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Abstract
Background: Documenting the healthy articulation of the syndesmosis and talocrural joints, and measurement of 3D
medial and lateral clear spaces may improve diagnostic and treatment guidelines for patients suffering from severe syn-
desmotic injury or chronic instability. This study aimed to define the range of motion (ROM) and displacement of the fibula
and talus during static and dynamic activities, and measure the 3D movement in the tibiofibular (syndesmosis) and medial
clear space.
Methods: Six healthy volunteers performed dynamic weightbearing motions on a single-leg: heel-rise, squat, torso twist,
and box jump. Participants posed in a nonweightbearing neutral stance as well as weightbearing neutral standing, plantar-
flexion, and dorsiflexion. High-speed stereoradiography measured 3D rotation and translation of the fibula and talus
throughout each task. Medial clear space and tibiofibular gap distances were measured under each condition.
Results: Total ROM for the fibula was greatest in internal-external rotation (9.3 + 3.5 degrees), and anteroposterior (3.3
+ 2.2 mm) and superior-inferior (2.5 + 0.9 mm) translation, rather than lateral widening (1.7 + 1.0 mm). The total
rotational ROM of the talus was greatest in dorsiflexion-plantarflexion (34.7 + 12.9 degrees) and internal-external rotation
(15.0 + 3.4 degrees). Single-leg squatting increased the lateral clear space (P ¼ .045) and widened the medial tibiofibular
joint, whereas single-leg heel-rises decreased the lateral clear space (P ¼ .001) and widened the tibiotalar space. Gap spaces
in the tibiofibular and medial clear spaces did not exceed 2.3 + 0.9 mm and 2.7 + 1.2 mm, respectively.
Conclusion: These data support a potential shift in the clinical understanding of fibula displacements during dynamic
activities and how implant device constructs might be developed to restore physiologic mechanics.
Clinical Relevance: Syndesmosis stabilization and rehabilitation should consider restoration of normal physiologic
rotation and translation of the fibula and ankle mortise rather than focusing solely on the restriction of lateral translation.
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Introduction

In the world of athletics, syndesmotic injuries account for up

to 30% of all ankle injuries.28 In collision sports such as

football, soccer, and hockey, the incidence of syndesmotic

injury rises drastically, reaching 75% of all ankle injuries

reported.15,23,27,30 Of all ankle injuries reported during a

sporting activity, more than half resulted in a severe fracture

of the bones or complete rupture of the surrounding liga-

ments.18 Hermans et al found that 40% of people with severe

high ankle sprains report experiencing subjective instability

6 months after the initial injury,13 likely resulting in lifelong

dysfunction. The high occurrence rate of syndesmotic injury
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among athletes and its inherent risk for chronic disability

emphasized the importance of understanding the injury bet-

ter to improve diagnosis and treatment.

Diagnosis of injury includes screening for frank diastasis

by assessing for a widened clear space between the tibia and

fibula at the syndesmosis (tibiofibular-lateral clear space)

and between the tibia and talus at the medial gutter

(tibiotalar-medial clear space) (Figure 1). These spaces can

be measured via 2-dimensional (2D) radiography, magnetic

resonance imaging, or computed tomography (CT).29 The

medial clear space is defined as the distance between the

medial talar dome and the lateral face of the tibial malleolus.

The syndesmosis width is measured by the gap between the

lateral posterior incisura of the tibia and the medial border of

the fibula taken 1 cm proximal to the joint line (Figure 1).

Radiographic measurements of a tibiofibular (lateral) clear

space >6 mm, loss of tibiofibular overlap, or a tibiotalar

(medial) clear space >4 mm is potentially indicative of

higher-grade injury requiring surgical fixation.16 These nor-

mative values of clear space were based on measurements

made from intraoperative fluoroscopy, which requires care-

ful subject positioning and measurement and does not

describe the natural deformation of the joints during weight-

bearing and activity.24

Three-dimensional (3D) measurements of medial and lat-

eral clear space during dynamic activity currently do not

exist. Understanding the kinematics of the distal tibiofibular

joint and ankle mortise may provide a more accurate assess-

ment of syndesmotic injury. Misdiagnosis of high ankle

sprains because of inaccurate 2D clear space measurements

could result in potential unnecessary surgery for moderate

sprains, increased risk of malreduction after severe sprains,

and lifelong complications or discomfort.

The scope of this work focused on documenting healthy

articulation of the syndesmosis and talocrural joints, and the

measurement of 3D medial and lateral clear spaces to

improve diagnostic and treatment guidelines for patients

with severe syndesmotic injury or chronic instability. Mea-

surements of the 6 degrees of freedom kinematics of the

syndesmosis and talocrural joints were used to define the

healthy range of motion (ROM) and normal limits of bone

displacement in the syndesmotic and medial clear space.

