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PRESENTATION 

 The decision to present this work in English, despite the graduate program being based in Brazil 

and delivered in Portuguese, reflects a broader commitment to internationalization. By adopting English 

as the language of this dissertation, we aim to facilitate collaborations with institutions abroad, and 

contribute to the global dissemination of high-quality scientific knowledge. This choice also underscores 

the relevance of the topic beyond local or regional contexts, aligning with the worldwide interest in 

understanding the mechanical and functional consequences of musculoskeletal injuries. 

 Ankle sprains are among the most common musculoskeletal injuries in physically active 

individuals and the general population alike. Lateral ankle sprain, in particular, accounts for the majority 

of all ankle injuries and frequently leads to persistent symptoms, impaired function, and long-term 

complications such as chronic ankle instability. Despite its high incidence and substantial individual and 

societal burden, lateral ankle sprain is often underappreciated in clinical practice, especially in terms of 

its potential impact on muscle function, joint mechanics, and rehabilitation outcomes. 

 Over the past decade, research in sports and rehabilitation sciences has expanded its focus from 

purely clinical outcomes to more detailed biomechanical and tissue-level assessments. This shift has been 

enabled, in part, by technological advances in imaging techniques—such as shear wave elastography—

which allow for the noninvasive quantification of tissue stiffness. These methods offer promising insights 

into the mechanical properties of muscles and tendons, both in healthy individuals and in those with 

musculoskeletal injuries. However, the interpretation of these parameters, particularly in acute stages of 

injury, remains a matter of scientific debate. 

 Although several studies have investigated tendon and muscle stiffness under chronic 

pathological conditions, the immediate effects of acute injuries such as LAS on the mechanical behavior 

of surrounding tissues are still poorly understood. A deeper understanding of these changes could 

improve clinical reasoning regarding early management strategies, prognosis, and the design of 

individualized rehabilitation protocols. 

 In light of these considerations, it becomes evident that further investigation into the mechanical 

and functional alterations associated with acute lateral ankle sprains is both timely and necessary. The 

present dissertation builds upon this perspective by exploring these alterations through a 

multidimensional approach, combining clinical, functional, and elastographic assessments.The following 

introduction presents the theoretical background, rationale, and specific objectives that guided the 

development of this study. 
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RESUMO  

Objetivo: Investigar os efeitos da entorse lateral aguda de tornozelo (LAS) nas propriedades mecânicas 

dos músculos da panturrilha e do tendão de Aquiles (AT), juntamente com a função do tornozelo, dor, 

edema e força, em comparação com um grupo controle pareado ao longo de um período de seis semanas. 

Métodos: Catorze participantes com LAS aguda (≤72 horas pós-lesão) e 14 controles saudáveis foram 

avaliados no início do estudo e novamente após seis semanas. A rigidez do tríceps sural e do AT foi 

avaliada por meio de elastografia por onda de cisalhamento (SWE). A função do tornozelo, dor e edema 

foram avaliados, respectivamente, pelo Foot and Ankle Outcome Score, pela Escala Visual Analógica e 

pelo método da figura de oito. A força de flexão plantar foi medida com um dinamômetro isométrico. 

Resultados: Não foram encontradas diferenças significativas na rigidez muscular da panturrilha ou do 

AT entre ou dentro dos grupos. No entanto, um efeito do tempo indicou um aumento geral na rigidez do 

AT ao longo do tempo. No início do estudo, o grupo LAS apresentou escores significativamente mais 

baixos de função do tornozelo e níveis mais elevados de dor e edema em comparação aos controles. As 

análises dentro do grupo mostraram melhorias significativas na função do tornozelo, dor e edema na 

avaliação de seis semanas; no entanto, a função do tornozelo permaneceu significativamente inferior no 

grupo LAS em comparação aos controles. Nenhuma interação significativa grupo × tempo foi observada 

para o torque de pico, mas um efeito de grupo indicou menor torque de pico no grupo LAS, enquanto um 

efeito de tempo demonstrou aumentos gerais no torque de pico ao longo do tempo. Conclusão: A LAS 

reduz significativamente a função do tornozelo e causa dor e edema, mas não parece induzir alterações 

notáveis na rigidez dos músculos da panturrilha ou do AT dentro de seis semanas. Os profissionais de 

saúde devem considerar o grau da lesão, o tempo desde a entorse e as condições de carga durante a 

reabilitação, pois esses fatores afetam os músculos da panturrilha e o AT. 

Palavras-chave: Desempenho funcional, Elastografia, Entorse de tornozelo, Força muscular, Tendão de 

aquiles.  



X 

ABSTRACT  

Objective: To investigate the effects of acute lateral ankle sprain (LAS) on the mechanical properties of 

the calf muscles and the Achilles tendon (AT) in conjunction with ankle function, pain, edema, and 

strength compared to a paired control group over a six-week period. Methods: Fourteen participants 

with acute LAS (≤72 hours post-injury) and 14 healthy controls were evaluated at baseline and again 

after six weeks. Triceps surae and AT stiffness were assessed using shear wave elastography (SWE), 

ankle function, pain and edema were respectively assessed via the Foot and Ankle Outcome Score, the 

Visual Analog Scale and the figure-of-eight method. Plantar flexion strength was measured using an 

isometric dynamometer. Results: No significant differences were found in calf muscle or AT stiffness 

between or within groups. However, a time effect indicated an overall increase in AT stiffness over time. 

