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Mechanical characterisation of the lateral collateral

ligament complex of the ankle at realistic sprain-like strain
rates
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Abstract

BACKGROUND

Synthetic interventions continue to evolve with the progression made in materials
science, surgical technologies and surgical methods. To facilitate the evolution of
synthetic devices for lateral ankle repair a better understanding of the mechanical
properties and failure mechanisms of the lateral collateral ligament (LCL) complex
is required. This study aimed to improve understanding of the mechanical
properties and failure modes of the LCL complex at strain rates representative of

sprain.

METHOD

The LCLs were dissected from six human cadavers to produce individual bone-
ligament-bone specimens. A mechanical testing device uni-axially loaded the
ligaments in tension. Initially, preconditioning between two Newtons and a load
value correspondingto 3.5 % strain was conducted for 15 cycles, before extension
to failure at strain rate of 100 %.s 1. The results were stratified by age, weight and
body massindex (BMI) to explore potential correlations with ligament ultimate

failure load or ligament stiffness.

RESULTS

ATFL - Anterior Talofibular Ligament
CFL - Calcaneofibular Ligament

LCL — Lateral Collateral Ligament
PTFL — Posterior Talofibular Ligament
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The mean ultimate failure loads and the 95 % confidence intervals for the ATFL,
calcaneofibular (CFL) and posterior talofibular (PTFL) ligaments were 263.6 + 164.3
N,367.8 £79.8 N and 351.4 +110.8 N, respectively. A strong positive Pearson
correlation was found between BMI and ultimate failure load of the CFL (r =.919; P
=.01). A non-significant relationship was found between the mechanical properties
and both age and weight. The ATFL avulsed from the fibula four times, the CFL
avulsed from the fibula twice, the PTFL avulsed from the talus twice and all

remaining failures were mid-substance.

CONCLUSION

The results identify the forces required to induce failure of the individual ligaments
of the LCL complex and the related failure modes of individual ligaments. A
correlation may exist between BMI and the ultimate failure load of the CFL and

PTFL, although a greater sample size is required for confirmation.

Keywords

Characterisation; Ankle; Ligament; Sprain

Introduction

The lateral collateral ligament (LCL) complex of the ankle (see Figure 1), consists of
the anterior talofibular ligament (ATFL), calcaneofibular ligament (CFL) and posterior
talofibular ligament (PTFL). The LCLs of the ankle are collectively responsible for the
stabilisation of the talocrural joint on the lateral side and the CFL also plays a role in

the stabilisation of the subtalar joint.
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Figure 1. Lateral view of the ankle highlightingthe LCL complex (ATFL, CFL & PTFL), the syndesmosis
(AITFL & PiTFL), the talocruraljoint, the subtalar joint, the talonavicularcalcaneocuboid jointand the
bones of the ankle(fibula, tibia, talus and calcaneus).

The ATFL is the most frequently injured LCL in a typical lateral ankle sprain, followed
by the CFL and finally the PTFL.3:1¢ In cases of severe sprain or in people, such as elite
athletes, wherein whom restoration of stability is important, surgical stabilisation
may be performed. The current preferred standard is the Brostrom-Gould procedure
in which ruptured ligaments are stabilised with sutures. If this approach is
inadequate or has failed or if the patient has anincreased BMI, general ligament
laxity or is a high-demand athlete, then stabilisation with synthetic ligaments may be

attempted.!

Natural ligaments exhibit a viscoelastic response to strain, starting with a
progressively stiffer nonlinear toe region followed by a linear loading region. The

response of ligamentous tissue is believed to be strain rate dependent due to the
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inherent viscoelastic nature of the tissue.® This viscoelasticity causes ligaments to
display hysteresis, due to the fluid component of the ligament being redistributed
and balanced by the stress carried by the solid component of the ligament. When
the lateral collateral ligament of the knee was tested at strain rates greater than 100
%.s71, a strain rate representative of inducing sprain in real-world events, it was
found that the strain-rate dependency of the ligament can be neglected as there is
insufficient time for appreciable ligament relaxation. The ligaments of the ankle
have been reported to be generally insensitive to strain rate.? Conversely, the
mechanical properties of the LCLs have been reported to be significantly affected by