Defining these healthy ranges for normal clear space

changes in the ankle joint could ultimately improve diagnos-

tic measures for syndesmotic injuries and identify optimal

treatment strategies. We hypothesized that normal healthy,

uninjured athletes would experience increasing gap dis-

tances in the syndesmosis and medial clear space as a result

of weightbearing and dynamic activity when compared to a

static nonweightbearing neutral pose.

Materials and Methods

Participants and Experimental Protocol

Six active healthy athletic volunteers (29.3 + 2.5 years,

174.3 + 6.9 cm height, 71.7 + 11.1 kg body weight, 23.3

+ 3.8 body mass index; Table 1) with no prior history of

lower limb injury were recruited locally and provided con-

sent, in accordance with the Institutional Review Board to

participate in the study. Kinematics for the syndesmosis and

talocrural joints were measured in vivo via high-speed

stereoradiography (HSSR) and used to define normal ROM

of the fibula and talus relative to the tibia during static and

dynamic activities. These measurements were used for 3D

assessment of the medial and lateral clear space widening

that occurs during weightbearing and high-stress maneuvers.

HSSR is an in vivo imaging technique that allows precise

measurement of joint motions in 6 degrees of freedom.9,25

Prior work has shown that the use of HSSR enables 3D

measurement of bone motion during dynamic activities to

submillimeter and subdegree accuracy.17,20 Four floor-

embedded force plates captured ground reaction force data

in synchrony with the optical motion capture system (Bertec,

Columbus, OH).

Measurements were made while each participant held 4

static poses and performed 4 dynamic movements. Static

Figure 1. Sample radiographic image illustrating the location of the
lateral and medial clear spaces measured in subjects.

Table 1. Participant Anthropometric Data.

Anthropometric Summary

Female (n ¼ 3) Male (n ¼ 3)

Mean SD Mean SD

Age, y 30.7 3.1 28.0 1.0
Height, cm 168.8 4.0 179.8 3.3
Weight, lb 129.8 2.4 186.3 23.7
Dominant leg, R/L 3/0 – 2/1 –
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poses of the ankle included a nonweightbearing neutral posi-

tion, weightbearing neutral stance, as well as weightbearing

plantarflexed and dorsiflexed positions (Figure 2). We

defined neutral nonweightbearing as the participant standing

with a shifted weight onto the contralateral foot, and neutral

weightbearing as a normal stance. The 4 dynamic move-

ments used to illustrate the maximum ROM of the ankle

included a heel rise (calf raise), squat, torso twist (Figure 2),

and box jump (Figure 3). These activities were chosen to

stress the syndesmosis similarly to high ankle sprain injuries

Figure 2. Series of static weightbearing poses captured within the HSSR volume: (A) neutral standing, (B) maximum dorsiflexion, (C)
maximum plantarflexion, (D) single-leg squat, (E) maximum internal-external rotation. HSSR, high-speed stereoradiography.
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and closely correlate to clinical tests used to diagnose syn-

desmotic instability. All dynamic movements were weight-

bearing and performed on a single leg.

Radiographic images of the static poses and movements

were captured in 2 planes using HSSR at a frame rate of 50

fps, excluding the box jump, which was captured at 100 fps

(Figure 3). CT scans of the lower limb were also taken for

each volunteer. One-millimeter-thick CT slices of the bone

were used to reconstruct 3D subject-specific geometries of

the tibia, fibula, and talus (ScanIP, Simpleware, Inc). Local

coordinate systems were established from identifying pro-

minent landmarks on the bones using modified methods

outlined by Grood and Suntay (1983) and the International

Society of Biomechanics (2002) recommendations (Fig-

ure 4).12 Positive translations for the fibula coincide with

lateral (L), anterior (A), and superior (S) directions. Positive

rotations according to the right-hand rule coincided with

forward flexion, inversion, and internal rotation of the distal

fibula (Figure 4). Forward and backward flexion was used

to describe the sagittal plane rotation of the distal fibula

and differentiate from the common nomenclature of

dorsiflexion-plantarflexion used to describe whole foot and

talocrural joint motions. The same positive coordinate sys-

tem was assigned to the talus, although dorsiflexion and

plantarflexion were used to describe sagittal plane motion.

All other annotations for rotation and translation correspond

to common terminology in the literature (Figure 4). Open-

source software was used to match the relative positioning

and orientation of the subject’s 3D talus, fibula, and tibia

reconstructed from CT to the 2D radiography images to

quantify translations and rotations at each pose (XROMM

and Autoscoper, Brown University, RI).

Data Analysis

Three-dimensional translational and rotational motions

were expressed relative to the positioning of the bones

during the nonweightbearing neutral pose of the foot.