At baseline, the LAS group showed significantly lower ankle function scores and higher pain and edema 

levels compared to controls. Within-group analyses showed significant improvements in ankle function, 

pain, and edema at the six-week assessment, however ankle function remained significantly lower in the 

LAS group compared to controls. No significant group × time interactions were observed for peak torque, 

but a group effect indicated lower peak torque in the LAS group, while a time effect demonstrated overall 

increases in peak torque over time. Conclusion: LAS significantly reduces ankle function and leads to 

pain and edema but does not appear to induce notable changes in calf muscle or AT stiffness within six 

weeks. Clinicians should consider injury grade, time since sprain, and loading conditions during 

r e h a b i l i t a t i o n ,  a s  t h e s e  f a c t o r s  a f f e c t  t h e  c a l f  m u s c l e s  a n d  A T .  

 

Key-words: Achilles tendon, Ankle sprains, Elastography, Functional performance, Muscle strength 
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INTRODUCTION 

 Lateral ankle sprain (LAS) is one of the most common musculoskeletal injuries worldwide and 

is among the main orthopedic reasons for medical consultation involving the ankle-foot complex¹–⁴. 

Although LAS is often managed conservatively and expected to heal within a few weeks⁷, many 

individuals continue to experience symptoms and functional limitations for months or even years⁷⁻¹². 

Persistent issues such as joint laxity, pain, and reduced performance can compromise recovery and quality 

of life⁷⁻⁹. 

 One of the key concerns following LAS is the period of disuse caused by pain and swelling, which 

often leads to muscle weakness and atrophy⁵⁻⁷. Importantly, disuse can also affect deeper characteristics 

of the musculotendinous system, such as its mechanical properties¹⁸⁻²⁰. Tendon stiffness, for example, 

plays an important role in joint stability and tissue health²¹⁻²³, and evidence suggests that changes in 

stiffness can occur early during periods of inactivity²⁴⁻²⁵. 

 In addition to local symptoms, impairments in postural control are frequently observed after ankle 

sprains⁵,²⁶. Since calf muscles and the Achilles tendon contribute to ankle stability and joint behavior²⁷⁻³¹, 

changes in their mechanical properties may influence how the joint responds after injury²⁷⁻³⁴. However, 

there is limited understanding of how these structures respond in the early stages following LAS³³⁻³⁴. 

 Ultrasound shear wave elastography (SWE) has emerged as a reliable and non-invasive tool to 

evaluate tissue stiffness²¹,³⁵⁻³⁹. Unlike other methods that require muscle contraction⁴³⁻⁴⁴, SWE can be 

used even when active movement is not possible, which is ideal for patients in pain or in the early stages 

of recovery⁴¹⁻⁴². Investigating muscle and tendon stiffness with SWE after LAS may help us better 

understand the effects of injury and disuse, and guide more effective rehabilitation approaches. 

 

LITERATURE REVIEW 

Lateral ankle sprain (LAS) is one of the most prevalent acute musculoskeletal injuries worldwide1, 

2 and ranks among the leading orthopedic injuries of the ankle-foot complex requiring medical attention3, 

4. An immediate consequence of LAS is disuse due to pain, joint edema, and reduced weight-bearing, 

leading to muscle atrophy, weakness, and impaired function5, 6 Although conservative treatment 

protocols for LAS typically last 4 to 6 weeks7 (Mansur et al., 2022), significant reductions in the cross-

sectional volumes of ankle muscles and tendons have been reported at this time point7. Persistent joint 

laxity8, low function, and reduced muscle and tendon thickness can endure for years following LAS7, 9-
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12. While ligaments may heal within six weeks after mild or moderate LAS13, most patients require longer 

periods to regain pre-injury function7, 14-16. 

Muscle disuse, such as that following a lateral LAS, leads to significant neuromuscular 

consequences. Notably, muscle strength declines more rapidly than muscle thickness during disuse, with 

strength losses occurring disproportionately early after the onset of disuse16, 17. Disuse affects not only 

the contractile components of musculotendinous structures but also their mechanical and material 

properties18, 19. Previous studies have demonstrated reductions of up to 30% in tendon stiffness and 

increased hysteresis in knee extensor tendons after 20 days of disuse18, 20. Stiffness reflects muscle and 

tendon mechanics21 and aids in assessments of tissue health and injury recovery22, 23. Importantly, 

decreased tendon stiffness due to disuse occurs independently of morphological alterations, such as 

changes in tendon cross-sectional area24 and may emerge within as little as 14 days of limb suspension25.  

Additionally, impaired postural control is a well-documented consequence of both acute and 

chronic ankle sprains5, 26. Understanding whether acute LAS leads to measurable changes in the 

mechanical properties of calf muscles and the Achilles tendon is essential, since these tissues may play 

a relevant role in joint stability and postural control27-30. The passive stiffness of the calf muscle–tendon 

complex contributes significantly to ankle joint impedance, especially in conditions requiring postural 

control and rapid torque production27-29, 31. Loram and colleagues27, 32 highlighted the importance of 

Achilles tendon stiffness for ankle joint stiffness and stability but noted that its series elastic contribution 

is limited, with passive calf muscle stiffness playing a relevant role as well. Other studies support the 

link between tendon and muscle mechanical properties and joint behavior, showing positive associations 

between medial gastrocnemius and Achilles tendon stiffness and passive ankle joint stiffness31. Similarly, 

changes in the mechanical stiffness of soft tissues around the ankle can alter joint kinematics and 

contribute to symptoms following lateral ankle sprain, potentially leading to chronic ankle instability33,34. 