strain rates both above and below 100 %.s1.3

Research articles detailing the mechanical characteristics of the LCL complex are
scarce.32:1617 None of the previous papers report mechanical characteristics of the
LCL complex tested at realistic sprain-like strain rates. Attarian et al. (1985) and Funk
et al. (2000) characterised the LCL complex at strain rates considerably higher than
those which occur during a sprain event.3-° Although ligaments are considered
relatively insensitive to strain rates over 100 %.s! the effect on the failure mode of
the ligaments is not understood. The absence of literature on this topic is potentially
due to the difficulty faced when gripping ankle ligament tissue, as previously
reported.® A lack of published work in this area has hindered the understanding of
the mechanical requirements and failure modes of synthetic interventions for lateral

ankle sprain.

This study aimed to improve understanding of the mechanical properties and failure

modes of the LCL complex at strain rates representative of real-world sprain events.

Materials and Methods

2.1 Samples
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Six fresh frozen human cadaveric feet, sourced from MedCure (USA), were usedin
the study. Ethical approval was granted by the University of Leeds Research Ethics
Committee (MEEC 15-020). Exclusion criteria for the tissues included a reported
prior lower limb trauma or surgery, or a history of diabetes. The mean (+ 95 %
confidence intervals) donor age was 56.2 + 12.2 years, BMI was 22.3 + 2.9 kg.m™
(normal) and there were three males and three females. A summary of donor
information is shown in Table 1.

Table 1. Tissuedonor demographic details. The mean and 95 % confidence interval (Cl)is given for

age, weight and body mass index (BMI). (M — male, F — female, A.A — African American, C—Caucasian,

R—right& L- left).

Sample Age (years) Sex Race Weight(kg) BMI (kg.m2) L/R Foot

1 72 M AA 71 22.4 R
2 60 F C 53 18.9 L
3 49 F C 49 20.9 R
4 61 M C 66 21.4 R
5 38 M C 85 27.0 L
6 57 F C 61 23.2 R

Mean 56.2 64.1 223

tCl +12.2 - ) +13.8 29 )

2.2 Sample Preparation

The feet were stored in a -80 °C freezer, compliant with the Human Tissue Act, until
they were tested. Samples were thawed for 48 hours at 4 °C in a refrigerator prior to
dissection. After at least 24 hours of thawing, each foot was imaged, at a resolution
of 82 um, using a SCANCO Medical xtreme CT scanner (SCANCO Medical, Brittisellen,
Switzerland). Each scan lasted approximately 90 minutes and was performed to

ensure no major undiagnosed damage was present.

The LCL complex was dissected intact from each foot while preserving the

syndesmosis joint for future study, as shown in Figures 2 & 3. Firstly, all fascia and
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soft tissue were dissected from around the ankle by a foot and ankle specialist
consultant orthopaedic surgeon. Next, the forefoot was removed by transecting
along the talonavicular calcaneocuboid joint. Using an oscillating bone saw, a sagittal
cut was made through the entirety of the calcaneus and talus, as shown in Figure 2,
Panel B. The lateral ankle complex was then removed by a transverse cut through
the fibula, separating the LCL complex from the syndesmosis, as shown in Figure 2,
Panel C. The cut was made from in-between the attachment points of the ATFL and
anterior inferior talofibular ligament (AiTFL) to in-between the attachment points of
the PTFL and posterior inferior talofibular ligament (PiTFL). The talus was then splitin
half with a coronal cut creating an anterior and posterior bone attachment segment
for the ATFL and PTFL, respectively. Finally, the calcaneus was reduced in size and
shaped to fit within the gripping fixture by performing two parallel coronal cuts
either side of the attachment point and one transverse cut distally to the attachment
point, as shown in Figure 3. The tissue hydration level of the ankle complex was
maintained by wrapping the complex in phosphate-buffered saline (PBS) soaked

paper towel.!!
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Figure 2. The dissection protocol employed to remove the LCL complex from the rearfoot. A illustrates
the intactrearfoot and provides a clear view of the PiTFL (1), PTFL (2) and CFL (3). B illustrates the
sagittal cutmade to separatethe medial and lateral aspects of the rearfoot. Cillustrates the

transversecut (blackline) made through the fibula to separatethe LCL complex and syndesmosis.
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Figure 3. The LCL complex fully dissected prior to testing. The coronal cutintotalus has been

performed, creating separatebone pieces for the ATFL and PTFL, andthe calcaneus hasbeen shaped
to fitwithin the bespoke testing grip. The ATFL (1), CFL (2) and PTFL (3) are shown.
Post-dissection ligament lengths were measured using Vernier callipers with the
ligaments orientated in line with their collagen fibres and the slack in the ligament
was removed by hand. The ligaments were measured once, from the centre of one

insertion to the centre of the other.