Kinematics and ROM (how much relative motion occurs

during an activity) were expressed as mean + SD

(Table 2). Small values for kinematics and ROM were

indicative of minimal movement between the bones from

their initial nonweightbearing neutral position. The limits

of the activity for calf raise and squat were defined as a

percentage completion from the initial weightbearing

neutral stance (0% task completion) to the point of max-

imum plantarflexion or dorsiflexion (100% task comple-

tion). The torso twist was examined at the initial neutral

Figure 3. Dual-plane high-speed stereoradiography images of a foot in the various phases of dynamic box jump: (A) flight, (B) toe-strike,
(C) heel strike, (D) stabilization.

Figure 4. Local coordinate system assignments for the tibia and fibula of the syndesmosis (left) and talus and tibia of the talocrural joint
(right). A-P, anterior-posterior; DF-PF, dorsiflexion-plantarflexion; FF-BF, forward-backward flexion; IN-EV, inversion-eversion; IR-ER,
internal-external rotation; M-L, medial-lateral; S-I, superior-inferior.
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stance, maximum external rotation, second neutral posi-

tion, and then maximum internal rotation. The box jump

was analyzed at five instants (Figure 3): flight (Pre), ini-

tial contact typically seen as a toe strike, heel strike (HS),

maximum ground reaction force, and immediately after

the maximum ground reaction force occurs (Post).

Medial and lateral clear space distances were calculated

via a custom MATLAB code.12 First, subject-specific bone

geometries were converted into point clouds, which then had

their respective kinematic data applied to drive the spatial

change of the bone throughout the activity. Minimum point-

to-point distances were calculated from one object (fibula or

talus) cloud to the nearest cloud defining the second object

(tibia). A contour plot displaying all clear space distances <5

mm were mapped along the fibula and talus geometries to

visually illustrate changes in anatomical spacing between

the bones (Figure 5). All clear space measurements were the

maximum values measured—a mean of those maximum

measurements for the 6 subjects was then calculated.

Changes in clear space were measured throughout an activ-

ity and compared across activities. Differences in mean clear

space throughout the dynamic activities were examined

using 1-way analysis of variance and Tukey honestly signif-

icant difference post hoc. The level of significance was set to

a ¼ 0.05. No significant differences were found between

genders.

Table 2. Mean ROM for All Dynamic Activities for Syndesmosis (Tibiofibular) and Tibiotalar Joints.

FF-BF, degrees IN-EV, degrees IR-ER, degrees M-L, mm A-P, mm S-I, mm

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Dynamic tibiofibular (syndesmosis) ROM
Calf raise 1.3 0.3 1.7 1.0 8.1 3.3 1.7 0.9 2.8 1.4 1.9 0.8
Squat 0.8 0.2 1.0 0.2 4.7 2.8 1.2 0.6 2.2 1.2 2.1 0.8
Torso twist 1.4 0.9 1.7 1.0 8.8 2.5 1.5 0.5 3.3 2.2 2.1 0.7
Box jump 1.7 0.7 1.4 0.5 9.4 3.5 1.7 1.0 3.2 1.0 2.5 0.9

Dynamic tibiotalar ROM
Calf raise 34.7 12.9 8.2 3.8 14.5 3.4 3.8 2.3 16.3 7.1 2.7 1.8
Squat 23.3 6.6 6.2 2.9 6.5 3.8 2.3 1.4 8.7 3.3 4.3 1.3
Torso twist 6.6 3.9 4.3 1.7 15.0 3.4 3.0 1.6 3.5 1.5 1.2 0.8
Box jump 17.8 9.8 7.1 3.6 13.4 4.9 3.3 1.9 8.0 5.7 2.9 1.3

Abbreviations: A-P, anterior-posterior; FF-BF, forward-backward flexion; IN-EV, inversion-eversion; IR-ER, internal-external rotation; M-L, medial-lateral;
ROM, range of motion; S-I, superior-inferior.

Figure 5. Anatomical contour plot of bone spacing and identification of minimum (A) lateral and (B) medial clear spaces, as indicated by
the black line connecting the bones. Scaling for the contour plots ranges from 0 to 5 mm, where dark blue represents the absolute
minimum separation (0 mm) between the bones and dark red is the upper limit of bone separation (5 mm).
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Results

Tibiofibular (Syndesmosis) and Tibiotalar ROM

Changes in fibular and talar positioning relative to their

initial nonweightbearing neutral locations showed no signif-

icant difference across static poses. Average ROM of the

tibiofibular and tibiotalar joints are compared across the

dynamic activities in Table 2. During the dynamic activities,

squatting imposed the least amount of rotational ROM in the

fibula (Table 2), whereas the twist and box jump activities

caused the most change in internal-external rotation with 8.8

+ 2.5 degrees and 9.3 + 3.5 degrees, as well as the greatest

ranges in anterior-posterior translation with 3.3 + 2.2 mm

and 3.2 + 1.0 mm, respectively. The box jump activity also

displayed the largest range overall in superior-inferior trans-

lation (2.5 + 0.9 mm).