These findings suggest that alterations in tendon properties may significantly influence joint behavior 

and stability following injury. However, research on the immediate effects of LAS on tendon and muscle 

stiffness, as well as their recovery over time, remains scarce. 

Changes in muscle and tendon stiffness can be reliably analyzed using ultrasound shear wave 

elastography (SWE), which offers a non-invasive method for assessing tissue stiffness without requiring 

muscle contractions21, 35-39. This technique offers the advantage of assessing stiffness in various tendon38, 

40 and muscle positions making it particularly useful for individuals with impairments or those unable to 

contract their muscle41, 42. In contrast, methods like Young’s modulus rely on physical effort43, limiting 
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their feasibility for individuals with impairments or those unable to contract their muscles44.  Given the 

lack of studies on calf muscles and Achilles tendon (AT) stiffness after LAS, investigating these potential 

changes over time may help advance our understanding of the impact of LAS on tendon and muscle 

function, and provide indirect but valuable insights into disuse-related changes in the assessed muscles 

and tendons.  

 

JUSTIFICATION 

 There is still no consensus about which variables would help distinguish those with good and 

poor recovery after LAS. The development of CAI may involve mechanical and functional changes that 

appear very early. Identifying these changes may contribute to more effective rehabilitation strategies 

and help prevent long-term disability. However, the evidence on mechanical properties of muscles and 

tendons after LAS remains limited and inconclusive, reinforcing the need for further investigation.  

 

OBJECTIVES 

The current study aimed to investigate the effects of acute LAS on the mechanical properties of 

the calf muscles and AT in conjunction with ankle function, pain, edema, and strength compared to a 

paired control group over a six-week period.  

 

HYPOTHESIS 

We hypothesized that the time since LAS would affect calf muscles and AT mechanical 

properties, with the six-week period leading to increased calf muscle stiffness45-48 and decreased AT 

stiffness19, 22. 

 

METHODS 

Study Design 

This is a Level 3 longitudinal and observational study with a six-week follow-up. The study was 

approved by the Institutional Review Board at the University of Brasília (number 

68997923.2.0000.8093). Informed consent was obtained in accordance with the Helsinki Declaration and 

local resolution. 

 

Participants 
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Patients with LAS and healthy controls were selected. The inclusion criteria for the LAS patients 

were: (I) Age between 18 and 60 years and; (II) history of grade I or II lateral ankle sprain (LAS) within 

72 hours prior to evaluation. Grade I represents mild stretching without instability; Grade II (moderate) 

involves a partial rupture with mild instability; Grade III (severe) is characterized by a complete rupture 

with significant instability49, 50. Participants were excluded if they presented at least one of the following: 

chronic ankle instability, another ankle sprain in the past year, a grade III injury (diagnosed via clinical 

tests or imaging), bone injury confirmed by imaging, or, if no imaging had been taken, an indication for 

imaging based on the Ottawa Ankle Rules51, lower limb injuries, or prior ankle surgeries. Healthy 

controls with no history of ankle sprains, severe lower limb injuries, or ankle, foot, or AT pain in the 

previous six months were included. Control group participants were matched according to sex, age, 

height, body mass, and body mass index. Both groups underwent identical evaluations twice, six weeks 

apart.  

 

Outcomes  

 The primary outcome was the mechanical properties of the calf muscles and AT. Secondary 

outcomes included ankle function (measured by the Foot and Ankle Outcome Score – FAOS), pain, 

edema, and muscle strength of the plantar flexors, providing clinical context to clarify the extent of disuse 

in participants with acute LAS. These measures complemented the mechanical assessments, offering a 

broader understanding of post-injury impairments.  

 

Experiment Outline 

 The study was conducted at the Laboratory of Muscle and Tendon Plasticity (LaPlasT) at the 

University of Brasilia. Participant recruitment and data collection occurred between August 2023 and 

January 2025. At the beginning of the experimental session, the body mass and height of the participants 

were recorded. Next, injury history, ankle function, pain, and edema were assessed. The translated and 

validated FAOS questionnaire was used to assess ankle function52 across five subscales: pain, 

symptoms, sports/recreation, daily activities, and quality of life. Participants rated their symptoms on a 

0–4 scale, with scores normalized from 0 (extreme) to 100 (none). Pain intensity was measured using 

the Visual Analog Scale (VAS) as used by Terrier et al.53, on a 10 cm horizontal line ranging from 0 

("no pain") to 10 ("severe pain"). Participants were instructed to mark their perceived pain level at the 

time of assessment. Edema was quantified using the figure-of-eight method, adapted from Devoogdt et 
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al.54, with the zero point at the distal edge of the medial malleolus. Seated participants kept their foot 

relaxed. The tape followed a path from the medial malleolus, crossing laterally over the ankle to the 

fifth metatarsal, looping under the arch to the first metatarsal, passing over the lateral malleolus, 

wrapping around the Achilles tendon, and returning to the start.  

 Following these clinical assessments, anatomical landmarks to measure tibia length were 

identified and marked on the participant’s skin using a dermographic pencil to ensure consistency in the 

SWE measurements. The variables measured were the mechanical properties of the soleus (SO), medial 

gastrocnemius (MG), lateral gastrocnemius (LG), and Achilles tendon (AT).  