2.3 Testing Protocol

Each ligament of the LCL complex was tested individually whilst the complex was
kept intact. The CFL was characterised first, then the ATFL followed by the PTFL.
Tissue rehydration was performed to ensure the viscoelastic nature of ligaments
could act efficiently during the testing. Immediately before the characterisation of
the CFL, the complex was submerged in PBS for 30 minutes. The complex was then

submerged for 15 minutes prior to testing the ATFL and a further 15 minutes prior to
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testing the PTFL due to the short length of time taken for each test. Testing the
individual ligaments as anintact complex was facilitated by a bespoke gripping
fixture. The bone segments at each end of the ligaments were fixed within the
gripping fixture using six gripping bolts for each bone attachment segment ensuring

collagen fibre alignment, as shown in Figure 4.
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Figure 4. The LCL complex fixed into the bespoke gripping fixture with the CFL prepared for
characterisation. The ATFL and PTFL, and their bony attachments from the fibula (1) to the talus (2)
are withinthe top potandthe calcaneus (3)is withinthebottom pot.

The mechanical characterisation was performed using an Instron ElectroPuls E10000,
with a 1 kN load cell (Instron, Buckinghamshire, UK). A floating joint was used to

attach the top grip to the Instron to correct for any unintended malalignment within

the setup.

Preconditioning was completed to ensure specimens were in an appropriate

physiological state of readiness prior to failure testing and fluid redistribution had
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occurred within the specimens.* Fifteen cycles of preconditioning following a
sinusoidal waveform, ranging between two Newtons and a load value corresponding
to 3.5 % strain, were performed at a frequency of 0.83 Hz. The 3.5 % strain value
represents the minimum amount of strain accumulated by any of the LCLs during
one step of a normal walking cycle (10 degrees dorsiflexion through to 20 degrees
plantarflexion).” The preconditioning load values representing 3.5 % strain were
determined in a preliminary test of each ligament tested under strain control at a

rate of 10 %.s. The frequency of 0.83 Hz is equivalent to the rate of normal walking

(approximately one full gait cycle per second).

Following preconditioning, the specimens were then ramp loaded to failure at a
strain rate of 100 %.s™1. A strain rate of 100 %.s™! was selected to be representative of
sprain, having previously been suggested to be a suitable injury strain rate for
anterior cruciate ligament injury.* The following equation, incorporating real-world

inputs, also suggests that a strain rate of 100 %.s! is appropriate to replicate ankle

ligament sprain.

_ AL
Lt

&
Where € is the strain rate, AL is the change in length of the ATFL from neutral
position to maximum plantarflexion (4.5 mm),? L is the length of the ATFL in the

neutral position (16.3 mm)2 and t is the time taken for the sprain motion of an ankle

(0.35).8

2.4 Data Analysis

The mode of failure was determined via physical and visual examination of the
specimens. Any specimens where the ligament had torn away from bone, torn
cartilage away from bone or torn a small fragment of bone away from bone were

categorised as an avulsion. Any intra-ligamentous failures were defined as mid-
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substance failures. After the experimental testing, post-processing was completed to
calculate the ultimate failure load and stiffness of each ligament from each donor.

The linear stiffness value (k1) was calculated using a custom Matlab algorithm.?

Mean values and 95 % confidence intervals for the ligament ultimate failure load,
stiffness and length, as well as the donor BMI, weight and age were calculated for
the ATFL, CFL and PTFL. A repeated measures ANOVA with a Greenhouse-Geisser
correction (p < .01) was performed to calculate any significant differences in ultimate
failure load or stiffness between the ATFL, CFL and PTFL. Analysis of the data
stratified by age, weight and BMI was performed to identify any potential
correlations with these patient-specific factors and both ultimate failure load and
stiffness. Correlations were calculated for the ATFL, CFL and PTFL individually using a

two-tailed Pearson correlation test (p < .01).