Maximum dorsiflexion and plantarflexion and anterior-

posterior ROM of the tibiotalar joint occurred for calf raise

(34.7 + 12.9 degrees and 16.3 + 7.1 mm) (Table 2). The

torso twist exhibited the greatest range in internal-external

rotation (15.0 + 3.4 degrees). Generally, there was little

variation and similarly small magnitudes of ROM in

inversion-eversion, medial-lateral, and superior-inferior

across all activities.

Syndesmosis Gap (Lateral Clear Space)

Syndesmosis gap measurements during static poses illu-

strated distinct effects of the ankle positioning on the overall

distraction of the fibula from the tibia. Although joint dis-

traction in the neutral stance showed little change with

weightbearing (Figure 6), the dorsiflexed foot caused the

greatest amount of gap in the syndesmosis (1.8 + 1.2

mm), and a plantarflexed foot caused the greatest amount

of compression and smallest gap distance in the syndesmosis

(0.7 + 0.5 mm).

During the dynamic activities, the calf raise and squat

activities caused opposing movement of the fibula (Table 3).

Beginning at a neutral stance (0% completion) to then max-

imum plantarflexion (100% completion) of the calf raise,

there was a significant decrease (P ¼ .001) in syndesmosis

gap distance from 2.0 + 0.6 mm to 1.1 + 0.6 mm. Con-

versely, the single-leg squat showed a significant increase (P

< .05) in the syndesmosis gap from neutral (1.3 + 0.8 mm)

to maximum dorsiflexion (2.3 + 0.9 mm). Minimum (0.9 +
0.3 mm) and maximum (2.2 + 0.7 mm) clear space dis-

tances observed during the torso twisting activity were also

measured to be significantly different (P < .05).

During the box jump, the foot began in a near-neutral

position during the flight phase (Pre) then plantarflexed in

preparation for initial contact with the surface to mark the

toe-strike phase (Figure 3). Average syndesmosis clear space

was smallest at initial toe-strike contact (1.0 + 0.9 mm). On

landing and heel-strike, the ankle rapidly dorsiflexed, caus-

ing maximum distraction of the syndesmosis joint of 2.0 +
0.9 mm.

Tibiotalar Gap (Medial Clear Space)

Gap distances between the tibial malleolus and talar dome in

the neutral stance decreased 0.3 mm with weightbearing,

indicating only slight compression of the joint to support

loading (Figure 6). Maintaining the foot in a weightbearing

dorsiflexed pose showed no change in medial clear space

(1.8 + 1.5 mm), whereas a plantarflexed position caused

slight distraction of the joint (2.1 + 1.3 mm).

During the dynamic activities, minimum medial clear

space was observed at the highest point of the calf raise

activity (1.8 + 1.3 mm) (Table 3). Single-leg squatting

illustrated a general pattern of decreasing clear space from

neutral standing to maximum dorsiflexion, with the mini-

mum tibiotalar gap distance occurring at the deepest point
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Figure 6. Maximum syndesmosis gap (top) and medial clear space
(bottom) distance shown for all activities.

Table 3. Minimum and Maximum Clear Space Distances of All
Dynamic Activities for Syndesmosis and Tibiotalar Joints.

Minimum, mm Maximum, mm

Mean SD Mean SD

Lateral (syndesmosis) clear space
Calf raise 1.1 0.6 2.0 0.6
Squat 1.3 0.8 2.3 0.9
Torso twist 0.9 0.3 2.2 0.7
Box jump 1.1 0.8 2.2 1.0

Medial (tibiotalar) clear space
Calf raise 1.8 1.3 2.7 1.2
Squat 1.2 1.2 1.7 1.3
Torso twist 1.2 0.8 2.0 0.8
Box jump 1.0 1.0 1.9 1.4
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in the squat (1.3 + 1.6 mm), although this overall change in

medial clear space was only 0.4 mm. There were no signif-

icant differences in joint space distances during torso twist-

ing, with an overall change of 0.8 mm measured throughout

the task. Tibiotalar clear space throughout the box jump

showed a general decreasing trend in which the absolute

minimum (1.0 + 1.4 mm) occurred at the maximum ground

reaction force.

Discussion

The results of this study indicate that during static activities,

there was no significant change in fibular or talar positioning

relative to the tibia. However, during dynamic activities,

notable changes in rotational and anterior-posterior transla-

tion occurred. Internal and external rotational change and

superior-inferior shifts of the fibula were greatest during the

twisting and box jump activities. These same activities also

resulted in the largest ROM of the fibula relative to the tibia

in the anterior-to-posterior direction. No dynamic athletic

activity caused a lateral shift of the fibula relative to the tibia

beyond the commonly accepted 2 mm threshold; a diagnos-

tic threshold for identifying a widened or mal-reduced

syndesmosis.8,10,22,26

The syndesmosis gap experienced narrowing during plan-

tarflexion of the foot as the movement of the talus allowed

for compression of the tibiofibular space. As the foot moved

into dorsiflexion, the syndesmosis widened, but not beyond

the 2-mm threshold for a clinically intact syndesmosis.