 Lastly, plantar flexion strength was measured using an isometric dynamometer (IsoSystem 2.0, 

Cefise, SP, Brazil). Participants were seated with their assessed foot secured to the footplate. The hip 

was positioned at approximately 120°, the knee was fully extended and the ankle was positioned at 

approximately 90°. Testing began with a familiarization consisting of three maximal voluntary isometric 

contractions (5 seconds each), with a 2-minute rest between contractions. Following familiarization, 

three maximal voluntary isometric contractions (MVICs) were recorded using the same protocol. The 

average peak torque from these trials was used for data analysis. The details of the mechanical property 

assessments are provided below.  

 

Testing protocol for muscle and tendon mechanical properties 

 The mechanical properties of the calf muscles AT were evaluated through stiffness measurements 

using SWE. Muscle stiffness in the SO, MG, LG, and AT was measured with the ACUSON Redwood 

Ultrasound System (Siemens Healthineers, Erlangen, Germany) and a linear probe (10 – L4 MHz). 

Musculoskeletal and tendon presets were applied with a 0-10 m/s (0–300 kPa) scale. For muscle 

assessments, settings included a smoothing level of 3, gain of 9 dB, and persistence of 3. Tendon 

measurements used the same settings, except for a gain of -3 dB.  SWE measurements were obtained 

with participants lying prone, knee fully extended, and ankle relaxed and hanging off the table in a neutral 

position55. The ultrasound transducer was covered with water-soluble gel. A large rectangular field of 

view (FOV) captured the entire target tissue in the B-mode image56, with 3 mm circular regions of 

interest (ROIs) used for shear wave speed measurements. To account for tissue anisotropy, the probe was 

positioned perpendicular to the target56. Assessments were conducted in a climate-controlled room (23–

25ºC) to prevent temperature-related stiffness changes57. For muscle assessment, the probe was placed 

longitudinally along the muscle fibers and perpendicular to the skin at 25% (LG and MG) and 70% (SO) 
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of the tibial length, measured proximally to distally55. The tibia length was defined as the distance from 

the medial tibial plateau to the distal medial malleolus55. 

 SWE scans were performed at the thickest muscle region, identified using a transverse B-mode 

image. The probe was then aligned parallel to the orientation of the muscle fascicles, ensuring that 

multiple fascicles were continuously visible58. Thirty ROIs were manually distributed among the 

superficial, intermediate, and deep layers of the evaluated muscle, ensuring that no ROI contacted the 

superficial or deep aponeuroses to minimize their influence as artifacts on the measurements.  For tendon 

assessment, the AT was evaluated using a probe positioned on the tendon, aligned parallel to its 

orientation in the free tendon area22. To reduce the influence of bone tissue on SWE data59, 

measurements were taken where the AT overlies Kager's fat pad. Nine regions of interest (ROIs) were 

selected along the tendon length, avoiding the area overlapping with the calcaneus. Probe orientation was 

verified by ensuring homogeneous visibility of the tendon and peritendon structures in the B-mode 

ultrasound image. A gel pad (Hill Laboratories®) was used to ensure acoustic coupling without applying 

additional pressure. To blind the assessor from qualitative information about tissue stiffness before 

distributing the ROIs, the SWE color elastogram was removed from the image before execution and 

reapplied after data acquisition for both muscle and tendon SWE. SWE velocity was used instead of 

shear wave modulus to minimize inaccuracies in Young’s modulus estimation, as the latter can be 

influenced by assumptions about tissue density and equipment limitations60. Each tissue was evaluated 

three times. For each analysis, the shear wave speed for a participant was calculated as the mean of 30 

regions of interest (ROIs) for muscles and 9 ROIs for the AT. The overall tissue stiffness was determined 

as the average of the three analyses. 

 

Reliability assessment 

 SWE was conducted by two physical therapist researchers, both trained in musculoskeletal 

ultrasound imaging and standardized SWE assessment protocols. To assess the reliability of the SWE 

measurements, intra- and inter-rater reliability were evaluated in the same session in a selected subset of 

healthy participants (n = 12). For intra-rater reliability, the same rater performed three SWE 

measurements on each participant. For inter-rater reliability, a second rater, blinded to the first rater’s 

results, performed three further independent SWE assessments 10 minutes after the first rater had 

completed their evaluation. To eliminate bias, all skin markings were erased between measurements, and 
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the rater remeasured tibial length (TL) and reidentified anatomical landmarks to ensure an independent 

reassessment. 

 

Sample size  

A post hoc sample size calculation was conducted using the partial eta-square value (η2) of the 

group-by-time interaction for shear-wave velocity of the Achilles tendon (η2 = 0.121) obtained after 

data collection from 28 subjects. In G*Power software, we performed repeated-measures ANOVA 

(within-between interaction) with the following parameters: effect size f = 0.37 (obtained using η2 = 

0.121); level of significance α = 0.05; power = 95%; number of groups = 2 (LAS vs. control); number 

of measurements = 2 (baseline vs. six-weeks). The G*Power software used the effect size index (f) 

for this analysis. The effect size f was directly calculated from the η2 through the following formula: 

f = p η2/(1−η2). The analysis indicated that a sample size of 26 participants would be sufficient for the 

study.  

 

Data analysis 

Data were analyzed using SPSS (Statistical Package for the Social Sciences) version 26.0. 

