5)

Ref

I GST-N 4.0
(3.4–4.5)

0.11 3.8
(3.7–4.7)

0.33 7.4
(6.2–8.5)

0.24

GST-PF 4.5
(3.5–5.3)

0.24 4.6
(3.5–5.2)

0.24 8.1
(6.8–9.4)

0.96

Weightbearing 3.1
(2.8–3.4)

0.20 2.9
(2.6–4.3)

0.20 5.2
(4.1-6.0)

0.88

ER stress test 4.6
(4.4–5.1)

0.021 6.3
(4.5–6.9)

0.033 7.9
(7.0-9.6)

0.028

II GST-N 5.4
(4.6–6.7)

0.044 5.8
(5.0-6.4)

0.028 8.7
(7.0-9.7)

0.094

GST-PF 5.7
(5.5-6.0)

0.014 5.8
(4.7–7.3)

0.044 9.9
(9.5–11.1)

0.057

Weightbearing 3.1
(2.4–3.9)

0.34 3.1
(2.7–3.5)

0.23 5.7
(5.5–6.1)

0.42

ER stress test 7.5
(7.3–8.8)

0.020 7.1
(5.5–8.5)

0.020 14.1
(12.2–14.7)

0.020

III GST-N 6.5
(5.7–6.7)

0.026 6.5
(5.9–7.6)

0.028 9.8
(9.5–10.8)

0.026

GST-PF 6.4
(5.1–7.7)

0.026 6.6
(5.5–7.7)

0.050 10.7
(9.7–11.9)

0.021

Weightbearing 3.4
(2.9-4.0)

0.11 3.5
(2.3–4.2)

0.37 5.5
(5.3–6.2)

0.19

ER stress test 8.4
(7.5–10.0)

0.026 8.4
(7.6–9.8)

0.026 15.7
(13.3–16.2)

0.026

IVa GST-N 7.4
(6.6–8.3)

0.031 6.5
(5.7–6.3)

0.035 11.3
(10.9–12.5)

0.031

GST-PF 6.6
(6.4–7.4)

0.031 6.9
(6.0-8.7)

0.037 11.4
(10.0-12.4)

0.028

Weightbearing 3.6
(3.1–4.5)

0.18 4.3
(3.2–5.5)

0.056 5.6
(4.3–6.8)

0.89

ER stress test 10.3
(8.3–11.0)

0.031 10.2
(8.3–10.5)

0.031 15.8
(14.9–18.2)

0.031

IVb GST-N 12.3
(10.5–14.4)

0.036 13.5
(11.5–16.0)

0.036 15.6
(14.3–18.3)

0.036

GST-PF 13.1
(12.1–14.6)

0.036 12.4
(11.3–12.6)

0.036 19.0
(16.5–21.6)

0.036

Weightbearing 4.9
(4.5–5.7)

0.036 5.2
(4.4–5.5)

0.036 7.4
(5.6–8.4)

0.036

ER stress test 12.4
(10.0-16.5)

0.036 12.8
(10.8–15.6)

0.036 20.1
(19.3–22.5)

0.036

Significant adjusted P values are in bold for Wilcoxon signed-rank test with Holm-Bonferroni correction. Stage I = AITFL transection; Stage II = AITFL transection + Weber 
B fibular fracture; Stage III = AITFL transection + Weber B fibular fracture + PITFL transection; Stage IVa = AITFL transection + Weber B fibular fracture + PITFL 
transection + superficial deltoid transection; Stage IVb = AITFL transection + Weber B fibular fracture + PITFL transection + superficial deltoid transection + deep 
deltoid transection

Abbreviations: P-US = portable ultrasound; SER = supination external rotation; GST-N = gravity stress test in neutral ankle position; GST-PF = gravity stress test in 
ankle plantarflexed position; ER = external rotation, mm = millimeter; IQR = interquartile range; MCS = medial clear space; AITFL = anteroinferior tibiofibular ligament; 
PITFL = posteroinferior tibiofibular ligament; Ref = reference
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assessing whether a concomitant deltoid ligament injury 
has rendered the tibiotalar joint unstable. Our study 
paves the way for using the P-US to diagnose destabiliz-
ing deltoid injuries via the ultrasonographic MCS mea-
surements. The current study found that all MCS values 
as measured with the P-US during the GST in ankle neu-
tral or plantarflexed position, during weightbearing, and 
during the external rotation stress test were significantly 
different between the uninjured stage vs. SER injury stage 
IVb (P =.036), and between SER injury stage III vs. IVb (P 
ranged from 0.015 to 0.047).