Weightbearing proved to have an impact on the medial clear

space, by decreasing the space in response to ground reac-

tion forces. Furthermore, both static and dynamic move-

ments for the single-leg squat and the box jump decreased

the medial clear space.

These results support the hypothesis that an increase in

lateral and medial clear spaces occur during dynamic

weightbearing activities. The directional components of this

shift were mostly rotational, anterior-posterior, and superior-

inferior, not medial-lateral. This indicates that the syndes-

mosis does not naturally “widen” in the classic uniplanar

sense of medial-lateral translation, which is of primary focus

during 2D radiographic evaluation. Instead, the motion of

the syndesmosis during the most common injury mechanism

(dorsiflexion and external rotation) is largely that of external

rotation and posterior shift of the fibula relative to the tibia.

The findings of this study provide clinicians and scientists

with a better understanding of the physiology of the syndes-

mosis and medial clear space in healthy athletes during static

and dynamic movements. It is also possible that current

means of evaluation and surgical management do not take

into account or attempt to restore normal syndesmosis

mechanics. Ultimately, there may be a need to advance the

understanding of fibular movement during syndesmotic inju-

ries to include the impact of in vivo kinematic results on

clinical decision making and suggest ideal constructs for the

operative management of syndesmotic disruption based on

that kinematic behavior.

Clinical Relevance: A Paradigm Shift

Syndesmotic injuries are traditionally diagnosed through 2D

radiography by examination of the medial-lateral tibiofibu-

lar space. Widening of this syndesmotic gap, beyond a 2-mm

threshold, represents the instability of the ankle joint and

disruption of the normal joint mechanics.14 However, rota-

tional changes of the fibula and talus are not readily visua-

lized on 2D radiography, nor static 3D imaging. A study by

Krahenbuhl et al demonstrated that radiographs could not

reliably predict syndesmotic injuries because of this short-

coming in traditional imaging techniques.21 The same group

also reported that although magnetic resonance images have

a sensitivity and specificity near 100%, the results do not

directly correlate to clinical findings, since magnetic reso-

nance imaging is a static study and dynamic instability pat-

terns following syndesmotic injuries are complex and

multifactorial.21

The shortcomings of 2D radiographs lie in the rotational

nature of fibular displacements that occur during normal

activities. Therefore, understanding the rotational and trans-

lational changes of the fibula during static and dynamic

activities in healthy individuals is essential to providing care

to the injured athlete. By considering these changes during

dynamic activities, clinicians gain more perspective on the

subtle changes that can occur at the distal tibiofibular joint

when instability is not grossly apparent to indicate severe

injury to the syndesmosis. Treatment of such injuries could

be improved with a better understanding of the necessary

rotational and translational movements of the fibula that

should be afforded during fixation.

Historically, the fibula was thought to translate in the

medial-to-lateral plane during dynamic maneuvers. As was

observed with injury to the surrounding ligaments, compro-

mising physiologic restraint of the joint. Instead, this study

has shown that in the healthy uncompromised joint, the

fibula primarily rotates internally and externally, while also

translating in the anterior-posterior and superior-inferior

directions during dynamic activities; medial-to-lateral trans-

lation of the bone was minimal. Twisting and box jump

movements resulted in the most change in internal and exter-

nal rotation of the fibula relative to the tibia and produced

the greatest range of movement in the anterior-to-posterior

direction. The degrees of change seen during the twisting

and box jump movements resulted in 8.8 + 2.5 degees and

9.3 + 3.5 degees, respectively, of internal and external rota-

tion. Box jumps also caused movement of the fibula in the

superior-inferior plane, moving in a range of 2.5 + 0.9 mm.

The goal in the clinical management of syndesmotic inju-

ries is to restore the natural position of the fibula within the

incisura and allow healing of the ligamentous structures, but

not necessarily to directly repair or reconstruct the surround-

ing ligaments. Surgical repair intends to allow restoration of

Hogg-Cornejo et al 7



normal joint mechanics, but this does not appear to occur

following current fixation constructs such as rigid fixation

(eg, screws), flexible fixation (eg, suture buttons), and

hybrid methods.5 These current methods of repairing syn-

desmotic injuries and assessing stability focus on the reduc-

tion of the distal tibiofibular joint space to prevent widening

and ankle instability. However, the natural rotational

changes of the fibula after syndesmotic injury are likely not

adequately addressed when using current constructs because

none of them re-create the normal, functional kinematic

environment of the joint.