Results

The post-dissection ligament lengths used to calculate the ligament specific
preconditioning limits are provided in Table 2. The CFL was the longest of the three
ligaments forming the LCL complex, with mean (+ 95 % Cl) length of 20.0 £ 1.9 mm.
The PTFL and ATFL followed in order but were similarinlength with mean lengths of
13.4 £ 3.2 mm and 12.6 £ 0.9 mm, respectively.

Table 2. Ligament lengths (mm) for each individualligamentand the mean ligament length and 95 %

confidence intervals (Cl) for ATFL, CFL and PTFL.

Sample ATFL CFL PTFL

1 11.62 17.60 10.50
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2 11.76 20.66 14.66

3 12.90 19.24 10.54
4 13.50 23.00 18.34
5 12.08 20.06 14.80
6 13.54 19.66 11.66

Mean +Cl 12.6+09 20.0+19 134+3.2

The mechanical characterisation results for the ATFL, CFL and PTFL are shown in
Table 3. The CFL had the highest mean ultimate failure load (£ 95 % Cl) of 367.8 +
79.8 N followed by the PTFL 351.4 + 110.8 N, while the ATFL was the weakest 263.6 +
164.3 N. No significant differences were found for the ultimate failure load (p = .24)
or stiffness (p =.30) between the ATFL, CFL and PTFL.

Table 3. The mean and 95 % confidence intervals (Cl) for the ultimate failureload and stiffnessresults

of the ATFL, CFLand PTFL. As well as the failuremode (A— avulsionand M—mid-substance)and

avulsionlocation.

ATFL CFL PTFL
Mean
Ultimate 2636+ 367.8+ 3514+
Failure Load 164.3 79.8 110.8
1 CI(N)
's\:;?:ess . 44.7 + 458 + 59.0 +
¢l (N/mm) 16.6 19.0 10.7
Failure
Mode 4/2 2/4 2/4
(A/M)
Avulsion Fibula Fibula Talus
Site

The ratio of avulsions to mid-substance failures was similar for the ligament types
tested, as detailed in Table 3. The ATFL avulsed from the fibula in four of the six
tests, the CFL avulsed from the fibula in two of the six tests and the PTFL avulsed
from the talus in two of the six tests. No systematic differences in ultimate failure

load or stiffness were identified between the different failure modes. When avulsion
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did occur, the site of avulsion was consistent amongst ligament types (see Table 3).

Figures 5A and 5B illustrate clear examples of a mid-substance failure and avulsion,

respectively.

Figure 5. A) A mid-substancefailurewhere intra-ligamentous failure has occurred. B) An avulsion
failurewhere a fragment of bone has also been avulsed from the bone surface (white arrows).

The correlation results for the ultimate failure load and stiffness to the patient-
specific factors: BMI, weight and age are presented in Table 4. The ultimate failure
load of the CFL was found to have a significant strong positive Pearson correlation
with BMI (r=.92; p = .01). The ultimate failure load of the ATFL and PTFL had non-
significant Pearson correlation scores (r=.18; p=.73 and r =.65; p = .16,
respectively). A non-significant relationship was found for both age and weight with
relation to both the ultimate failure load and stiffness of the ATFL, CFL and PTFL. Any
relationship identified between BMI and stiffness of the ATFL (r = -.05; p =.92), CFL (r

=.22; p =.68) and PTFL (r=-.01; p = .98) was also negligible.



228 Table 4. The correlation (r-value) and respectivesignificance (p-value) of both ligament ultimate

229 failureload andligamentstiffness againstthe patient-specific factors (PSF): BMI, weight and age.

Ligament Property PSF r-value p-value
FailureLoad ATFL BMI .184 727
CFL BMI .919* .010

PTFL BMI .650 .162

ATFL Weight .516 .395

CFL Weight .874 .023

PTFL Weight .327 .527

ATFL Age .560 .248

CFL Age -.273 .600

PTFL Age -.496 317

Stiffness (k1) ATFL BMI -.052 .922
CFL BMI .216 .681

PTFL BMI -.013 .981

ATFL Weight .176 .738

CFL Weight .410 419

PTFL Weight .000 .999

ATFL Age .750 .086

CFL Age -.397 .436

PTFL Age -.340 .510

230 *indicates resultis significantatthe .01 level (two-tailed).