Descriptive statistics consisted of means and standard deviations for continuous variables and 

frequencies and percentages for categorical variables. Data normality was tested using the Shapiro-Wilk 

test, while homogeneity of variances was tested using the Levene’s test. Missing data were imputed for 

both groups using the maximization method. Independent t tests were used to compare the general 

participants characteristics (age, body mass, height and body mass index) across study groups. A chi-

square test was used to compare the proportion of male and female participants across the study groups. 

Group x time interactions for the primary and secondary outcomes were calculated using Two-way 

ANOVAs (group × time). Group (acute lateral ankle sprain × control) was used as the independent factor, 

time (baseline × six-weeks) as the repeated factor, and the primary (clinical aspects) and secondary 

outcomes (shear-way velocity and peak torque) as dependent variables. The Bonferroni’s post hoc test 

was applied for pairwise comparisons. In the absence of a group x time interaction, the group and time 

effects were presented. A significance level of p < 0.05 was used for all analyses. Effect sizes were 

determined using partial eta-squared (η2), where values of η2 > 0.01 were defined as small, η2 > 0.06 as 

medium, and η2 > 0.14 as large53 (Cohen, 1988).  Cohen’s d (d) was used for the pairwise comparisons. 

Values of d = 0.2 were defined as small, d = 0.5 as medium, and d = 0.8 as large53 (Cohen, 1988). The 
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reliability of shear-wave velocity measurements for the calf muscles and Achilles tendon was assessed 

using the Intraclass Correlation Coefficient (ICC). A mixed two-way model with absolute agreement was 

applied. Intra-rater reliability was determined based on three repeated measurements (k = 3), while inter-

rater reliability was calculated by comparing the average of three measurements from each of the two 

raters (k = 2). ICC values were interpreted as follows: <0.50, poor reliability; 0.51–0.75, moderate 

reliability; 0.76–0.90, good reliability; and >0.91, excellent reliability54.  

 

RESULTS 

General characteristics 

 The study included 28 participants (18 females, 10 males), divided into two groups: (I) Acute 

lateral ankle sprain (LAS) (n=14) and (II) healthy controls (n=14). Participants had a mean age of 29.03 

± 8.07 years, body mass of 73.25 ± 19.30 kg, height of 1.69 ± 0.09 m, and BMI of 25.26 ± 5.07 kg/m². 

No significant between-group differences were found (all P > 0.05) (Table 1). 

 

Table 1. General characteristics of the participants (n=28) 

 LAS (n=14) Healthy (n=14) MD (IC 95%)  P Value 

Sex 

   Female 

   Male 

 

10 (71.4%) 

4 (28.6%) 

 

8 (57.1%) 

6 (42.9%) 

 

- 

 

0.430 

Age, years 29.57 ± 10.16 28.50 ± 5.61 -5.30 – 7.44 0.366 

Body Mass, 

kg 

71.71 ± 20.11 74.78 ± 19.07 -18.30 – 12.16 0.267 

Height, m 1.68 ± 0.09 1.70 ± 0.10 -0.09 – 0.05 0.341 

BMI, kg/m2 25.09 ± 5.52 25.42 ± 4.77 -4.34 – 4.68 0.434 

Data presented as count and percentage or mean ± standard deviation. BMI, Body Mass Index; MD, 

mean difference; CI 95%, Confidence Intervals of 95%. *Group effect – p<0.05.  

 

Muscle and Tendon Mechanical Properties 

Intra-rater reliability of shear-wave velocity measurements demonstrated results varying from 

good (0.76-9.90) to excellent (>0.91) for both examiner 1 (E1) and examiner 2 (E2) for the SO (E1 ICC 

= 0.827; E2 ICC = 0.954), MG (E1 ICC = 0.945; E2 ICC = 0.929), LG (E1 ICC = 0.888; E2 ICC = 0.947), 

and AT (E1 ICC = 0.846; E2 ICC = 0.926). Inter-rater reliability was good for the soleus (ICC = 0.807), 

medial gastrocnemius (ICC = 0.905), lateral gastrocnemius (ICC = 0.867), and Achilles tendon (ICC = 

0.880).  No significant group x time interactions were found for shear-wave velocity of the calf muscles 

and Achilles tendon (all P > 0.05) (Table 2). However, a time effect for the shear-wave velocity of the 
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Achilles tendon was found (P = 0.005, η2 = 0.269). Higher stiffness was found at the six-week assessment 

(MD = -0.72, -1.21 to -0.24, P = 0.05, d = 2.86).  

 

Table 2. Differences in muscle and tendon stiffness, pain, edema, ankle function, and peak torque (n=28) 

Muscle/Tendon Groups Baseline Six-weeks P Value η2 

Soleus (m/s) 
LAS  2.14 ± 0.37 2.05 ± 0.25 

0.932 <0.001 

Healthy  2.35 ± 0.48 2.27 ± 0.40 

Medial 

Gastrocnemius 

(m/s) 

LAS 2.10 ± 0.19 2.06 ± 0.23 
0.760 0.004 

Healthy 2.21 ± 0.31 2.21 ± 0.36 

Lateral 

Gastrocnemius 

(m/s) 

LAS 1.92 ± 0.22 1.94 ± 0.21 
0.800 0.003 

Healthy 2.06 ± 0.20 2.06 ± 0.29 

Achilles Tendon 

(m/s) 

LAS 8.71 ± 1.01 9.00 ± 0.63 
0.070 0.121 

Healthy 8.26 ± 1.94 9.43 ± 1.43 

Pain, 0-10 (cm) 
LAS 3.42 ± 2.21† ‡  0.76 ± 1.84† 

 