The biomechanical study of Clanton et al compared cur-

rent techniques for syndesmotic repair in which they ran-

domly performed screw fixation, single suture-button

fixation, and divergent suture-button repairs on cadaveric

specimens.5 The results showed that the fibula externally

rotated significantly in all of the repair groups when com-

pared to the intact state.5 The 3 repair techniques provided

torsional stability to the injured syndesmosis, but none

restored rotational stability to the healthy intact state of the

distal tibiofibular joint.5 It is likely that anatomical repair

strategies that more effectively approximate normal kine-

matics and allow for accelerated on-field rehabilitation and

return to sport will be advantageous in the management of

syndesmotic injuries.

Another cadaveric analysis by Clanton et al evaluated the

weightbearing kinematics of intact cadaveric syndesmosis

specimens.6 Their study revealed, under simulated full body

weight, that the fibula has 4.3 degrees of total rotation in the

axial plane and translates a total of 3.3 mm in the sagittal

plane.6 Although the in vivo measurements presented in this

study were less than the values shown by Clanton et al,

adding internal and external rotation to the physiologic load

of their cadaveric specimens resulted in rotational and trans-

lational changes to the intact syndesmosis similar to those

measured in the dynamic torso twisting movement of this

study.6 Internal rotation increased 1.5 + 0.7 degrees,

whereas external rotation increased 2.8 + 1.2 degrees. Simi-

larly, increases in internal and external rotations of the fibula

were also accompanied by 0.7 + 1.7 mm and 2.6 + 1.5 mm

of anterior and posterior translation, respectively.

Clinical Impact: Redefining Ideal Constructs

The combination of these cadaveric and biomechanical

studies suggests that current surgical fixation of the syn-

desmosis may not adequately address rotational motions of

the fibula during rehabilitation. Clanton et al’s biomecha-

nical analysis showed that all 3 fixation constructs had

significantly more external rotation compared with the

intact state during physiologic load and external rotation

testing.5 Comparing the same group’s cadaveric data to

this biomechanical study reveals that an intact syndesmosis

allows for 2.8 degrees of external rotation under physiolo-

gic load, leaving 4.3 to 6.9 degrees of external rotation

unaccounted for during repair. As a result, the optimal

construct would likely restore normal rotational and trans-

lational kinematics of the fibula in addition to serving as a

tether to lateral displacement.

The ideal construct for the repair of the injured syndes-

mosis should focus on anatomic reconstruction of injured

ligaments, reducing the distal tibiofibular gap, and restoring

physiologic constraints to the joint. Depending on the grade

of the injury, available suture anchor and tape constructs

might serve to augment the associated ligaments and prevent

extremes of displacement, and related hypertrophy, similar

to the function for Brostrom augmentation.31 Internal braces

have been shown to act as secondary stabilizers of ligaments

during reconstructive procedures of the anterior cruciate

ligament, medial collateral ligament, and ulnar collateral

ligament.2,7 Support is growing for their use as a novel tech-

nique in foot and ankle, sports, and hand procedures, with

some studies reporting a quicker return to activity and better

outcomes in athletes.1,4,11,19

These data contribute to the growing body of literature

suggesting that current surgical repair constructs for syndes-

motic injuries, although effective, may not functionally

restore the native biomechanical environment. The develop-

ment and testing of alternative or adjunctive techniques for

syndesmotic fixation has the potential to safely accelerate

time to weightbearing, on-field rehabilitation, and return to

play protocols. The model created by this study may trans-

late well to an ex vivo biomechanical model to test various

injury patterns and repair constructs, leading to optimal

constructs.

Limitations

Some limitations were inherent in this study. The sample

size (n ¼ 6) could be considered relatively small compared

to other studies with published kinematic data. Investiga-

tions based on the collection and processing of stereoradio-

graphy are time and labor intensive in proportion to the

number of subjects and activities. Provided a choice between

collecting a larger number of subjects or activities, we chose

a greater number of activities to more broadly investigate the

activity dependence of dynamic ankle kinematics. Addition-

ally, the high accuracy of the HSSR system and the closeness

in anthropometric data among the subject cohort allowed us

to keep the healthy participant population relatively small.

To minimize deviations, a single person performed bone

tracking to limit inter-tracker variability. Internal and exter-

nal rotations proved to be the most variable measure of

fibular kinematics, and this variability would unavoidably

carry into the closest-point measurement of lateral clear

space. Even so, values for fibular rotation were similar to

prior in vivo work done by Beumer et al3 and Wang et al.25

Although the kinematics of the syndesmosis and tibiotalar

joints varied across subjects and activities, the joint distrac-

tion measured in the medial and lateral sides was small and

fairly consistent. The small values of clear space widening

illustrate the stability the surrounding ligaments provide in

8 Foot & Ankle Orthopaedics



limiting excessive separation of the bones and maintaining

the integrity of the ankle joint. Overall, joint gap spaces did

not exceed 2.3 + 0.9 mm and 2.7 + 1.2 mm for the syn-

desmosis and tibiotalar joints, respectively. These values fall

well within the normal range of syndesmosis gap widening

for a healthy ankle joint, as identified by clinicians via radio-

graphic measurements.16 Furthermore, gap measurements

made during standing nonweightbearing were very close to

values measured from the supine CT of each subject, pro-

viding confidence in the measured gaps during activities.