231  The ultimate failure load results of the ATFL, CFL and PTFL are plotted against BMl in
232 Figure 6 with the results for all three ligaments of each donor aligned vertically
233 according to the donor’s BMI. There is no evidence of a systematic tendency for the

234 ultimate failure load to vary by ligament type either within or between donors.

& ATFL W CFL PTEL = Linear [ATFL) «ssslinear (CFL) Linear {PTFL)

500

ULTIMATE FAILURE LOAD (N)
|
]

18 20 22 24 26 8
BMI

235

236 Figure 6. A graphical representation of the relationship between BMI and ultimate failureload. The
237 three ligaments of each donor arevertically aligned according to the BMI of the donor. The ATFL is

238 shown by blue diamond markers, the CFL by red square markers and the PTFL by green triangle
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dashed).

Discussion

The aim of this study was to improve understanding of the mechanical properties
and failure modes of the LCL complex when strained at a rate representative of ankle
sprain events in real-life. The mechanical characteristics of the entire LCL complex
when loaded at a realistic sprain-like strain rate (100 %.s) are reported. The mean
ultimate failure load results concur with previously published work, that the CFL and
PTFL provide similar levels of support under load and that the ATFL is the
weakest.3>16 There is however, a large amount variability between specimens, as
shown in Figure 6, and there was no clear pattern for which ligament is the strongest
or weakest at an individual donor level. Whilst St Pierre et al. (1983) only reports
tensile strength of the ATFL they do so, in most cases, for each foot of each
individual donor highlighting the substantial variability in ATFL failure load, ranging
from 44 N to 556 N. Notably, the ATFL, which is widely established as the weakest
LCL, was the strongest for two donors in this study, contradicting the general
consensus.?16 The widely established view that the ATFL is the weakest of the LCLs
could therefore be incorrect for some people. The cause of this finding is likely
multifactorial and a much larger sample size and in-depth patient information is

required to substantiate any hypothesis.

Stiffness results in this study are similar to those previously reported by Attarian et
al. (1985) who strained the LCLs at strain rates considerably higher than 100 %.s™.
This paper therefore supports the theory that the strain-rate dependency of
ligaments can be neglected when tested at strain rates greater than 100 %.s1.%° The
current findings indicate a range of indicative ultimate failure loading requirements

that can further inform the mechanical property specifications for synthetic ankle
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ligaments. Through improved matching of the mechanical properties, particularly the
stiffness, of synthetic ligaments to their natural counterparts joint mobility and

stability have the potential to alsoimprove.

Both mid-substance failure and avulsion are abundantly prevalent as failure modes
of the LCLs. Categorisation of the failure mode is somewhat subjective due to the
fibrous nature of ligamentous failure, the difficulty faced differentiating between
failure modes and the lack of a standardised definition of avulsion. The location of
ligament avulsion was consistent, at the fibula for the ATFL and CFL and at the talus
for the PTFL. Siegler et al. (1988) found the AFTL to avulse 58 % of the time and the
CFLand PTFL to avulse in 70 % of tests, with remaining specimen failing mid-
substance.'® Attarian et al. (1985) reported eight mid-substance failures and four
talar avulsions for the ATFL, eight mid-substance failures, four calcaneal avulsions
and four fibula avulsions for the CFL and four mid-substance failures for the PTFL.3 St
Pierre et al. (1983) reported 18 talaravulsions, 16 mid-substance failures and two

unknown failures.?

The location of ATFL avulsionin this study is inconsistent with those previously
reported and an explanation as to why is unclear. Possible explanations include the
status of the fibula, the orientation of the ligament or the vastly different strain
rates. The fibula was intact for testing in the studies by St Pierre et al. (1983) and
Attarian et al. (1985) whereas in this study the fibula was split reducing the amount
of bone to be gripped. The orientation of the specimen may differ slightly between
this study and the two studies highlighted due to the fibula not being intact,
although all studies attempted tensile testing with fibre alignment. The prevalence
of avulsion and mid-substance failures are however comparable. The high
prevalence of avulsions could be due to the significantly higher local strain proximal

to the attachment site of ligaments compared to the central region.'® The failure
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mechanism of a ligamentis an important consideration prior to a ligament repair
being performed as the fixation method may differ depending on whether the

ligament needs reattaching to bone or to ligament.