0.003* 

 

0.298 

Healthy 0.00 ± 0.00‡  0.15 ± 0.06 

Edema (cm)  LAS 1.87 ± 1.5† 0.79 ± 0.55† 
 

0.017* 

 

0.199 

Healthy -0.01 ± 0.28‡  0.38 ± 1.55 

FAOS (0-100) 
LAS 47.49 ± 20.22† ‡  84.53 ± 11.06† ‡  

 

<0.001* 

 

0.625 

Healthy 98.76 ± 1.43‡  98.71 ± 1.82‡  

Peak Torque 

(N.m) 

LAS 58.91 ± 30.98 78.60 ± 39.06 
0.745 0.004 

Healthy 91.91 ± 26.93 109.71 ± 31.10 

Data presented as mean ± standard deviation.  LAS (n-=14) and Healthy (Control) (n=14) groups; Group x 

time interaction – P < 0.05; Foot and Ankle Outcome Score (FAOS). † Within-group differences; ‡  Between-

group differences 

 

Clinical outcomes 

 Significant group x time interactions were found for pain (P = 0.003, η2 = 0.298), edema (P = 

0.017, η2 = 0.199), and ankle function (P < 0.001, η2 = 0.625) (Table 2). At baseline, the LAS group 

presented significantly greater levels of pain  (MD = 3.43, 2.21 to 4.64, P < 0.001, d = 2.20) and edema 
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(MD = 1.88, 1.03 to 2.72, P < 0.001, d = 1.86), and worse ankle function (MD = -51.27, -62.41 to -40.13, 

P < 0.001, d = -3.58) compared to the control group. At the six-week assessment, only ankle function 

remained significantly different between groups, with lower levels persisting in the LAS group (MD = -

14.17, -20.33 to -8.02, P < 0.001, d = -1.79).  

Also, the LAS group experienced significant improvements in pain (MD = 2.66, 1.49 to 3.84, P 

< 0.001, d = -1.31) edema MD = 1.07, 0.23 to 1.91, P = 0.014, d = -0.95), and ankle function (MD = -

37.04, -45.24 to -28.84, P < 0.001, d = 2.27) at the six-week assessment compared to baseline.  

 

Peak torque 

No significant group x time interaction was found for the peak torque of the calf muscles (p > 

0.05) (Table 2). However, time (p < 0.001, η2 = 0.622) and group effects (p = 0.012, η2 = 0.219) were 

found for this outcome. Higher peak torque was found at the six-week assessment (MD = -18.74, -24.63 

to -12.856, P < 0.001, d = 3.07). In addition, higher peak torque was found in the control group (MD = -

32.05, -56.47 to -7.64, P = 0.012, d = -3.82).  

 

DISCUSSION 

 To our knowledge, this is the first study to comprehensively investigate the impact of acute LAS 

on the mechanical properties of calf muscles and the AT, along with evaluations of ankle function, 

strength, and pain. Contrary to our hypothesis, we found no significant differences in calf muscle or AT 

stiffness between individuals with acute LAS and controls. This unexpected finding suggests that the 

functional deficits observed in the LAS group may not be primarily attributable to alterations in tissue 

stiffness. Our results suggest that muscle and tendon tissues may adapt to injury by maintaining 

mechanical properties that can support function despite damage due to LAS. Clinicians should consider 

injury grade, time since sprain, and loading conditions during rehabilitation, as these factors affect the 

calf muscles and AT. Rehabilitation strategies emphasizing balanced ankle loading and even strain 

distribution may optimize recovery, even in the absence of immediate tissue stiffness changes detected 

by SWE. 

Tendons and muscles typically exhibit distinct responses to disuse and injury18, 19. Muscle 

stiffness can increase due to a relative rise in extracellular matrix content following muscle atrophy38-41, 

while tendon’s stiffness may decrease due to reduced loading19, 22. However, despite the presence of 

functional deficits following acute LAS, our findings did not reveal notable changes in calf muscle or 
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AT stiffness within the study period. Several factors could explain this dissociation. First, neuromuscular 

and sensorimotor impairments, such as altered muscle activation patterns and decreased proprioception, 

are known consequences of LAS11, 14, 55. These impairments can significantly contribute to functional 

limitations, even in the absence of detectable changes in tissue stiffness. Second, pain itself can inhibit 

muscle function and alter movement patterns56. The observed pain in the LAS group, even at the six-

week follow-up, could contribute to functional deficits, independent of tissue stiffness. 

Finally, psychological factors, such as fear-avoidance beliefs, can play a role in recovery after LAS16. 

These factors can influence an individual's willingness to engage in activities and, consequently, their 

functional outcomes. Therefore, rehabilitation programs for lateral ankle sprains should address these 

multifaceted influences, including neuromuscular retraining, pain management, and psychological 

support, in addition to addressing any potential structural adaptations. 

One possible explanation for our findings is that the severity of the injury plays a critical role in 

the extent of tissue adaptations. Participants with grade I and II injuries typically maintain some degree 

of functional activity and loading5, 13 while grade III injuries, often demand prolonged immobilization 

and more restrictive rehabilitation protocols, conditions that are more likely to induce measurable 

changes in muscle and tendon stiffness due to extended periods of disuse and altered loading5. 