Conclusion

Under physiological loading, most of the fibular motion was

rotational and anteroposterior, rather than the lateral trans-

lation that causes widening of the syndesmosis. The talus

also rotated significantly within the mortise, but the combi-

nation of joint load and ligamentous constraints of the

healthy ankle limited large translational shifts of the bones

that would otherwise detrimentally widen the medial clear

space. Most assessments of syndesmosis fixation focus on

lateral displacement of the fibula from the tibia in a 2D

radiographic image. However, the physiologic movements

of the ankle mortise during dynamic activities suggest far

greater magnitudes of rotational motion, anteroposterior

shifts, and inferior-superior shifts, rather than just syndes-

motic widening in the lateral direction. These data support a

potential advance in our understanding of fibular excursion

during dynamic activities and how implant device constructs

are designed to restore native mechanics. We believe the

focus of stabilizing and rehabilitating syndesmotic injuries

should shift from solely assessing the restriction of lateral

translation and toward the restoration of normal physiologic

movements of the fibula and ankle mortise in all degrees of

freedom.

Ethics Approval

Ethical approval for this study was obtained from the University of

Denver Institutional Review Board. Approval #: 853976-4.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest

with respect to the research, authorship, and/or publication of this

article: Paul J. Rullkoetter, PhD, reports grants from DePuy

Synthes Products, Inc, during the conduct of the study. ICMJE

forms for all authors are available online.

Funding

The author(s) disclosed receipt of the following financial support

for the research, authorship, and/or publication of this article:

DePuy Synthes; National Science Foundation Award, 1439693.

ORCID iD

Jonathan Bartolomei, MS, https://orcid.org/0000-0001-9318-

4870

References

1. Acevedo J, Vora A. Anatomical reconstruction of the spring

ligament complex: “internal brace” augmentation. Foot Ankle

Specialist 2013;6(6):441-445.

2. Bernholt DL, Lake SP, Castile RM, Papangelou C, Hauck O,

Smith MV. Biomechanical comparison of docking ulnar col-

lateral ligament reconstruction with and without an internal

brace. J Shoulder Elbow Surg. 2019;28(11):2247-2252.

3. Beumer A, Valstar ER, Garling EH, et al. Kinematics of the

distal tibiofibular syndesmosis: radiostereometry in 11 normal

ankles. Acta Orthop Scand 2003;74(3):337-343.

4. Black AK, Schlepp C, Zapf M, Reid JB 3rd. Technique for

arthroscopically assisted superficial and deep medial collateral

ligament-meniscotibial ligament repair with internal brace

augmentation. Arthrosc Tech. 2018;7(11): e1215-e1219.

5. Clanton TO, Whitlow SR, Williams BT, et al. Biomechanical

comparison of 3 current ankle syndesmosis repair techniques.

Foot Ankle Int. 2017;38(2):200-207.

6. Clanton TO, Williams BT, Backus JD, et al. Biomechanical

Analysis of the Individual Ligament Contributions to Syndes-

motic Stability. Foot Ankle Int. 2017;38(1):66-75.

7. Dabis J, Wilson A. Repair and augmentation with internal

brace in the multiligament injured knee. Clin Sports Med.

2019;38(2):275-283.

8. Davidovitch RI, Weil Y, Karia R, et al. Intraoperative syndes-

motic reduction: three-dimensional versus standard fluoro-

scopic imaging. J Bone Joint Surg Am. 2013;95(20):

1838-1843.

9. de Asla RJ, Wan L, Rubash HE, Li G. Six DOF in vivo kine-

matics of the ankle joint complex: application of a combined

dual-orthogonal fluoroscopic and magnetic resonance imaging

technique. J Orthop Res. 2006;24(5):1019-1027.

10. Gardner MJ, Demetrakopoulos D, Briggs SM, Helfet DL, Lor-

ich DG. Malreduction of the tibiofibular syndesmosis in ankle

fractures. Foot Ankle Int. 2006;27(10):788-792.

11. Greiner S, Koch M, Kerschbaum M, Bhide PP. Repair and

augmentation of the lateral collateral ligament complex using

internal bracing in dislocations and fracture dislocations of

the elbow restores stability and allows early rehabilitation.

Knee Surg Sports Traumatol Arthrosc. 2019;27(10):

3269-3275.