These findings highlight the capability of the dynamic 
ultrasonography for diagnosing SER ankle fracture with 
complete deltoid ligament rupture, as well as the ability 
to differentiate the unstable SER injury from the intact 
state and the stable injuries. Previously, studies have 
demonstrated that physical examination, such as medial 
ecchymosis, swelling or tenderness, and static radiogra-
phy are not accurate for diagnosing incompetence of the 
deltoid ligament in SER ankle fracture [5–9]. Therefore, 

the stress radiography during the GST, weightbearing, 
or the manual external rotation stress test is usually rec-
ommended [5, 7, 10–13]. However, stress radiography 
may not readily be available in out-patients clinics or 
resource-limited settings, and the test itself leads to a sig-
nificant amount of radiation exposure to both patients 
and examiners. In contrast, the P-US, which is radiation-
free and readily available in portable mode [19, 33–37], 
can be used to evaluate medial ankle instability at the 
point of care, as well as to assess the outcome after treat-
ment and progression of the instability during the follow-
up visit.

Interestingly, the MCS values measured with the P-US 
during the GST and the external rotation stress test sig-
nificantly increased from the intact stage as the SER 
injury progressed to stage I or II (P ranged from 0.014 
to 0.044). Based on these findings, the ultrasonographic 
GST and external rotation stress test may be too sensi-
tive for estimating the medial ankle instability. Previous 
literature also supported this finding. A study by Koval et 

Table 3  Portable ultrasonographic medial clear space measurements during the gravity stress test, weightbearing, and the external 
rotation stress test comparing between stage III vs. IVb and between stage IVa vs. IVb in the sequentially created SER ankle injury 
model
Loading 
conditions

SER injury
Stage

Anterior-perpendicu-
lar-MCS in mm
(Median, IQR)

Adjusted
P Value
(IVa vs. IVb)

Inferior-MCS
in mm
(Median, IQR)

Adjusted
P Value
(IVa vs. IVb)

Anterior-oblique-
MCS
in mm
(Median, IQR)

Adjusted
P Value
(IVa vs. 
IVb)

GST-N III 6.5
(5.7–6.7)

0.020 6.5
(5.9–7.6)

0.031 9.8
(9.5–10.8)

0.028

IVa 7.4
(6.6–8.3)

0.015 6.5
(5.7–6.3)

0.019 11.3
(10.9–12.5)

0.020

IVb 12.3
(10.5–14.4)

Ref 13.5
(11.5–16.0)

Ref 15.6
(14.3–18.3)

Ref

GST-PF III 6.4
(5.1–7.7)

0.020 6.6
(5.5–7.7)

0.031 10.7
(9.7–11.9)

0.031

IVa 6.6
(6.4–7.4)

0.015 6.9
(6.0-8.7)

0.026 11.4
(10.0-12.4)

0.026

IVb 13.1
(12.1–14.6)

Ref 12.4
(11.3–12.6)

Ref 19.0
(16.5–21.6)

Ref

Weight
bearing

III 3.4
(2.9-4.0)

0.031 3.5
(2.3–4.2)

0.047 5.5
(5.3–6.2)

0.031

IVa 3.6
(3.1–4.5)

0.083 4.3
(3.2–5.5)

0.28 5.6
(4.3–6.8)

0.14

IVb 4.9
(4.5–5.7)

Ref 5.2
(4.4–5.5)

Ref 7.4
(5.6–8.4)

Ref

ER stress test III 8.4
(7.5–10.0)

0.025 8.4
(7.6–9.8)

0.021 15.7
(13.3–16.2)

0.015

IVa 10.3
(8.3–11.0)

0.028 10.2
(8.3–10.5)

0.022 15.8
(14.9–18.2)

0.010

IVb 12.4
(10.0-16.5)

Ref 12.8
(10.8–15.6)

Ref 20.1
(19.3–22.5)

Ref

Significant adjusted P values are in bold for Wilcoxon signed-rank test with Holm-Bonferroni correction. Stage IVa = AITFL transection + Weber B fibular fracture + PITFL 
transection + superficial deltoid transection; Stage IVb = AITFL transection + Weber B fibular fracture + PITFL transection + superficial deltoid transection + deep 
deltoid transection