Accordingly, Mansur et al.7 found significant reductions in the cross-sectional area and volumes of ankle 

muscles and tendons after 6 weeks of grade II and III acute LAS. This suggests that substantial structural 

adaptations may require more severe injury conditions than those in our study population. Consequently, 

the exclusion of participants with grade III LAS may have limited our ability to detect stiffness changes 

using SWE. 

Since changes in muscle stiffness due to disuse are closely linked to changes in muscle mass41, 

our baseline assessment, conducted within 72 hours post-injury, aimed to measure stiffness when small 

to no morphological alterations could have occurred17, 57, This early evaluation established a baseline 

level for tracking changes over time. Short-term studies suggest muscle mass loss may occur within 2 to 

4 days of limb disuse17, 57, but measures of human muscle have described increased muscle stiffness 

following 60 days of bed rest41. In the same direction, tendons exhibit a high degree of plasticity in 

response to mechanical loading, unloading, and injury19. Prolonged unloading, such as complete limb 

suspension or bed rest from 14 to 23 days has been shown to reduce tendon stiffness, likely due to 

decreased collagen synthesis and altered matrix organization18, 25. However, partial loading may mitigate 

these effects, as even minimal mechanical stimuli seem sufficient to maintain tendon homeostasis58, 59. 
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Christensen et al.58 examined how calf muscle, AT cross-sectional area and tendon collagen synthesis 

responded to two weeks of leg suspension followed by a two-week rehabilitation period. The authors 

reported no changes in tendon cross-sectional area at any time point, a reduction in muscle cross-sectional 

area after suspension, and full muscle cross-sectional area recovery after rehabilitation.  In the current 

study, while 72h may not have been enough for the onset of stiffness changes in our studied population, 

the following 6 weeks of disuse or partial loading experienced by our participants may have allowed for 

compensatory mechanisms that helped maintain tissue properties within normal ranges.  

Despite the growing research on SWE for assessing muscle and tendon conditions, no previous 

studies were found that examined the effects of LAS.  Previous studies on muscle and tendon stiffness 

have shown varying results depending on the disuse condition. Zhang et al.60 and Yoshida et al.61 

observed increased stiffness in some muscles in individuals with medial tibial stress syndrome and MG 

injuries, respectively. In contrast, Wang et al.62 found reduced stiffness in sarcopenia. For AT injuries, 

studies by Chen et al.63 and Frankewycz et al.64 reported lower stiffness in ruptured ATs and post-repair 

tendons. Additionally, Zhang et al.65 and Busilacchi et al.66 found a positive correlation between (SWE 

and functional outcomes, while lower AT stiffness has been consistently noted in tendinopathy studies67-

71. 

Given the lack of SWE studies on calf muscles and the Achilles tendon following LAS, our 

results offer indirect yet valuable insights into disuse-related changes in these muscles and tendons. This 

is particularly relevant when comparing our findings to those of Kawai et al.72 and McPherson et al.70, 

both of whom found no differences in passive muscle stiffness at rest between injured and control groups 

post-surgery. On the other hand, McPherson et al.73 observed higher vastus lateralis stiffness at 12 months 

post-ACL surgery, suggesting that time and injury type may influence muscle stiffness recovery. Our 

results are consistent with the findings of Kawai et al.72  and McPherson et al.,73 who reported no 

differences in passive stiffness between groups, despite some methodological differences in muscle and 

skeletal muscle lesion assessments. This comparison underscores the significance of considering both 

passive and active tissue properties when interpreting SWE data in musculoskeletal injuries. Factors like 

ankle positioning and muscle contraction significantly influence AT and calf muscle stiffness 

measurements74. This limitation is particularly relevant in acute injuries, such as LAS, where assessments 

were conducted within 72 hours post-injury. Pain, swelling, and functional limitations during this phase 

restrict the feasibility of performing measurements under varying joint positions or loading conditions.  
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Taken together, our data suggest the need to establish normative SWE values following LAS, enabling 

future comparisons with healthy individuals, elite athletes, and different muscle injuries. 

 

Limitations and Future Prospects 

Our study has limitations, including the inability to perform SWE measurements during active 

muscle contractions and the exclusion of participants with grade III LAS. Another factor influencing our 

results is the heterogeneity in managing participants with LAS, particularly regarding injury severity 

(grades I and II), professional care, early rehabilitation, and immobilization strategies. Individuals with 

grade II LAS are more likely to experience prolonged immobilization and greater functional limitations 

compared to those with grade I injuries5, potentially leading to more pronounced tissue alterations. 

However, variability in rehabilitation protocols, ranging from early mobilization and functional exercises 

to rigid immobilization, may have introduced inconsistent mechanical stimuli, affecting tissue 

adaptation19. Additionally, our SWE equipment has a maximum measurement limit of 300 kPa (10 m/s), 

and multiple tendon measurements reached this upper threshold. Although injured AT typically exhibits 

SWE values below this limit64, 68, it could be suggested that the actual tendon stiffness values may have 

exceeded 10 m/s but were not able to be distinguished within the device’s range. This limitation has been 

previously described in the literature52, 75,, 76, and potential confounding factors that may influence tendon 

strain should be considered in future studies. 

 

CONCLUSION 

LAS significantly reduces ankle function and leads to pain and edema but does not appear to 

induce notable changes in calf muscle or Achilles tendon stiffness within six weeks. Future research 

should investigate the dynamic mechanical properties of these tissues during activity, explore the 

influence of standardized rehabilitation protocols, and examine long-term adaptations following LAS. 