12. Grood ES, Suntay WJ. A joint coordinate system for the clin-

ical description of three-dimensional motions: application to

the knee. J Biomech Eng. 1983;105(2):136-144.

13. Hermans JJ, Beumer A, de Jong TA, Kleinrensink GJ. Anat-

omy of the distal tibiofibular syndesmosis in adults: a pictorial

essay with a multimodality approach. J Anat. 2010;217(6):

633-645.

14. Hunt KJ, Goeb Y, Behn AW, Criswell B, Chou L. Ankle joint

contact loads and displacement with progressive syndesmotic

injury. Foot Ankle Int. 2015;36(9):1095-1103.

15. Hunt KJ, Hurwit D, Robell K, Gatewood C, Botser IB, Math-

eson G. Incidence and epidemiology of foot and ankle injuries

in elite collegiate athletes. Am J Sports Med. 2017;45(2):

426-433.

Hogg-Cornejo et al 9

https://orcid.org/0000-0001-9318-4870
https://orcid.org/0000-0001-9318-4870
https://orcid.org/0000-0001-9318-4870
https://orcid.org/0000-0001-9318-4870


16. Hunt KJ, Phisitkul P, Pirolo J, Amendola A. High ankle sprains

and syndesmotic injuries in athletes. J Am Acad Orthop Surg.

2015;23(11):661-673.

17. Ivester JC, Cyr AJ, Harris MD, Kulis MJ, Rullkoetter PJ, Shel-

burne KB. A reconfigurable high-speed stereo-radiography

system for sub-millimeter measurement of in vivo joint kine-

matics. J Med Devices. 2015;9(4):041009.

18. Jensen SL, Andresen BK, Mencke S, Nielsen PT. Epidemiol-

ogy of ankle fractures: a prospective population-based study of

212 cases in Aalborg, Denmark. Acta Orthop Scand. 1998;

69(1):48-50.

19. Kakar S, Greene RM. Scapholunate ligament internal brace

360-degree tenodesis (SLITT) procedure. J Wrist Surg. 2018;

7(4):336-340.

20. Kefala V, Cyr AJ, Harris MD, et al. Assessment of knee kine-

matics in older adults using high-speed stereo radiography.

Med Sci Sports Exerc. 2017;49(11):2260-2267.

21. Krahenbuhl N, Weinberg MW, Davidson NP, et al. Imaging in

syndesmotic injury: a systematic literature review. Skeletal

Radiol. 2018;47(5):631-648.

22. Naqvi GA, Cunningham P, Lynch B, Galvin R, Awan N.

Fixation of ankle syndesmotic injuries: comparison of tight-

rope fixation and syndesmotic screw fixation for accuracy of

syndesmotic reduction. Am J Sports Med. 2012;40(12):

2828-2835.

23. Nussbaum ED, Hosea TM, Sieler SD, Incremona BR, Kessler

DE. Prospective evaluation of syndesmotic ankle sprains with-

out diastasis. Am J Sports Med. 2001;29(1):31-35.

24. Pakarinen H, Flinkkila T, Ohtonen P, et al. Intraoperative

assessment of the stability of the distal tibiofibular joint in

supination-external rotation injuries of the ankle: sensitivity,

specificity, and reliability of two clinical tests. J Bone Joint

Surg Am. 2011;93(22):2057-2061.

25. Wang C, Yang J, Wang S, et al. Three-dimensional motions of

distal syndesmosis during walking. J Orthop Surg Res. 2015;

10:166.

26. Warner SJ, Fabricant PD, Garner MR, Schottel PC, Helfet DL,

Lorich DG. The Measurement and clinical importance of syn-

desmotic reduction after operative fixation of rotational ankle

fractures. J Bone Joint Surg Am. 2015;97(23):1935-1944.

27. Waterman BR, Belmont PJ Jr, Cameron KL, Svoboda SJ, Alitz

CJ, Owens BD. Risk factors for syndesmotic and medial ankle

sprain: role of sex, sport, and level of competition. Am J Sports

Med. 2011;39(5):992-998.

28. Waterman BR, Owens BD, Davey S, Zacchilli MA, Belmont

PJ Jr. The epidemiology of ankle sprains in the United States. J

Bone Joint Surg Am. 2010;92(13):2279-2284.

29. Williams BT, Ahrberg AB, Goldsmith MT, et al. Ankle syn-

desmosis: a qualitative and quantitative anatomic analysis. Am

J Sports Med. 2015;43(1):88-97.

30. Wright RW, Barile RJ, Surprenant DA, Matava MJ. Ankle

syndesmosis sprains in national hockey league players. Am J

Sports Med. 2004;32(8):1941-1945.

31. Yoo JS, Yang EA. Clinical results of an arthroscopic modified

Brostrom operation with and without an internal brace. J

Orthop Traumatol 2016;17(4):353-360.

10 Foot & Ankle Orthopaedics



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