A potentially noteworthy finding was the positive correlation between BMI and
ultimate failure load values for the ligaments of the LCL complex, specifically the CFL.
This finding, from a sample size of six, suggests that the CFL of individuals with a
higher BMI have a greater load bearing capacity than those with a lower BMI. This is
most likely due to the adaptive remodelling nature of ligamentous structures, as
individuals with a greater BMI are likely to apply more stress to the ligament,
increasing strength over time.> The BMI of an individual could therefore be an
important factor when selecting the appropriate material properties of a synthetic
intervention, and notably people with a high BMI who are more often candidates for
a synthetic ligament replacement.! Therefore, the load bearing capacity of the
synthetic, and their fixation devices, should match the mean ultimate failure load to
ensure the synthetic does not subsequently fail. The stiffness of the synthetic
material, along with the tension applied upon insertion, is arguably more important.
A stiffness that is too high could reduce the joint mobility and too low could affect
the stability of the joint. Therefore it could be recommended that the stiffness of the

synthetic material is also matched to that of the natural tissue results reported.

The anatomy of ligaments is often depicted incorrectly in illustrations because of
stylistic licence. The previously published pictorial essay does however provide
detailed images of the ankle ligament anatomy.1° Figure 3 shows the attachment
points of the ATFL and CFL to the fibula. These attachments are often illustrated as
separate insertion points however as shown in Figure 3, the two ligaments
commonly attach at the same insertion point on the fibula. It is suggested that the

inferior aspect of the ATFL and CFL are connected by arciform fibres,*> thus forming



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

the lateral fibulotalocalcaneal complex.1? This observation was also made when
performing the dissections for this study. The results of this study however suggest
that the connecting fibres are not of a sufficient strength to cause both the ATFL and
CFL to rupture simultaneously. The CFL was tested firstin every instance and the
results of the ATFL are still similar to those previously published, where they were

tested without the arciform fibres present.1®

The limitations to the study predominantly centre on the use of human cadaveric
tissue. The main limitation is the small sample size (n = 6). Research using donor
cadaveric tissue should be minimised to only what is essential and performed with
maximum efficiency and integrity out of respect for the donors. The characterisation
of cadaveric human tissue may not reflect the same response as living tissue.
However, ligamentous tissue primarily attributes its strength properties to the
collagen fibres which form the majority of ligament structure. The collagen would
not be greatly affected by the tissue being living or dead, providing it remains well
hydrated and is stored appropriately to abate tissue degradation. Although the
exclusion criteria required donors to have not reported any lower limb trauma we
cannot be certain that a prior sprain had not occurred at some point during the
donor’s lifespan. It is estimated that ankle injury rates are approximately five and a
half times higher than those registered in emergency departments.'3 This could
provide some explanation for the inconsistencies in strength between ligament types
(Figure 6). Large variations in the results following the mechanical characterisation of
ankle ligaments are also reported elsewhere.® The use of elderly donor tissue to
investigate sprain has previously been suggested to be a limitation of cadaver
studies. An effort was therefore made when selecting donor specimens to obtain the
youngest specimens possible (mean 56.2 years). A previous study however, reported

no correlation between ultimate failure load and age for donors aged 17 to 54 when



343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

testing human anterior cruciate ligaments.* The link identified between BMI and
ultimate failure load of the CFL and PTFL is based on a narrow range of BMI with only
one donor having a BMI outside of the normal range and the trend may not be

reflected in a population atthe extremities of the BMI scale.

Conclusion

Limitations aside, the conditions of this study were carefully defined to reflect those
experienced by individuals who would suffer an ankle sprain allowing for the entire
LCL complex to be characterised at realistic sprain inducing strain rates. In the
current study the ultimate failure load and stiffness of the ATFL, CFL and PTFL did not
differ systematically but there was a tendency toward greater strength in people
with a higher BMI. The maximum likely exposure loads, the BMI of the patient and
the failure mode of the LCLs all appearto be factors to be further considered when
selecting the material, repair or reconstruction technique to be used for surgical

stabilisation of the sprained ankle.
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