Abbreviations: P-US = portable ultrasound, SER = supination external rotation, GST-N = gravity stress test in neutral ankle position, GST-PF = gravity stress test in 
ankle plantarflexed position, ER = extrenal rotation, mm = millimeter, IQR = interquartile range, MCS = medial clear space, AITFL = anteroinferior tibiofibular ligament, 
PITFL = posteroinferior tibiofibular ligament; Ref = reference
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al. [38] reported a cohort of 21 patients with SER stage IV 
ankle fracture who were evaluated with an external rota-
tion stress radiograph. They found that 90% of patients 
had only partial deltoid ligament tear when confirmed 
with magnetic resonance imaging. Recently, many stud-
ies found that the GST or external rotation stress radio-
graphs may overdiagnose the unstable SER ankle fracture 
patients which could lead to an unnecessary surgery 
[39–42]. These studies compared the results of operative 
vs. nonoperative treatment in unstable SER ankle frac-
tures that were diagnosed with the GST or external rota-
tion stress radiographs. They found equivalent functional 
outcomes of operative and nonoperative management 
as assessed using patient-based outcome measurements, 
which raises a question on whether a positive GST or 
external rotation stress test is really an indication for sur-
gery, or could it be that these stress maneuvers may over-
estimate the unstable injury.

In contrast, during weightbearing, the MCS values as 
measured with the P-US became significantly larger when 
compared to the uninjured stage only after the complete 
deltoid ligament ruptured (IVb) (P =.036), while there is 
no significantly increased in MCS values when the injury 
progress to stage III or stage IVa (P ranged from 0.056 
to 0.89). The weightbearing stress ultrasonography may 
better predict the medial ankle instability and could be 
more specific to the SER ankle fracture with medial ankle 
instability. Several studies have demonstrated the utility 
of weightbearing radiographs for assessing mortise sta-
bility in SER ankle injury [13, 14, 42, 43]. If mortise align-
ment and stability are achieved during weightbearing 
radiographs, even with positive GST or external rotation 
stress test, patients will still do well with nonoperative 
treatment. A recent article review by Kwon et al. [44] also 
underscored the concept of mortise stability during the 
weightbearing radiograph, which can be used as a guide 
for a successful nonoperative treatment and avoid unnec-
essary surgery in patients with SER ankle fracture. Our 
findings and the evidence from previous literature high-
lighted the capability and values of the weightbearing 
stress for assessing medial ankle instability in SER ankle 
fracture. The interobserver and intraobserver reliabil-
ity for all ultrasonographic MCS measurements were all 
excellent, which represents that the ultrasound assess-
ment is reliable and reproducible for the medial ankle 
instability evaluation.

Our study has several limitations. First, being a cadav-
eric study, the soft tissue conditions differ from those 
seen in-vivo. However, to simulate in vivo conditions as 
best possible, specimen bone and soft tissue were care-
fully maintained. Second, our measurement technique 
involved an operator learning curve inherent to any new 
technology. Even though we aimed to develop a reliable 
assessment technique, an experienced operator is still 

needed for accurate image acquisition as changes or tilt-
ing in probe position may potentially cause measurement 
variability of MCS cortical margins secondary to off-axis 
transverse imaging of the MCS resulting in falsely ele-
vated oblique transverse measurements. However, in the 
hands of an experienced operator, sonographic images 
can provide useful information without radiation or any 
other contraindication. Our experience is that an ortho-
paedic surgeon’s knowledge of anatomy far supersedes 
any technical impediment to mastering this new tech-
nology. Third, we were unable to measure the tibiota-
lar plafond joint or the superior clear space as a relative 
comparison point for the MCS. This space is difficult to 
measure with the ultrasound since the shape of the supe-
rior clear space is a curved surface formed by the talar 
dome and distal end of the tibia. The sound wave from 
the ultrasound transducer is obscure by the distal tibia’s 
anterior ridge, thus preventing us from getting the clear 
images at the dome of the talus. Finally, to adequately 
assess medial ankle instability using dynamic P-US, stress 
to the ankle is required, which might not be tolerated by 
the patient in the clinical setting. To address this, a care 
provider may prescribe pain medication or local analge-
sia prior to P-US evaluation.

Conclusion
The use of dynamic stress ultrasonography for diagnos-
ing medial ankle instability in SER ankle injury appears 
to be a reliable and repeatable technique. The MCS mea-
surements assessed with P-US during the GST, weight-
bearing, and the external rotation stress test significantly 
correlated with the SER ankle injury staging (P <.001). In 
addition, the P-US method is capable of differentiating 
the SER ankle injury stage IVb from the intact stage, as 
well as differentiating the stable SER ankle injury stage 
from the unstable stage. Therefore, the P-US can be a 
valuable diagnostic tool at the point of care due to its 
ability to dynamically evaluate suspected medial ankle 
instability in SER type injury.
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