 

PRACTICAL IMPLICATIONS OF THE FINDINGS FOR SOCIETY 

 The findings of this study have important implications for clinical practice and rehabilitation 

strategies following acute lateral ankle sprain (LAS).  

 Shear wave elastography (SWE) is not yet widely used in clinical practice but may serve as a 

promising tool for assessing the progress of rehabilitation. Since active evaluations of muscle and tendon 

stiffness are often unfeasible due to pain and initial functional impairment, elastography can provide an 
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objective and non-invasive method to monitor tissue changes during recovery. The integration of this 

technology into clinical practice may enable a more precise assessment of injury progression and assist 

in decision-making regarding return to activity, particularly in cases where traditional functional tests are 

limited by pain.  

 From a rehabilitation perspective, the results of this study reinforce the need for early functional 

rehabilitation rather than prolonged rest or passive treatments, which are still widely used. Since stiffness 

changes were not the primary limiting factor, interventions should prioritize neuromuscular retraining, 

strength recovery, and progressive loading strategies to efficiently restore function.  

 Lastly, from a public health perspective, LAS is one of the most common musculoskeletal injuries, 

and its effective management can help reduce long-term disability and healthcare costs. By emphasizing 

early mobilization and functional rehabilitation, it is possible to prevent chronic instability and recurrent 

injuries, promoting better long-term outcomes and reducing the economic burden on healthcare systems.  

 These findings position the study within an international scope, as the results contribute to a 

globally relevant discussion in musculoskeletal rehabilitation. While the applicability of the findings is 

moderate, given that the use of SWE is still limited in clinical settings, the study provides valuable 

insights that can be replicated in different environments with appropriate resources. The complexity of 

the research is also moderate, as it integrates biomechanical, physiological, and rehabilitative knowledge 

but remains within a single disciplinary domain without requiring extensive cross-sector collaboration 

beyond participants recruitment. Lastly, the study presents a moderate level of innovation by combining 

established rehabilitation principles with a relatively recent technological approach, elastography, to 

assess tissue mechanics in LAS recovery. Although it does not introduce entirely new concepts, it 

advances current knowledge by applying SWE in a rehabilitation context where its use is not yet 

widespread, highlighting its potential as an objective assessment tool in clinical practice.  
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ANEXO I – Comprovante de aprovação pelo Comitê de Ética em Pesquisa  
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Comprovante de produção científica 

 

 

 

 

 

 

 

 

 

 

 

 

  



42 

Comprovante de um resumo publicado em anais de evento internacional  
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Comprovante de um resumo publicado em anais de evento internacional (continuação) 
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Relatório de comprovação de um produto com impacto educacional, científico, sociocultural ou 
tecnológico/econômico 
 
1. Identificação do tipo de impacto do produto desenvolvido durante o mestrado: 

(  x ) Impacto Educacional Definição atividades/produtos que evidenciam a 
contribuição do PPG para a formação educacional.  
Exemplos: cursos de educação continuada, atividade 
na educação básica, cursos, minicursos, treinamentos 
de equipes, etc. 

(     ) Impacto Científico Definição: atividades/produtos que evidenciam a 
contribuição do PPG na formação e divulgação 
científica. 
Exemplos: organização/participação de eventos, 
promoção de intercâmbio de discentes e docentes, 
participação conjunta de docentes e discentes em 
eventos, palestras, mesas redondas, cursos.  

(     ) Impacto Sociocultural Definição: atividades/produtos que evidenciam 
contribuição do PPG para a cultura e sociedade. 
Exemplos: realização de atividades de assistência à 
comunidade (projetos de extensão vinculados à linha 
de pesquisa do docente do PPGCR), divulgação de 
conhecimento para a sociedade, etc.  

(     ) Impacto Tecnológico/econômico Definição: atividades/produtos que evidenciam 
contribuição do PPG para o desenvolvimento 
tecnológico e econômico do país. 
Exemplos: desenvolvimento de técnicas, produtos, 
políticas públicas, etc. 

2. Informações complementares do produto com impacto: 
a. Título: “I Visitação de Estudantes do Ensino Médio ao LaPlast” 

b. Detalhamento do tipo de produto/atividade:  No dia 23/11/2023 foi realizada uma visita guiada 
ao LaPlast para os alunos do ensino médio do Centro de Ensino Médio 02, de Ceilândia, da 
Secretaria de Educação do Distrito Federal. Foram feitas explicações sobre o mundo acadêmico, 
a importância dos cientistas para a sociedade com foco na área de saúde, as possibilidades de 
carreira, como ingressar e as perspectivas de futuro. Foi dada grande ênfase ao fato de que a 
universidade pública torna a carreira acadêmica fortalecida de acessível para todos, 
independentemente de sua classe socioeconômica. Posteriormente foram realizadas 
demonstrações das atividades do laboratório. Por conduzir pesquisas com ultrassonografia e 
testes de força, fiquei responsável por demonstrar aos alunos as atividades de pesquisa 
realizadas e explicar como isso pode ajudar no futuro dos tratamentos fisioterapêuticos das 
pessoas com entorse de tornozelo (objeto da minha pesquisa). O intuito foi fazer com que os 
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alunos pudessem compreender que as atividades realizadas dentro do laboratório podem gerar 
bons impactos na sociedade, especialmente no âmbito de qualidade nos cuidados de saúde. 

c. Data ou período: 23/11/2023 

d. Docente do PPGCR envolvido: João Luiz Quagliotti Durigan 

 

 

 

 

 

 
 

              

 


